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Tuberculosis (TB), which is caused by Mycobacterium tuberculosis, remains one of the most prevalent
infectious diseases worldwide which causes high morbidity and mortality. However, there is still limited
understanding of the physiological processes that allow M. tuberculosis to survive in its host environment.
One of the challenges is the limited availability of molecular probes that can be used to study some of the
complex systems in mycobacteria. One such system is the ESX-3 secretion system, a specialized type VII
secretion (T7S) system. This system is essential for optimal growth of pathogenic mycobacteria in low
iron environments similar to that encountered by mycobacteria in macrophages during infection. EsxG,
a protein of unknown function, is both encoded within the ESX-3 locus and secreted by the ESX-3 system.

There are currently no molecular probes with high affinity and specificity to the EsxG protein that can
be used to study it. Here we demonstrate the use of surface plasmon resonance-based systematic
evolution of ligands by exponential enrichment (SELEX) to identify two aptamers, G43 and G78 that bind
EsxG with high affinities, KD of 8.04 ± 1.90 nM and 78.85 ± 9.40 nM, respectively. Moreover, these
aptamers preferentially bind EsxG over its homologue EsxA. Availability of such probes enables biological
investigation of the role of this protein in mycobacteria and its potential as a biomarker for TB diagnosis.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Tuberculosis, which is caused by Mycobacterium tuberculosis,
remains one of the major infectious diseases that lead to morbidity
and death worldwide. Despite the widespread availability of effec-
tive antibiotics against drug sensitive M. tuberculosis, the World
Health Organisation (WHO) estimates that in 2011 there were
between 8.3 and 9.0 million incidences of TB globally [1]. A better
understanding of the biological processes of mycobacteria will
improve the control of the spread of tuberculosis by enabling the
development of better therapeutic interventions and diagnostic
tests. One such process is the iron acquisition pathway of
mycobacteria.

Iron is an essential nutrient for most microorganisms. At least
40 enzymes encoded by the M. tuberculosis genome require iron
as a cofactor [2]. One of the ways that mycobacteria has evolved
to acquire iron is by the use of small-molecule compounds, called
siderophores, for high affinity chelating of ferric iron [3]. Sidero-
phores are generally secreted by the organism to compete for the
available iron in their environment [4]. The genus of mycobacteria
has two kinds of siderophores, mycobactin and exochelin [5,6]. The
synthesis of the siderophores is highly regulated and occurs exclu-
sively under low iron conditions [7]. In order to maintain iron
homeostasis, M. tuberculosis uses a transcription factor, the iron-
dependent regulator (IdeR) protein. In the presence of iron, IdeR
binds to the promoters and represses the transcription of the mbt
genes which are essential for siderophore synthesis [8]. As a result,
the uptake of iron from the surrounding environment is inhibited.

The IdeR protein also acts on another target, the ESX-3 secretion
system. This secretion system is one of the five specialised type VII
secretion (T7S) system of mycobacteria [9]. The IdeR protein has
been shown to repress the transcription of the ESX-3 gene cluster
in both M. tuberculosis [7] and M. smegmatis [10], while low iron
conditions induce the transcription of the ESX-3 cluster in M. tuber-
culosis [7]. This is indicative of the participation of this system in
the acquisition of iron by mycobacteria under low iron conditions.
In addition, a study by Siegrist and colleagues demonstrated that a
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M. smegmatis mutant which lacks ESX-3 (DESX-3) is unable to be
rescued by the exogenous addition of purified siderophore, myco-
bactin, indicating that the mutant is unable to use iron-bound
mycobactin [11]. Similar findings were also reported by Serafini
and colleagues using a M. tuberculosis ESX-3 conditional mutant.
Serafini and colleagues further hypothesised that ESX-3 is respon-
sible for the secretion of some unknown factor(s) which is required
for the optimal uptake of iron and zinc. These factors have not been
identified yet [12].

