
Disclosure of Selective Advantages in the
“modern” Sublineage of the Mycobacterium
tuberculosis Beijing Genotype Family by
Quantitative Proteomics*□S

Jeroen de Keijzer‡�, Petra E. de Haas§, Arnoud H. de Ru‡, Peter A. van Veelen‡**,
and Dick van Soolingen§¶**

The Mycobacterium tuberculosis Beijing genotype, con-
sisting of the more ancient (atypical) and modern (typical)
emerging sublineage, is one of the most prevalent and
genetically conserved genotype families and has often
been associated with multidrug resistance. In this study,
we employed a 2D-LC-FTICR MS approach, combined
with dimethylation of tryptic peptides, to systematically
compare protein abundance levels of ancient and modern
Beijing strains and identify differences that could be asso-
ciated with successful spread of the modern sublineage.
The data is available via ProteomeXchange using the iden-
tifier PXD000931. Despite the highly uniform protein abun-
dance ratios in both sublineages, we identified four proteins
as differentially regulated between both sublineages, which
could explain the apparent increased adaptation of the
modern Beijing strains. These proteins are; Rv0450c/
MmpL4, Rv1269c, Rv3137, and Rv3283/sseA. Transcrip-
tional and functional analysis of these proteins in a large
cohort of 29 Beijing strains showed that the mRNA levels of
Rv0450c/MmpL4 are significantly higher in modern Beijing
strains, whereas we also provide evidence that Rv3283/
sseA is less abundant in the modern Beijing sublineage. Our
findings provide a possible explanation for the increased
virulence and success of the modern Beijing sublineage. In
addition, in the established dataset of 1817 proteins, we dem-
onstrate the pre-existence of several, possibly unique, antibi-
otic efflux pumps in the proteome of the Beijing strains. This
may reflect an increased ability of Beijing strains to escape
exposure to antituberculosis drugs. Molecular & Cellular
Proteomics 13: 10.1074/mcp.M114.038380, 2632–2645, 2014.

Mycobacterium tuberculosis, the causative agent of tuber-
culosis (TB)1, is one of the most successful pathogens world-
wide. Nowadays, still about 8–9 million new cases and 1.5
million deaths are recorded annually (1).

DNA fingerprinting of the M. tuberculosis complex has rev-
olutionized studies on transmission of TB in the last two
decades (2), but also disclosed the phylogeny of this impor-
tant grouping of bacteria (3, 4). In essence, there are six major
M. tuberculosis lineages. The first one was described in 1995
and designated the “Beijing” genotype family, which is highly
prevalent in Asia, the Former Soviet Union states, and South
Africa (5–8). Recently, the Beijing genotype family was iden-
tified as the major genotype family in the “East Asia clade”
defined on single nucleotide polymorphism (SNP) typing (4). In
the years after its disclosure, the Beijing genotype family drew
attention because it seemed genetically highly conserved on
basis of the available genetic markers, which could be related
to active and recent spread, presumably because of selective
advantages over other M. tuberculosis genotypes (5–8). Se-
lective pressure on this group of bacteria could be induced by
the introduction of mass BCG vaccination and treatment by
anti-TB drugs (9). Consequently, in many geographic areas,
Beijing strains were found significantly correlated with (multi-
)drug resistance, treatment failure, relapses after curative
treatment, and transmission of resistant TB (6, 7, 10–12). In
TB mouse models, Beijing strains revealed an up-regulated
virulence and a higher ability to escape BCG vaccination
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(13–15). This is particularly alarming because there are indi-
cations that the Beijing genotype strains are emerging in
multiple geographic areas, as they are associated with lower
ages of patients and, hence, active transmission (6, 16, 17).
Increased odds of M. tuberculosis Beijing are also observed
for patients with a polymorphism in their natural resistance
associated macrophage protein 1 (NRAMP1), encoded by the
SLC11A1 gene (18). This supports the theory of a co-evolu-
tion of M. tuberculosis Beijing with their human host.

Initially, mechanisms underlying a higher adaptability were
assumed to be related to alterations in DNA repair, but poly-
morphisms in related genes were also observed in strains of
other genotype families (19). Although not yet explained in
detail, a study published in 2012 revealed that a part of the
Beijing strains revealed a much higher frequency of naturally
occurring rifampicin resistant mutants than the traditionally
measured 1 in 108 (20). This important observation was re-
cently confirmed by Ford et al., who pointed out that the
correlation between the Beijing genotype and resistance
could indeed be explained by a higher mutation frequency
(21). Not surprisingly, resistance against anti-TB drugs is es-
pecially a major problem in former Soviet Union States, China,
and South Africa, where the Beijing genotype strains are
highly prevalent (22–26).

In 2002, the Beijing genotype family was divided into the
modern (typical) and ancient (atypical) lineage (27). Beijing
strains without insertion of IS6110 in the NTF region were
referred to as ancient Beijing strains and seem to resemble
the ancestors of the Beijing family (27). In most countries,
modern Beijing strains are much more prevalent than ancient
ones, suggesting an active spread, except for Japan, where
the ancient type of Beijing strains is more wide spread (28).
The two Beijing lineages were also divided on basis of large
genomic deletions, also referred to as Regions of Difference
(RDs). RD105 is thought to be characteristic of all Beijing
strains, whereas deletion of RD181 was found associated with
modern Beijing strains (29). Although the modern and ancient
Beijing strains seem to be closely related on the genetic level
(30), differences in association with (multi)drug resistance and
in the ability to cause and spread disease (31) have been
described between both sublineages. Moreover, after several
studies suggested enhanced ability of Beijing strains in gen-
eral to circumvent BCG-vaccine induced immunity (13, 14),
one study reported that modern Beijing strains were isolated
more frequently from BCG-vaccinated patients than nonvac-
cinated individuals (9). The observation that the interaction of
modern Beijing strains with the immune system is different
than that of ancient strains was further confirmed by a recent
study that described differences in pro-inflammatory cytokine
induction for both strains (32). If modern Beijing strains indeed
have selective advantages over other M. tuberculosis strains
and spread more prosperously, this should be reflected in the
degree of genetic conservation. This assumption was con-
firmed by whole genome sequencing (WGS) of Beijing strains

from a wide spread geographic area. Three modern Beijing
strains from China, Vietnam, and South Africa were found
genetically highly conserved in comparison to three ancient
strains from the same regions (30). This confirms the evolu-
tionary advantage of the modern Beijing genotype over the
closely related ancient Beijing and other M. tuberculosis
strains. In fact, Schürch et al. traced only 31 nonsynonymous
single nucleotide polymorphisms (nsSNPs) mutations charac-
teristic of modern Beijing strains (30). However, the presence
of these 31 nsSNPs is not sufficient to explain the conse-
quences in terms of evolutionary development and adapta-
tion. Therefore, we performed an in-depth comparison of the
protein abundances of both sublineages. Comparative pro-
teomic analysis of different M. tuberculosis strains has been
reported before (33). So far, one study examined the pro-
teomes of a single hyper- and hypovirulent M. tuberculosis
Beijing strain by a label-free quantitative technique, and re-
ported the differential regulation of virulence factors, such as
Rv3875/ESAT-6 and other Esx-like proteins (34). However,
biological variation limits the value of a traditional individual
duplex (one-versus-one) experimental approach. In addition,
individual characteristics that are not always representative of
the entire grouping cannot be distinguished from structural
differences between the two genotypes. To obtain a more
reliable insight, multiple measurements of individual samples
of each grouping are required. Furthermore, to limit the influ-
ence of biological and inter-strain variation, we generated a
sample pool comprising five modern and five ancient Beijing
strains, which were selected to optimally represent the full
spectrum of both M. tuberculosis Beijing sublineages.

Sample pooling was previously successfully applied in pro-
teomic experiments, and used in case there was insufficient
individual sample material available (35, 36). Sample pooling
has also been applied to create an internal reference sample
in a so called “super-SILAC mix” (37, 38), that can be com-
bined with clinical samples. Use of the super-SILAC approach
resulted in a narrower distribution of protein abundance ra-
tios. The narrower protein ratio distribution increased the
significance of the altered protein ratios (35). Next to the
pooled sample approach, we compared three ancient Beijing
strains with three modern Beijing strains using traditional in-
dividual duplexes. We identified and quantified a cumulative
number of 2392 proteins (�60% of the M. tuberculosis protein
coding genome), of which 1817 were present in all of the
analyses performed. We demonstrate the presence of multi-
ple antibiotic extruding efflux pumps in the proteome of M.
tuberculosis Beijing, notably without exposure of the patho-
gen to a drug. Three of these efflux pumps were previously
not quantified in the proteome of M. tuberculosis H37Rv by a
proteome-wide selected reaction monitoring approach (39).

Despite the highly uniform protein ratio distribution in both
strains, we identified four proteins to be more abundant in the
modern Beijing strains that can explain their emergence and
perhaps higher virulence. We complemented our proteomic
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data with transcriptional analysis of selected genes in a larger
cohort of 14 ancient Beijing and 15 modern Beijing strains. To
verify the differential regulation of a particular virulence factor
the experiments were supplemented with functional analysis.

MATERIALS AND METHODS

Molecular Typing Methods—M. tuberculosis Beijing strains were
selected from a previously published selection of 259 Beijing strains
(40). Fourteen ancient and 14 modern Beijing strains were included in
the study to optimally represent the M. tuberculosis family. In addi-
tion, the successful modern Beijing strain B0/W148 was added to the
selection (41–43). Using the M. tuberculosis Beijing characteristic
marker RD105, we ensured that all the strains investigated indeed
belong to the M. tuberculosis Beijing family. Additionally, mutT2/ogt
were used to differentiate ancient from modern Beijing strains (29,
31). To exclude the possibility of contamination, or the selection of
clonal isolates for proteomic analysis, we performed standard MIRU
(mycobacterial interspersed repeat units) 24-loci VNTR (variable num-
ber of tandem repeats) with a few minor modifications (44). The
in-house VNTR method based on the protocol of the MIRU-VNTR
typing manual was used with minor modifications: the amount of DNA
polymerase used was 0.75 units per multiplex PCR, and the initial
concentration of labeled primers was increased to 8 �M for locus
2165 and locus 2163b. The amplicon sizes were determined by using
the automated ABI 3730 DNA analyzer (Applied Biosystems, Foster
City, CA).

Mycobacterial Culture Conditions—All M. tuberculosis isolates
were derived from the reference database of clinical isolates at the
National Institute for Public Health and the Environment (RIVM) in
Bilthoven, the Netherlands. Strains were recultured from frozen
stocks in 5 ml Tween-Albumin liquid culture broth (Tritium Microbi-
ologie, the Netherlands) at 36 °C without shaking until an O.D. at 600
nm of 0.4 AU was reached. Of the mycobacterial pre culture, 1 ml was
transferred to a 250 ml Erlenmeyer flask containing 100 ml Tween-
Albumin broth and incubated under shaking conditions at 36 °C with
constant aeration. Once the cultures reached an O.D. at 600 nm of 0.6
AU, representing the mid-log phase, the cells for proteome analysis
were washed three times with ice cold PBS, dissolved in 5 ml Lysis-
buffer (4% SDS, 100 mM Tris-HCl, pH 7.6) and heat-killed at 95 °C for
10 min. Lysates were stored at �20 °C until further usage. M. tuber-
culosis Beijng strains used for qPCR analysis were harvested at early
log phase and stored in L6-buffer at �20 °C until use (45).

Minimal Inhibitory Concentration Determination—Susceptibility to
the first line antimycobacterial drugs; rifampicin, isoniazid, ethambu-
tol, and pyrazinamid, was determined according to Clinical and Lab-
oratory Standards Institute guidelines (46), using the BACTEC MGIT-
960 system (Becton, Dickinson and Co., Franklin Lakes, NJ).

Protein Sample Preparation and Dimethylation Isotope Labeling—
Heat inactivated cells for proteomic experiments were mechanically
lysed by bead-beating in a mini bead-beater 16 (BioSpec, Bartlesville,
OK) for 5 min using glass beads. Thereafter, the cells were cooled
down on ice for 5 min and the procedure was repeated twice. The cell
lysates were cleaned from cell debris by centrifugation for 1 min at
14,000 � g and the supernatant was transferred to another tube.
Proteins were digested using the filter aided sample preparation
(FASP) method (47). In brief, 100 �g of DTT reduced proteins was
loaded on a 30kDa filter. SDS was removed in three washes with 8 M

urea. The proteins were reduced and carbamidomethylated, and the
excess reagent was removed by three additional washes with 8 M

urea. Proteins were then overnight digested using endoproteinase
Lys-C (endoLysC) followed by a four hrs digestion using trypsin at RT.
Tryptic peptides were desalted on C18 SepPak columns and deriva-
tized on column by dimethyl labeling (48). Peptides derived from

ancient Beijing strains were labeled with a light label (�28Da),
whereas modern Beijing strains were labeled with heavy labels
(�36Da). In addition, two sample pools consisting of five light labeled
ancient Beijing strains and five heavy labeled modern Beijing strains
were prepared by mixing the respective tryptic digests in a 1:1:1:1:1
manner before fractionation.

Strong Cation Exchange Chromatography—In total 100 �g of la-
beled peptides were fractionated by strong cation exchange (SCX) on
a Agilent 1100 system equipped with an in-house packed SCX-
column (320 �m ID, 15 cm, polysulfoethyl A 3 �m, Poly LC), run at 4
�l/min. The gradient started with a 10 min run at 100% solvent A
70/30/0.1 (water/acetonitrile/formic acid), after which a linear gradient
reached 100% solvent B (250 mM KCl, 35% acetonitrile, and 0.1%
formic acid) in 15 min, followed by 100% solvent C (500 mM KCl, 35%
acetonitrile, and 0.1% formic acid) in the following 15 min. The gra-
dient was held at 100% solvent C for 5 min to clean the column, then
switched back to 100% solvent A. Thereafter, 15 fractions were
collected in 1 min intervals, lyophilized and reconstituted in 30 �l
95:3:0.1 (water/acetonitrile/formic acid).

NanoLC-MS/MS—Dissolved fractions were analyzed by on-line
nano-HPLC MS with a system consisting of a Agilent 1100 gradient
HPLC system (Agilent, Waldbronn, Germany) as described previously
(49), and a LTQ-FT Ultra mass spectrometer (Thermo, Bremen, Ger-
many). Of each fraction, 5 �l was injected onto a home-made pre-
column (100 �m�15 mm; Reprosil-Pur C18-AQ 3 �m, Dr Maisch,
Ammerbuch, Germany) and eluted via a home-made analytical nano-
HPLC column (15 cm � 50 �m; Reprosil-Pur C18-AQ 3 �m). The
gradient was run from 0% to 30% solvent B (10:90:0.1 water/aceto-
nitrile/formic acid) in 10–155 min. A tip of �5 �m was drawn at the tip
of the nano-HPLC column to act as electrospray needle. Full scan
mass spectra were acquired in the FT-ICR with a resolution of 25,000
at a target value of 5 � 106. The five most intense ions were selected
and fragmented in the linear ion trap using collision-induced dissoci-
ation at a target value of 10,000.