One of the ESX-3 secreted substrates is the EsxG protein, which
is homologous to the well characterised EsxA protein secreted by
the paralogous ESX-1 system. While there is evidence to show that
EsxA is required for pathogenicity in M. tuberculosis [13–16], such
evidence does not exist for EsxG. Also, while genetic studies have
been able to demonstrate the involvement of ESX-3 in iron acqui-
sition, they have been limited in investigating the role of individual
ESX-3 secreted substrates in this pathway. For this reason we
sought to develop specific aptamers against one of the substrates
of ESX-3, namely EsxG.

Aptamers are nucleic acid probes, which are known to bind and
in some cases inhibit function of proteins [17–20]. The availability
of such reagents will enable the investigation of the role of this
protein in mycobacteria growth and/or iron acquisition.
2. Materials and methods

2.1. Expression of EsxG protein

EsxG from M. tuberculosis H37Rv was cloned into the bacterial
vector pET41A (Eric Rubin, unpublished data). The vector was used
to transform Escherichia coli BL21 (DE3) cells and recombinant
clones were selected on Kanamycin (50 lg/ml). Expression was
induced by addition of IPTG to a final concentration of 0.5 mM to
the Luria broth (LB), followed by incubation at 30 �C for 4 h. The
cells were harvested by centrifugation using the Sorvall RC-5B
super speed centrifuge at 10,000 RPM for 20 min at 4 �C.
2.2. Purification of EsxG protein

The cells were lysed using B-PER (in phosphate buffer, 50 mM
[pH 7.5]) bacterial protein extraction reagent (Thermo Fisher Sci-
entific, Rockford, Illinois). The recombinant protein was purified
using immobilised metal affinity chromatography (IMAC) packed
with Protino� Ni-TED resin (Machery-Nagel, Düren, Germany) as
previously described [21]. The purity of protein was assessed in a
12% SDS/PAGE gel stained with Coomassie blue and the identity
of EsxG was confirmed using mass spectrometry and the Thorough
search algorithm in Protein Pilot software (ABSCIEX, CA, USA). An
identification confidence of 95% was selected during searches.
2.3. Western blotting

Proteins separated by SDS/PAGE were transferred to Hybond-P
PVDF transfer membrane (GE Healthcare Lifesciences, Bucking-
hamshire, United Kingdom) with a Bio-Rad Transblot semi-dry
transfer cell at 12 V for 2 h. To confirm the presence of the histi-
dine-tagged EsxG protein the protein bands were detected using
a 1:10,000 dilution of the penta�His-HRP conjugated antibody cat
no. 34460 (Qiagen, Hilden, Germany). A pre-stained ladder was
used for the Western blot and the detection was accomplished
with a colorimetric HRP substrate, TMB (3,30,5,50-tetramethylbenz-
idine) (Thermo Fisher Scientific, Rockford, Illinois).
2.4. In vitro transcription and selection of RNA aptamers against EsxG
protein using the NTA system on the Biacore 3000

In vitro transcription of the RNA aptamers was performed as
previously described by Khati and colleagues [22]. The SELEX pro-
cess was performed using surface plasmon resonance on the Bia-
core 3000 instrument. The HBS-P (0.01 M HEPES [pH 7.4], 0.15 M
NaCl, 0.005% Surfactant P20) continuous flow buffer (GE Health-
care Lifesciences, Ohio, USA) was used in all the Biacore experi-
ments on the nitrilotriacetic acid (NTA) chips. Briefly, the surface
of the NTA chip was activated as per suppliers’ recommendation
(GE Healthcare Life Sciences, Ohio, USA). Following surface activa-
tion, 30 ll of 200 nM of EsxG (His6) was injected at 2 ll/min. The
transcribed RNA pool (representing approximately 1014 unique
molecules) was denatured at 95 �C for 4 min and refolded at room
temperature in HMCKN buffer (10 mM Hepes [pH 7.4], 1 mM
MgCl2, 1 mM CaCl2, 2.7 mM KCl, 150 mM NaCl) for an additional
4 min. The RNA pool was injected for 2 min into the flow cell at a
flow rate of 20 ll/min. After each selection cycle the bound RNA
was eluted from the NTA using the elution buffer (7 M urea,
5 mM EDTA). The recovered RNA was then converted to cDNA by
reverse transcription using the RevertAid M-MuLV Reverse Trans-
criptase (Fermentas, USA) according to suppliers’ protocol. The
cDNA was amplified by PCR and later transcribed to RNA. After five
rounds of selection, the enriched RNA pool was reverse tran-
scribed; the resulting cDNA amplified by PCR and cloned into the
TA cloning vector using the pGEM-T Easy cloning kit (Promega,
Wisconsin, USA) as per manufactures instruction. The individual
clones were screened for the binding to EsxG using the Biacore.

2.5. Binding assay using the amine coupling on the Biacore

A standard amine coupling protocol using the CM5 chip was fol-
lowed according to manufacturer’s instructions (Biacore, GE
Healthcare Lifesciences, Ohio, USA). The Biacore 3000 biosensor
instrument (GE Healthcare Lifesciences, Ohio, USA) flow rate was
set at 10 ll/min and the carboxymethyl groups on the chip were
activated by injecting 50 ll of 0.5 M N-hydroxysuccinimide
(NHS), 0.2 M N-ethyl-N0-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC). The protein (either EsxG or EsxA) was diluted
into 10 mM sodium acetate, pH 4.5 to a final concentration of 2 lM
and injected onto the activated surface, resulting in amine coupling
of the protein to the activated surface. The remaining activated car-
boxymethyl groups were blocked by injecting 70 ll of 1 M ethanol-
amine–HCl, pH 8.0, which also helped elute non-covalently bound
ligand.

2.6. Binding kinetics analysis using the Biacore

Affinity measurements were performed at room temperature
(25 �C), which was the same temperature used during selection.
EsxG was covalently immobilised on the chip (1000–1200 RU)
using amine coupling chemistry. Each concentration in the dilution
series (5–500 nM) of the aptamer (20 ll, starting with the lowest)
was injected at 10 ll/min and allowed to dissociate over 600 s. To
ensure that there was no residual RNA left on the surface before
the next concentration injection, the ligand was regenerated by
injecting 10 ll of freshly prepared 100 mM NaOH. Each experiment
was performed in triplicate using three neighbouring flow cells,
and the fourth flow cell served as a negative control. The negative
control flow cell was subtracted as a baseline and the data ana-
lysed using the BIAevaluation 3.0 (Biacore, GE Healthcare UK Ltd,
Buckinghamshire, England) and GraphPad Prism 5.0 (GraphPad
software Inc., USA) software. The affinity constant was calculated
based on a Langmuir one-on-one curve fit using the BIAevaluation
3.0.
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3. Results

3.1. Assessment of EsxG expression

His-tagged EsxG was expressed in soluble form in E. coli cells
and subsequently purified using IMAC. The concentration of the
purified protein was approximately 300 lg/ml and the total yield
was 0.6 mg/L of culture as quantified by the bicinchoninic acid
(BCA) assay (Thermo Scientific, MA, USA). The apparent molecular
mass of the purified EsxG was estimated at 11 kDa when compared
to the protein standards (Biorad, CA, USA) on 12% SDS–PAGE gel
(Fig. 1A), which is very close to the expected weight of 10.5 kDa.
The presence of EsxG protein was validated by Western blot using
the horseradish peroxidase-conjugated penta-histidine antibody
(Fig. 1B). In addition, mass spectrometry-based peptide sequencing
was used to confirm protein identity. The results from the gel
digestion of the protein bands and an in-solution digest of the puri-
fied fraction identified EsxG with 100% and 89.3% sequence cover-
age, respectively. Taken together, these results indicate that EsxG
was successfully purified using nickel chromatography.
3.2. Screening of monoclonal aptamers binding to the EsxG