Search Databases—MSMSpdbb was used to generate concate-
nated protein databases in FASTA format (50). Genomic sequences
and annotational information of M. tuberculosis H37Rv (3996 entries)
(51) were used, together with the genetic information of M. tubercu-
losis Beijing strain NITR203 (4071 entries) (52). This concatenated
database contains all previously described mutations that are specific
for modern Beijing strains, as well as the ancient Beijing “wild-type”
sequence (4327 entries) (30). Protein products larger than 50 amino
acids were considered for stop-to-stop translation. Peptides describ-
ing varying sequences or different translational start sites between
both strains were only used when the sequence was longer than
seven and shorter than 35 amino acids. Proteins that were clustered
received the accession number and description of control strain M.
tuberculosis H37Rv. Translated entries, which did not cluster with any
of the annotated genes, were discarded. To use the database with
MaxQuant software, the artificial J and O amino acid residues were
replaced by a lysine residue. Alongside the concatenated data base
we searched FASTA databases based on M. tuberculosis H37Rv (51)
and M. tuberculosis Beijing NITR203 (52).

Data Interpretation—Peptide and protein identification and quanti-
tation was accomplished using MaxQuant 1.4.0.3 (53). The false
discovery rate (FDR) was set to 0.01 for both proteins and peptides.
Minimal peptide length was set to six amino acids. The first search
was performed using 20 ppm, whereas the main search was con-
ducted with 10 ppm. Search of MS/MS spectra was performed with
20 ppm using the Andromeda search engine (54). In total 262 com-
mon contaminants were included in the searches by Andromeda.
Enzyme specificity was set as C-terminal to arginine and lysine with-
out proline restriction. A maximum of two missed cleavages was
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allowed. Variable modifications included N-terminal protein acetyla-
tion, methionine oxidation, and corresponding dimethyl labels.

Carbamidomethylation of cysteine was selected as a fixed modifi-
cation. Proteins considered for quantification required a minimal pep-
tide count of two, including unique and razor peptides. Proteins
identified by site, matched against the reverse database or identified
as a contamination, were excluded for further analysis. Statistical
analysis of the outcomes was performed by Perseus using the sig-
nificance B test with a Benjamini-Hochberg FDR �5%. Data files
have been deposited in the publicly available ProteomeXchange Con-
sortium (proteomecentral.proteomexchange.org) and can be ac-
cessed through the code: PXD000931. General properties of the
proteome were examined using “Batch MW and pI Finder” tool and
the gravy index was calculated using the “gravy-calculator.de” web
tool, whereas PSORTb v3.0 (55) was used to determine protein lo-
calization and the TMHMM Server V.2.0 (56) for the determination of
transmembrane helixes.

Transcriptional Analysis of Selected Genes by Quantitative Real
Time PCR—RNA was isolated and purified from bacteria using the
PureLink RNA Mini Kit (Life Technologies, Gaithersburg, MD) accord-
ing to the manufacturer’s instructions. In addition, on column diges-
tion was performed with RNase free DNase (Qiagen, Valencia, USA).
The quality and quantity of RNA was examined by spectrophotomet-
ric measurements (260/280 nm). Thereafter, 0.5 �g of purified RNA
was reverse transcribed using the High Capacity cDNA Reverse
Transcription Kit (Life Technologies). Genomic DNA control sam-
ples were incubated without reverse transcriptase. Primers were
designed using Primer3Plus (57) or derived from previous studies
(34). The following forward and reverse primer sequences were
used: 16s forward 5�-TCCCGGGCCTTGTACACA-3�; reverse 5�-
CCACTGGCTTCGGGTGTTA-3�, Rv0450c/MmpL4 forward 5�-GTG-
TTCAAGGAAGGCGATTC-3�; reverse 5�-CAAGGGGTTGGTTACC-
CTCT-3�, Rv1269c forward 5�-CAAGGTGCTCACCAGTTTCA-3�;
reverse 5�-CTGGTATGCCCTATCGTTGG-3�, Rv3137 forward 5�-
GGTTGACCGATACCGTGTG-3�, reverse 5�-GCCACCAGGCAGTAA-
GACAG-3�, Rv3283/sseA forward 5�-ATACCTGGTTCGTGCTCACA-
3�; and reverse 5�-AGCCGTCGTAGTTCCGTACA-3�. LightCycler 480
SYBR Green I Master (Roche Applied Science) was used as qPCR
master mix. Samples were analyzed in a LightCycler 480 (Roche
Applied Science, Penzberg, Germany). The following cycling condi-
tions were used: The thermal cycler program was initiated by 10 min
at 95 °C followed 35–40 cycles for 10 s at 95 °C, 10 s at 60 °C, and
10 s at 72 °C. High Resolution Melt analysis was performed after each
program. mRNA quantities were determined in triplicate and normal-
ized on 16s rRNA levels using the 2�	Ct method. Mann-Whitney U
test was used to determine p values.

Prediction of Protein Stability upon Mutation—Three independent
algorithms were used to predict the effect of a previously described
mutation (30) on the stability of Rv3283/sseA: PolyPhen-2 (58), I-Mu-
tant3.0 (sequence mode) (59), and (Protein ANalysis THrough Evolu-
tionary Relationships) PANTHER (60). The respective protein se-
quence was derived from tbdb.org (61), using the conversion of a
glutamic acid residue to a lysine residue in position 276.

Quantitative Rhodanese Activity Assay—To perform quantitative
rhodanese activity analysis, all chemicals were derived from Sigma-
Aldrich Chemie B.V. (Zwijndrecht, Netherlands). Rhodanese activity
was examined as described previously with minor modifications (62).
In brief, cells were cultured to early-log phase and disrupted by
bead-beating. Unbroken cells and cell debris was separated by cen-
trifugation and discarded. The collected supernatant was filtered
twice through a 0.2 �m filter and stored until use at �70 °C in
PBS-containing 20% glycerol. The reaction mixture contained 50 �l
of 125 mM sodium thiosulfate, 25 �l of 250 mM potassium cyanide,
and 30 �l of 200 mM potassium phosphate buffer, pH 8.6. 20 �l of cell

lysate was added to this reaction mixture. The reaction was carried
out for 15 min at room temperature and was stopped by the addition
of 25 �l of 38% formaldehyde. In the control set, formaldehyde was
added prior to the addition of the cell lysate. The concentration of
thiocyanate was determined by the addition of 125 �l 410 mM ferric
nitrate in 14% (w/v) nitric acid. Rhodanese activity is reported as
specific activity (unit/mg protein) of which the biological replicates
were averaged for each of the isolates examined. One unit of enzyme
activity was defined as micromoles of thiocyanate formed per min at
pH 8.6.

RESULTS

Selection of M. tuberculosis Beijing Genotype Isolates—To
quantify differences in the proteomes of modern and ancient
M. tuberculosis Beijing sublineages we set out to generate
two sample pools containing five strains of each genotype.
Therefore, 14 ancient Beijing and 15 modern Beijing strains
were selected from a published collection of 259 Beijing
strains (40). The selected strains were representative of 13
countries on four continents i.e. the strains were isolated in
that country or isolated from a patient born in the respective
country. RD105 was determined to ensure all strains repre-
sent the M. tuberculosis Beijing genotype. MutT2/ogt were
determined to differentiate between modern and ancient M.
tuberculosis Beijing strains (31). MIRU-24 VNTR was deter-
mined to ensure a heterogeneous selection M. tuberculosis
Beijing isolates; supplemental Fig. S1.

Qualitative Proteome Analysis of M. tuberculosis Beijing
Strains—We set out to identify proteins that are differentially
regulated in either modern Beijing or ancient Beijing strains.
To this end, we utilized a pooled approach, in which we
mixed the digests of five ancient Beijing strains and five
modern Beijing strains. We also analyzed three individual
duplexes, in which single ancient Beijing strains were com-
pared with single modern Beijing strains. In each individual
duplex, different strains were selected at random from our
set of Beijing strains described above.

Three different search databases were used to analyze the
peptides yielded; (1) a FASTA database based on the genome
of M. tuberculosis H37Rv (51), a well annotated M. tubercu-
losis laboratory strain. (2) a database based on the genome of
M. tuberculosis Beijing strain NITR203 (52), which contains all
modern Beijing specific nsSNPs, and (3) a concatenated da-
tabase comprising both H37Rv and NITR203; supplemental
Fig. S2B. The combined analyses yielded a total of 30,748
unique peptides with a FDR �1% for all samples measured;
see supplemental Table S1. None of the searched databases
clearly outperformed the others in terms of peptide identifi-
cations. Therefore, we continued with the concatenated da-
tabase, as it contains all major sequence variation caused by
SNPs.

The cumulative number of unique protein identifications
and quantifications was 2392; of which 1817 proteins were
identified and quantified in all proteome experiments, consti-
tuting 
75% of all the quantified proteins; see supplemental
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Fig. S2A and supplemental Table S2. These results represent
the most comprehensive proteome description of a clinical M.
tuberculosis genotype to date. When we compared the iden-
tified proteins of the individual duplexes with the pooled du-
plex, an overlap of 
80% was achieved using our shotgun
proteomics approach.

To confirm the quality of our proteomic dataset, we inves-
tigated if specific proteins were underrepresented on the ba-
sis of several physicochemical properties; see supplemental
Fig. S3A–S3C. As can be concluded from the distribution of
proteins based on mass, pI, or hydrophobicity (i.e. gravy
index) which follows the theoretical database distribution. All
categories are represented to the same extent. In addition,
there is no bias on the basis of protein localization (55) and
transmembrane proteins (56), even for proteins predicted to
contain 13 predicted transmembrane helices; see supplemen-
tal Fig. S3D–S3E. In summary, from the above we conclude
there is no skewing of the proteome we obtained.

Functional Classification of Proteins and Efflux Pumps—We
categorized the proteins that were quantified in all four anal-
yses, according to their functionality as given by Tuberculist
(63). Proteins that were considered to be specific for M.
tuberculosis Beijing NITR203 (52) by MSMSpdbb (50) were
categorized as “other;” see Fig. 1A. The proteins of different
functional categories are represented to the same extent,
except for the PE/PPE family, the insertion sequences and
phages and the proteins that we categorized as “other” (63).

Beijing strains are linked to (multi)drug resistance in many
geographical areas (16, 22–26). Initially, the DNA repair mech-
anism was thought to be involved in the development of
antibiotic resistance (19). Although not based on studying the
DNA repair in detail, two recent studies confirmed this hy-
pothesis by showing that several Beijing strains have a much
higher frequency of rifampicin resistant mutants (20, 21).

However, proteins such as efflux pumps can also play a
crucial part in reduced susceptibility to antibiotics by lowering
the intra bacterial concentration of drugs and hence creating
a higher tolerance to particular compounds. To determine
whether such pre-existing factors are present in the proteome
of M. tuberculosis Beijing, we categorized putative efflux
pump genes and transporters that play a role in drug resis-
tance in M. tuberculosis, as previously listed (64). As pre-
sented in Fig. 1B, indeed several antibiotic transporting efflux
pumps were disclosed in the proteome of in vitro cultured M.
tuberculosis Beijing strains.

The pre-existence of these efflux pumps can potentially be
caused by the analysis of multidrug resistant strains. We
therefore determined the MICs for the first line antibiotics
(rifampicin, isoniazid, ethambutol, and pyrazinamide) of the
analyzed strains. Both the modern and ancient Beijing strains
used in this study were susceptible to all first line drugs (data
not shown).

The pre-existing presence of efflux pumps is not a unique
characteristic of M. tuberculosis Beijing strains. Efflux pumps
were also identified in the proteome of M. tuberculosis H37Rv
by a proteome-wide selected reaction monitoring approach
(39). We compared this comprehensive dataset of 2195 M.
tuberculosis H37Rv proteins with the proteins we identified.
Three of these proteins (Rv0341/iniB, Rv2688c, and Rv3728)
were exclusively identified by our proteomic analysis of M.
tuberculosis Beijing.

Quantitative Proteomic Profiling of Modern and Ancient M.
tuberculosis Beijing Strains—WGS revealed that the modern
and ancient Beijing strains are highly conserved on the ge-
netic level (30). However, multiple studies have shown that
modern Beijing strains are more “successful” in terms of
transmission and development of antibiotic resistance (13, 14,
31, 65, 66). Moreover, in most geographic areas with a higher

FIG. 1. Functional distribution of the proteome of M. tuberculosis Beijing. Proteins present in our MS-database (filled black bars) and our
dataset (white bars) were categorized by: A, Functional class categories as given by Tuberculist. B, Bacterial efflux transporter families. ABC,
ATP Binding Cassette; MFS, Major Facilitator Superfamily; RND, Resistance Nodulation cell Division; SMR, Small Multidrug Resistance.
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density of Beijing strains the modern Beijing strain are pre-
dominant, except for Japan (28). To determine whether bac-
terial factors on the protein level may be associated with the
emergence of modern Beijing strains, we quantitatively com-
pared the proteomes of five modern Beijing and five ancient
Beijing strains. Therefore, we performed a pooled approach
and three individual duplex analyses. The protein ratio distri-
bution was only slightly narrower when the samples were
pooled; see supplemental Fig. S4.

Forty-seven proteins were identified as differentially abun-
dant using our pooled approach. The three individual duplex
experiments identified respectively 74, 111, and 55 proteins of
which the abundance was significantly different; see supple-
mental Table S3. We categorized all differentially abundant
proteins according to their functionality, as given by Tuber-
culist (63). To identify proteins that are specifically more abun-
dant in either the modern, or the ancient Beijing strains, we
selected proteins that were over represented in the three
individual approaches and the pooled approach; see Table I.
Rv0450c/MmpL4 and Rv3137 were significantly more abun-
dant in the modern Beijing strains, whereas Rv1269c, and
Rv3283/sseA were identified to be more abundant in the
ancient Beijing strains examined.

Transcriptional Analysis of Selected Genes in a Large Co-
hort of M. tuberculosis Beijing Strains—To evaluate whether
the mRNA levels of Rv0450c/MmpL4, Rv1269c, Rv3137, and
Rv3283/sseA are differentially regulated throughout the entire
modern Beijing or ancient Beijing genotypes, we comple-
mented our MS-based proteomic observations with qPCR
analysis in a larger cohort of M. tuberculosis Beijing strains by
qPCR. Therefore, 14 ancient Beijing strains and 15 modern
Beijing strains, including the strains used for the proteome
analyses, as presented in supplemental Fig. S1, were ana-
lyzed.

For Rv0450c/MmpL4 both the mRNA and the protein prod-
uct were more abundant in the modern Beijing strains exam-
ined; see Fig. 2. In contrast, Rv1269c and Rv3137 did not
show significant differences in the larger cohort of M. tuber-
culosis Beijing strains examined. Nevertheless, Rv3137
showed a trend in line with the obtained protein ratios, but the
effect observed on the protein level was larger than the fold
change observed on the mRNA level.

An opposite trend between mRNA levels and protein levels
was observed for Rv3283/sseA. Our proteome analysis
showed a 5–10 fold higher abundancy of Rv3283/sseA in

ancient Beijing strains. Contrary to these observations, higher
transcriptional levels were observed for Rv3283/sseA in mod-
ern Beijing strains compared with ancient Beijing strains.

Functional Prediction of Amino Acid Residue Substitution in
Rv3283/sseA—To investigate if the observed lower protein
abundance of the protein Rv3283/sseA in modern Beijing
strains could be caused by destabilization of the protein stuc-
ture by the altered amino acid at position 276, because of the
nsSNP, reported to be specific for modern Beijing lineage
strains (30), we applied the protein stability prediction pro-
grams, PolyPhen-2 (58) and I-Mutant3.0 (59) and the protein
functionality prediction program PANTHER (60).

The 3D structure of 3HZU, a homolog of Rv3283/sseA was
used by PolyPhen-2 among other information. Based on the
calculation, PolyPhen-2 designates the mutation as being
“benign,” “possibly damaging,” and “probably damaging.”
The conversion of the glutamic acid residue toward a lysine
residue in position 276 of Rv3283/sseA is considered to be
“probably damaging” by PolyPhen-2.

As a second independent control, we also determined the
impact of the mutation using the sequence option of I-Mu-
tant3.0 (59), which evaluates changes in stability of proteins
based upon a single site mutation. The amino acid substitu-
tion in the active domain of Rv3283/sseA was predicted to
result in a free energy change of 1.02 Kcal/mol. This is calcu-
lated from the unfolding Gibbs free energy change of the
mutated protein minus the unfolding free energy value of the
native protein (Kcal/mol). A change of 1.02 Kcal/mol in pre-
dicted free energy is considerable, and therefore expected to
largely decrease the stability of Rv3283/sseA.

Finally, we predicted the functionality of the mutant and
wild-type version of Rv3283/sseA using PANTHER (60). This
software considers site-specific variation between evolution-
ary related proteins to calculate substitution position-specific
evolutionary conservation (subPSEC) score. When we calcu-
lated the functional consequence of a mutation in Rv3283/
sseA the subPSEC score was �4.74 and the corresponding
Pdeleterious (probability of functional impairment) was 0.85.
Altogether, three independent prediction algorithms predict
that the mutation in Rv3283/sseA will have a large impact on
the proteins’ function and stability.

To support the observation that Rv3283/sseA is less abun-
dant in modern Beijing strains than in ancient Beijing strains,
we determined its activity. Rv3283/sseA is one of the at least
four rhodanese domain containing proteins in our proteomic

TABLE I
Differentially abundant proteins between modern Beijing and ancient Beijing strains

Rv identifier Gene name Description PEP Fold Unique peptides

Rv0450c MmpL4 Transmembrane transport protein 0 3,3–3,8 34
Rv1269c – Conserved probable secreted protein 3.96E-34 �0,1–0,3 5
Rv3137 – Probable monophosphatase 8.69E-143 3,1–4,3 12
Rv3283 sseA Probable thiosulfate sulfurtransferase 0 �0,1–0,2 22

Proteomics of M. tuberculosis Beijing Sublineages

Molecular & Cellular Proteomics 13.10 2637

http://www.mcponline.org/cgi/content/full/M114.038380/DC1
http://www.mcponline.org/cgi/content/full/M114.038380/DC1
http://www.mcponline.org/cgi/content/full/M114.038380/DC1
http://www.mcponline.org/cgi/content/full/M114.038380/DC1


dataset of M. tuberculosis Beijing. Two of the proteins with
potential rhodanese activity, Rv0815c/cysA2 and Rv3117/
cysA3, could not be distinguished from one another, because
of their high sequence similarity, but could be distinguished
from Rv3283/sseA in the proteome analysis. Rv0815c/cysA2,
Rv3117/cysA3, and Rv2291/sseB were not identified to be
differentially abundant in all of the ancient or modern Beijing
strains examined. Rhodanese proteins can detoxify cyanide
by converting thiosulfate to thiocyanate and sulfite (EC
2.8.1.1). This reaction can be monitored in a quantitative
manner by the formation of a blood red iron(III) thiocyanate
complex (62).

Rhodanese activity of cell lysates, containing all proteins
with potential rhodanese activity, was determined in triplicate
of the strains used for the proteomic analysis; see Fig. 3. The
average rhodanese activity observed in the cell lysate of an-
cient Beijing strains was �23% higher than the rhodanese
activity observed in the modern Beijing strains.

DISCUSSION

The Beijing lineage of M. tuberculosis is one of the most
successful M. tuberculosis genotypes worldwide, as indicated
by its degree of genetic conservation and emergence (67, 68).
Previous studies showed an increase of TB incidence caused
by M. tuberculosis Beijing, combined with higher odds on
drug resistance for these strains (6). Characterization of the

Beijing strains revealed the presence of two sublineages, the
modern and ancient Beijing strains (27). Although the two
sublineages are highly conserved on the genetic level, epide-
miological studies suggested a possible evolutionary advan-
tage of the modern Beijing strains, as this lineage is most
prevalent in many geographic areas, except for Japan. In
addition, whole genome analysis demonstrated the presence

FIG. 2. Observed mRNA levels for
selected genes. mRNA levels of the se-
lected protein candidates were analyzed
in 14 ancient Beijing strains and 15 mod-
ern Beijing strains using qPCR. Each
sample was analyzed in triplicate. Data
are expressed as means � S.E. of the
mean.

FIG. 3. Rhodanese activity in M. tuberculosis Beijing sublin-
eages. Rhodanese activity was determined in whole cell lysates of
five ancient Beijing and five modern Beijing strains. Biological tripli-
cates were taken and samples were analyzed in triplicate. The median
is shown by the horizontal black line, with vertical whiskers represent-
ing the range.
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of only 31 nsSNPs that are characteristic of modern Beijing
lineage strains from China, Japan, and South Africa and this
suggests a relative short time of divergence and successful
spread (30). To understand the evolutionary success of these
pathogens, it is essential to identify factors that contribute to
their high transmissibility and propagation in the human pop-
ulation, possibly associated with enhanced antibiotic resis-
tance and ability to circumvent BCG induced immunity (10,
13, 14, 31, 65, 66). We employed a pooled proteomics ap-
proach alongside three traditional individual duplex analyses
to identify proteins that contribute to the successful pheno-
type of modern Beijing strains.

Selection of a Heterogeneous Set of M. tuberculosis Beijing
Genotype Strains—To cover the full spectrum of the genotype
family, we selected 14 ancient and 14 modern Beijing strains
from a previous selection of 259 M. tuberculosis strains (40).
Furthermore, we included the successful modern Beijing
strain B0/W148, that comprises one-fourth of the M. tuber-
culosis Beijing isolates in different parts of Russia (41–43).
The Beijing strains in our selection originated from 13 coun-
tries distributed over four continents. We determined RD105
to assure that all strains in our selection truly belonged to the
M. tuberculosis Beijing genotype (29). A deletion of RD181 is
considered to be characteristic of the modern sublineage (29).
However, deletions of RD181 were also identified in “late”
ancient Beijing strains (69, 70). Therefore, stringent differen-
tiation between modern and ancient Beijing strains was ac-
complished using the M. tuberculosis modern Beijing genetic
markers of putative DNA repair genes mutT2 and ogt (31). To
exclude the possibility of mixed strains, contamination or the
selection of clonal isolates we performed MIRU-24 VNTR-
typing; see supplemental Fig. S1. Five modern and five an-
cient Beijing strains were randomly selected from this heter-
ogeneous set of M. tuberculosis Beijing strains.

Description of the M. tuberculosis Proteome—The com-
bined analysis of pooled and individual duplex approaches
yielded a total of 2392 unique proteins, the highest reported
number of quantified proteins in any clinical strain of M.
tuberculosis to date. Comparison of the individual duplexes
with the pooled duplex approach showed an overlap of 80–
95% in identified proteins; see supplemental Fig. S2A. In total
1817 proteins were quantified in all four analyses using a
concatenated database. A high overlap, achieved by a shot-
gun proteomics approach is typically achieved when one
reaches high proteome coverage. Furthermore, this high over-
lap of protein identifications and quantifications in all four
analyses suggests a low inter-strain and low biological varia-
tion in the strains examined.

In mycobacterial proteomics, the solid, thick cell wall of
mycobacteria presents a major obstacle to full proteome re-
covery. In particular reproducible extraction of cell wall and
membrane bound proteins can be difficult. Therefore, we
examined the general physicochemical properties of the ob-
tained proteome to assure a representative coverage of the

proteome, and to prevent a bias toward easy-to-extract pro-
teins. The concatenated search database was utilized to rep-
resent the theoretically maximal observable proteome; see
supplemental Fig. S3. In the general properties that we as-
sessed (Protein MW/pI/hydrophobicity), the observed pro-
teome followed a distribution highly similar to that of the
theoretically observable proteome, from which we conclude
that our workflow is not biased regarding proteins with certain
physiochemical properties. This was further confirmed by
TMHMM (56) and protein localization analysis; see supple-
mental Fig. S3D, S3E (55).

Approximately 42% of the proteins present in our database
were reproducibly quantified in the four analyses. Two third of
the proteins that were predicted to be localized in the thick
cell wall were included in this dataset. In addition, we were
able to reproducibly quantify proteins with �13 transmem-
brane helixes. The high coverage of even the highly hydro-
phobic cell wall bound proteins suggests that our dataset
provides a reliable representation of the M. tuberculosis Bei-
jing proteome without discrimination of the more hydrophobic
proteins.

Categorization of the Identified Proteins—Functional cate-
gorization, as given by Tuberculist (63), showed a homoge-
neous distribution of the 1817 proteins present in our dataset
for most of the listed categories, except for the PE/PPE family
and the insertion sequences and phages; see Fig. 1A. The
categories containing the PE/PPE-family and insertion se-
quences and phages are notoriously difficult to identify. A
recent study using “proteome-wide selected reaction moni-
toring” also suffered from an under representation of the
PE/PPE-family (39). The PE/PPE family is named after their PE
proline-glutamic acid and PPE proline-proline-glutamic acid
N-terminal motif. Members of this family are characterized by
a high number of glycine and alanine residues in combination
with repetitive sequences. As a result, there are relatively few
tryptic cleavage sites (39). This lack of tryptic digestion sites
makes our workflow with endoLys-c and trypsin digestion
less suitable for the detection of members from this protein
family. A reported method for the optimal identification of
PE/PPE proteins includes the extraction of proteins from the
mycobacterial cell wall followed by a double tryptic digestion
and a triple chymotrypsin digestion (71).

Identification of Pre-existing Efflux Pumps in the Beijing
Genotype—Throughout many geographic areas, Beijing
strains were reported to significantly correlate with (multi)drug
resistance, treatment, relapses after curative treatment and
transmission of resistant TB (6, 7, 10–12). Initially, altered
DNA repair mechanisms in the M. tuberculosis Beijing geno-
type family were assumed to be responsible for the strong
correlation with antibiotic resistance, because of mutations in
three putative mutator genes in modern Beijing strains (19).
More support for this hypothesis was gained after a recent
study showed that Beijing strains in Vietnam have an in-
creased frequency of rifampicin resistant mutants compared
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with strains of the East African Asian (EAI) genotype family
(20). Unfortunately, the effects of variations in the DNA repair
mechanism of M. tuberculosis Beijing has not been studied in
full detail. Our systematic study did not reveal any quantitative
difference for the genes involved in DNA repair, that is, mutT2,
mutT4, and ogt. This suggests that mutations or post-trans-
lational mutations, but not protein abundance, are important
for the aberrant DNA repair mechanism in M. tuberculosis
Beijing.

The role of efflux pumps, which are able to transport anti-
biotics over the cell wall, has only been slightly touched upon
in M. tuberculosis Beijing strains (72, 73). We examined
whether efflux pumps are present in the proteome of M.
tuberculosis Beijing strains in the absence of selective pres-
sure of antibiotics. We therefore used a previously listed se-
lection of M. tuberculosis efflux pumps to categorize the
proteins included in our dataset (64). As presented in Fig. 1B,
several types of efflux pumps are present in the proteome of
in vitro cultured M. tuberculosis Beijing. To ensure that this
observation is not caused by the presence of (multi)drug
resistant strains potentially present in our selection, we de-
termined the MICs of first line antibiotics for the strains ana-
lyzed. None of the M. tuberculosis strains examined were
identified to be resistant for any of the tested drugs. This
observation shows that the presence of the efflux pumps
alone, present in the proteome of M. tuberculosis Beijing, is
not sufficient to cause antibiotic resistance. However, expres-
sion of these antibiotic extruding proteins can potentially
cause a higher tolerance to drugs or makes it more difficult to
eliminate all pathogens by antibiotic therapy. Moreover, a
reduced susceptibility to drugs such as rifampicin, as ob-
served previously, may be responsible for more durable per-
sistence and hence the selection of drug resistant bacteria
(20). As recently reported, a much higher dosage of rifampicin
was required to achieve a 100% killing of M. tuberculosis
Beijing strains (20). Taken together, this suggests a potential
role for efflux pumps in the development of (multi)drug resis-
tance in M. tuberculosis Beijing strains. The pre-existing pres-
ence of efflux pumps is, however, not necessarily a unique
characteristic for M. tuberculosis Beijing. Therefore, we com-
pared the presence of efflux pumps in our dataset with those
that were recently identified and quantified in the proteome of
M. tuberculosis H37Rv (39). The used comprehensive M. tu-
berculosis H37Rv dataset was generated using proteome-
wide selected reaction monitoring and contains 2195 pro-
teins. Three efflux pumps, Rv0341/iniB, Rv2688c, and
Rv3728, were exclusively identified in our dataset on Beijing
strains. However, a proteogenomic approach that studied the
proteome of M. tuberculosis H37Rv identified the respective
proteins, Rv0341/iniB, Rv2688c, and Rv3728 (74). It should be
noted that 123 LC-MS/MS analyses were performed, which
resulted in the identification of Rv2688c by a single peptide. In
contrast, we identified �4 unique peptides in each of the
duplex analyses performed. This combined information is a

strong indication that Rv2688c is more abundant in M. tuber-
culosis Beijing strains than in the proteome of M. tuberculosis
H37Rv. Rv3728 was reported to be present in the proteome of
M. tuberculosis H37Rv as well (74). Howbeit, peptides corre-
sponding to Rv3728 were only identified by the Sequest al-
gorithm, whereas Mascot and MassWiz failed to identify any
peptide belonging to Rv3728. Therefore, as these proteins
may preexist exclusively in the M. tuberculosis Beijing pro-
teome, or be more abundant in the proteome of M. tubercu-
losis Beijing, they might contribute to the success of the
Beijing family as a whole in the development of antibiotic
resistance.

Identification of Differentially Abundant Proteins within the
Beijing Genotype—With the pooled sample approach along-
side three individual duplex approaches, we achieved repro-
ducible high proteome coverage using shotgun proteomics.
Furthermore, we demonstrated a highly uniform ratio distribu-
tion for a majority of the proteins in the M. tuberculosis Beijing
strains analyzed. On average, the pooled approach and the
individual comparisons yielded approximately the same num-
ber of differentially abundant proteins (pooled duplex 47, in-
dividual duplexes 74, 111, and 55, supplemental Table S3).
Therefore, it is conceivable that not only the modern and
ancient Beijing strains are highly similar on the genetic level
(30), but that also protein regulation is conserved throughout
the M. tuberculosis Beijing family as a whole; supplemental
Fig. S4.

As expected, not all proteins identified as differentially
abundant in the pooled approach were also identified as
differentially abundant in the individual duplexes. A logical
explanation is that very abundant proteins in single isolates
cannot be averaged out. Furthermore, individual duplex ap-
proaches are prone to false positives caused by inter-strain
and biological variation. It is important to keep in mind that
both the pooled approach and the individual approaches can
still yield false positives and are best used in parallel to
identify sublineage specific differences.

From our dataset of 1817 proteins that were reproducibly
quantified in each analysis, only four proteins showed to be
differentially regulated in all strains examined; see Table I.
This further confirms that most traits are highly conserved in
the M. tuberculosis Beijing family. Therefore, our data sug-
gests that the success of the modern Beijing strains com-
pared with the ancient Beijing strains is caused by only a
limited number of virulence factors.

Transcriptional Analysis of Differentially Abundant Proteins
in a Large Cohort of M. tuberculosis Beijing Strains—Of the
1817 proteins present in our dataset only four proteins were
differentially abundant in all four proteomic analyses
(Rv0450c/MmpL4, Rv1269c, Rv3137, and Rv3283/sseA). To
determine whether the mRNA levels of the corresponding
proteins are differentially regulated throughout the entire
modern Beijing or ancient Beijing genotypes, we comple-
mented our MS-based proteomic observations with quantita-
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tive mRNA analysis in a larger cohort of M. tuberculosis
Beijing strains by qPCR. Although mRNA does not always
correlate with protein abundance levels present within the
cell, it provides insight into the regulation of these specific
genes (75–77). The strains listed in supplemental Fig. S1 were
selected to represent the full repertoire of M. tuberculosis
Beijing strains. This selection consisted out of 14 ancient
Beijing and 15 modern Beijing strains and included the strains
used for proteomic analysis.

The probable secreted protein Rv1269c was identified by
MS to be 
3-fold more abundant in ancient Beijing strains.
However, we analyzed the cell lysate of M. tuberculosis Bei-
jing, not the secretome. Quantitative mRNA analysis revealed
that Rv1269c is equally transcribed by both modern and
ancient Beijing strains; see Fig. 2. Therefore, we cannot rule
out the possibility that Rv1269c is more efficiently secreted by
modern Beijing strains as the proteomic data clearly pointed
out that Rv1269c is less abundant in modern Beijing strains.

Subsequently, we analyzed the mRNA levels for Rv3137, a
probable monophosphatase that is essential for the in vitro
growth of M. tuberculosis H37Rv (78, 79). A trend similar to
the ratios obtained by our proteomic experiments was de-
tected. However, the average difference was much smaller on
the mRNA level than observed on the protein level. Further
separation of the modern Beijing strains from our selection
with several genetic markers (31) will potentially allow us to
identify a subspecies of modern Beijing strains that contains
high levels of Rv3137. However, this indicates that Rv3137 is
not a virulence factor that is up-regulated throughout the
modern Beijing genotype as a whole.

The relative mRNA quantities of Rv0450c/MmpL4 were in
agreement with the results obtained by our proteomic exper-
iments. Previous studies identified Rv0450c/MmpL4 as a po-
tential virulence factor of M. tuberculosis by signature-tagged
transposon mutagenesis (80). In addition, this protein has
been reported to be essential for growth in mouse models of
TB (81). A recent study reported Rv0450c/MmpL4, together
with Rv0451c/MmpS4 or Rv0677c/MmpS5 and Rv0676c/
MmpL5, are needed for the secretion of iron-scavenging
siderophores in M. tuberculosis (82). Our results demonstrate
a clear up-regulation of both protein and mRNA throughout
the modern Beijing genotype. Taken together with the previ-
ously reported modern Beijing specific mutation in Rv0676c/
MmpL5 (30), this suggests that siderophores could be differ-
entially expressed in the two Beijing sublineages. If the
increased levels of Rv0450c/MmpL4 work as a compensating
mechanism for the mutated Rv0676c/MmpL5 gene in modern
Beijing strains remains to be determined. Nevertheless, the
results point to differences in iron metabolism between both
M. tuberculosis Beijing genotypes. This hypothesis is rein-
forced by a study that revealed that patients with a mutation
in SLC11A1/NRAMP1, a divalent transition metal transporter
involved in iron metabolism, have been associated with higher
odds of TB caused by M. tuberculosis Beijing (18). The altered

quantities of Rv0450c/MmpL4 in association with the modern
Beijing specific mutation in Rv0676c/MmpL5 is possibly the
missing link that explains the success of M. tuberculosis
Beijing strains within individuals that possess a mutation in
SLC11A1/NRAMP1. Therefore, our findings support the idea
of M. tuberculosis coevolution with their human host.

Next to the secretion of siderophores, Rv0450c/MmpL4
and Rv0676c/MmpL5 has been identified as differentially reg-
ulated in rifampicin-resistant M. tuberculosis strains upon ri-
fampicin exposure (83). Build around the already known func-
tion of these MmpL genes and the up-regulation of MmpL
mRNA in a M. tuberculosis-rifampicin microarray model the
authors suggested an involvement of Rv0450c/MmpL4 and
Rv0676c/MmpL5 in the rifampicin efflux out of the cell (83).

For Rv3283/sseA, the mRNA levels showed a trend oppo-
site to the results we obtained by proteomics. Where the
protein appeared to be strongly up-regulated, and was quan-
titated by as much as 22 unique peptides on the protein level
of ancient Beijing strains, we observed a slightly, but not
significant, increase in the mRNA levels of modern Beijing
strains. The discrepancy between the results obtained by
proteomics and qPCR might be explained by the presence of
a nsSNP in the genome of modern M. tuberculosis Beijing
strains (30).

Enzymatic Activity of Rv3283/sseA—Several studies have
linked the expression of Rv3283/sseA to a virulent M. tuber-
culosis phenotype. One study demonstrated the differential
regulation of Rv3283/sseA by M. tuberculosis within the host
cell (84). The association between the protein and an increase
in virulence was further supported by a study that showed
how a mutation in Rv3283/sseA leads to enhanced growth of
M. tuberculosis in macrophages relative to in vitro growth of
M. tuberculosis (85). Finally, the predicted rhodanese activity
of Rv3283/sseA potentially helps to cope with oxidative
stress, as the knock-out of a rhodanese domain containing
protein in Azotobacter vinelandii altered their sensitivity to-
ward oxidative damages (86).

In contrast to our proteomic data, the transcription levels of
the Rv3283/sseA were higher, on average, in modern Beijing
strains compared with ancient Beijing strains. We set out to
determine whether a previously reported modern Beijing spe-
cific mutation could contribute to this discrepancy. This
nsSNP confers a glutamic acid residue to a lysine residue,
which has been shown to be specific for modern Beijing
strains (30). Three independent bioinformatic algorithms were
used to determine the effect of the mutation on the stability
and function of the respective protein. PolyPhen-2, which
uses the 3D crystal structure of Rv3283/sseA homolog 3HZU
among other information, predicted that the mutation is
“probably damaging” for the protein (58). Next to PolyPhen-2,
we also used I-Mutant 3.0 in sequence mode (59). The cal-
culated free energy change upon substitution of glutamic acid
by a lysine residue was �1.02 kcal/mol, which indicates a
significant loss of stability of Rv3283/sseA in modern Beijing
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strains. Analysis of the protein and the corresponding muta-
tion by PANTHER pointed toward a functional impairment of
the mutated protein (subPSEC � �4.74 and Pdeleterious �

0.85) (60). The predicted instability, and thereby a potential
short half-life time of Rv3283/sseA in modern Beijing strains
can explain the lower level of Rv3283/sseA observed in mod-
ern Beijing strains compared with ancient Beijing strains.

To further confirm our results we measured the rhodanese
activity in whole cell lysates of the ten M. tuberculosis Beijing
strains used for the comparative proteomic analysis. Besides
Rv3283/sseA there are at least three additional proteins
(Rv0815c/cysA2, Rv2291/sseB and Rv3117/cysA3) that con-
tain a rhodanese domain. The presence of these proteins
makes our rhodanese activity assay on whole cell lysate level
not rhodanase enzyme specific. However, as the additional
rhodanese domain containing proteins appeared to occur in
equal quantities in most modern and ancient Beijing strains,
this is not expected to yield any difference in the total rhod-
anese activity. We observed �23% more rhodanese activity
in the ancient Beijing strains examined compared with mod-
ern Beijing strains. The relative predicted instability of the
mutated Rv3283/sseA, together with the observed rhodanese
activity, supports the results obtained by proteomics. In sum-
mary; our data suggests that modern Beijing strains possess,
on average, less Rv3283/sseA than ancient Beijing strains.

Comparative Study—We compared the results of our sys-
tematic approach with a previous comparative proteomic
study that described the differences between a hyper and a
hypovirulent Beijing strain (34). In that study 23 proteins were
reported to be more abundant in the hypo virulent strain. Of
these 23 proteins, 17 were quantified in all four of our analy-
ses, but none showed to be specifically more abundant in
either the modern or the ancient Beijing strains; see supple-
mental Table S4. When we compared the 54 proteins that
were reported to be more abundant in the previously reported
hypervirulent strain, we identified 39 of those 54 proteins in all
four of our analyses. Only one protein, Rv2680, showed to be
more abundant in several modern Beijing strains. Two out of
our three individual duplex approaches and the pooled ap-
proach demonstrated the up-regulation of Rv2680 in modern
Beijing strains. Together these observations show that com-
parison of two individual isolates can be useful to identify
virulence factors, but not to describe specific differences
between the two Beijing sublineages. The proteins Rv0450c/
MmpL4, Rv1269c, Rv3137, and Rv3283/sseA were identified
as differentially abundant in both our pooled approach and
our three individual duplex analyses. Of these proteins,
Rv3137 was solely identified in the previously reported M.
tuberculosis Beijing proteome dataset (34). However, Rv3137
was not reported to be up-regulated in the hypervirulent
strain. This observation supports our hypothesis that Rv3137
is up-regulated in several, but not all modern Beijing strains.

Other Differentially Regulated Proteins—The W-Beijing
strain, a distinct phylogenetic branch within the modern Bei-

jing genotype mainly observed in the early 1990s in the USA
(87), is known for the expression of a glycosylated variant of
phthiocerol dimycocerosate (PDIM), the phenolic glycolipid
(PGL-tb). W-Beijing strains are capable of synthesizing
PGL-tb because of a mutation in their pks15/1 gene (88).
Production of PGL-tb is thought to be one of the success
factors of the W-Beijing strains (89). However, not all M.
tuberculosis Beijing strains produce PGL-tb, even when they
possess a functional pks15/1 gene (90). In our dataset,
Rv2946c/pks1 is significantly less abundant in both the
pooled approach and two out of three separate duplexes. This
observation suggests that M. tuberculosis Beijing strains do
not necessarily express equal amounts of PDIM and PGL-tb.

In this study, we identified Rv2688c in the proteome of M.
tuberculosis Beijing, whereas this protein was not observed in
the extensively studied proteome of M. tuberculosis H37Rv
(39). Rv2688c is often described as a fluoroquinolones (FQ)
export ATP-binding protein (91). The presence of Rv2688c
was not only observed in the proteome of M. tuberculosis
Beijing strains, but was also relatively high abundant in sev-
eral of the modern Beijing strains studied. Interestingly, Bei-
jing genotype isolates that are resistant to FQs occur signifi-
cantly more than FQ-resistant isolates of other genotypes in
Vietnam (92). A mutation in the gyrA gene was associated with
this high-level FQ-resistance. However, an increased abun-
dance of the FQ efflux pump, Rv2688c, possibly leads to a
better tolerance of modern M. tuberculosis Beijing strains
against FQs, which can eventually result in mutations that
cause resistance.

Our study showed that Rv2946c/PKS1 and Rv2688c are
not up-regulated in all modern Beijing strains. However, fur-
ther characterization of the modern Beijing family might yield
subfamilies in which this trait is conserved.

The DosR regulon, which is transcribed during the latent
stage of infection, is reported to be constitutively up-regu-
lated in W-Beijing strains (90). Our combined pooled and
individual approach did not reveal differential abundance of
proteins from the DosR regulon between modern and ancient
Beijing strains. This suggests that up-regulation of DosR
might be conserved throughout all M. tuberculosis Beijing
strains in general compared with other M. tuberculosis
lineages.

CONCLUSIONS

We identified an important virulence factor for modern Bei-
jing strains in the form of Rv0450c/MmpL4. This observation
is the first link between the proteome of modern M. tubercu-
losis Beijing strains and the higher odds of M. tuberculosis
Beijing in individuals with a mutation in their SLC11A1/
NRAMP1 gene. We further provide evidence for the lower
abundance of Rv3283/sseA in modern Beijing strains, which
seems to be a direct consequence of a previously described
nsSNP. In addition, we listed several proteins previously re-
ported as potential virulence factors, such as Rv2946c/PKS1
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and FQ efflux pump Rv2688c, which could contribute to the
success of modern Beijing strains. Taken together our obser-
vations contribute to a better understanding of the successful
spread of modern Beijing strains, and may assist in combat-
ting this serious threat in TB control. If the spread of Beijing
strains is not controlled the current epidemic of TB may
transform into an epidemic of resistant TB.
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