To identify the successful isolation of aptamers against EsxG,
the resulting PCR product from the fifth round of the SPR-based
SELEX was cloned into pGEM-T Easy vector using TA cloning and
used to transform DH5a E. coli cells. Fifty-seven individual clones
were successfully sequenced. The aptamer clones were arbitrarily
numbered, with the prefix G. Of the 57 successful sequences, five
clones had identical sequences (G31 and G34; G36 and G71; G43
and G94; G70 and G76; G78 and G98), and the rest had no detect-
able similarity to each other. The individual aptamer sequences
that were represented more than once during sequencing were
screened for binding to the recombinant EsxG protein using amine
coupling chemistry on the CM5 chip. Four of the five aptamers
(Table 1) that were present more than once during sequencing
were able to bind EsxG when coupled to the CM5 chip (Fig. 2).
The two aptamers that showed the highest binding signal to EsxG
during screening, G43 and G78, were further characterised for
binding kinetics and specificity.
Fig. 1. Assessment of EsxG expression. (A) Coomassie stained 12% SDS–PAGE gel of
purified EsxG after purification. (B) Western-blot of EsxG using the penta�His-HRP
conjugated antibody. A pre-stained ladder was used for the Western blot and the
detection was accomplished with a colorimetric substrate, TMB.
3.3. Assessment of aptamers G43 and G78 binding kinetics to EsxG

Binding kinetics to EsxG of the two selected aptamers was ana-
lysed using a Biacore instrument. Each concentration of the analyte
(5–500 nM) was injected at 10 ll/min and allowed to dissociate
over 600 s. The affinity constant was calculated based on a Lang-
muir one-on-one curve fit using the BIAevaluation 3.0 software.
Representative curves of the kinetic analysis obtained from the
Biacore are shown in Fig. 3A and B. The chi-square values for all
the kinetic analyses were between 4.2 and 9.8. Typically, a chi-
square value of less than 10 is indicative of good fitting to the
model used, which means that the Langmuir model used for our
aptamer kinetics study adequately describes our data [23,24].
The dissociation constants of the G43 and G78 aptamers were
8.04 ± 1.90 and 78.85 ± 9.40 nM, respectively. Thus, the affinity of
aptamer G43 to EsxG was about ten times higher than the affinity
of aptamer G78 (Fig. 3A and B).
3.4. Assessment of aptamersG43 and G78 binding to EsxA

To determine if the aptamers G43 and G78 are able to discrim-
inate EsxG from its closely related protein, EsxA, their binding to
both proteins was assessed using the Biacore. The ligand, EsxG or
EsxA, was immobilised using amine coupling chemistry on a
CM5 chip and 500 nM of each aptamer was injected over the
immobilised proteins. The binding experiments were done in trip-
licate. A two-tailed, unpaired t-test was used to analyse signifi-
cance in the difference between binding of the aptamers to EsxG
and EsxA. Response units measurements taken 100 s after aptamer
injection had ended, showed that both aptamers had significantly
higher binding (G43: p < 0.05; G78: p < 0.01) to immobilised EsxG
as compared to their binding to EsxA (Fig. 3C). While aptamer G43
showed no significant binding to EsxA, aptamer G78 showed some
binding to EsxA, though a significantly lower binding signal was
observed (p < 0.01) when compared to that of EsxG.
4. Discussion

While antibodies are the traditional molecular probes, aptamers
have now been explored as alternative recognition molecules for
basic research and diagnostic applications [25–27]. These artificial
nucleic acid probes offer many advantages which include their
ease of synthesis that does not require animals or cell lines, making
them cheaper to produce when compared to antibodies [28]. Also,
they can be potent inhibitors of protein function [29], which makes
them applicable as ideal reagents to be used in drug development
as well as pathway elucidation in scientific research. For instance,
the RNA aptamer Macugen, an inhibitor of vascular endothelial
growth factor (VEGF), is approved by the FDA for the treatment
of age-related macular degeneration (AMD) [30].

In this study, we performed a surface plasmon resonance-based
SELEX, to select RNA aptamers that bind to the ESX-3 secreted pro-
tein, EsxG. Our data shows that after five rounds of selection, we
selected at least four RNA sequences that bind to EsxG. In this
study, we employed the same protocol and library that was suc-
cessfully used previously to identify RNA aptamers against the
HIV g120 glycoprotein. [22]. Two of the aptamers selected in this
study, G43 and G78, were analysed for equilibrium kinetics and
had KD in the nanomolar range. Aptamer G43 had a KD of
8.04 ± 1.90 nM while G78 had a KD of 78.85 ± 9.40 nM.

M. tuberculosis has five homologous T7S system [31,32]. ESX-1 is
the most studied of these systems and is implicated in virulence of
M. tuberculosis [15,16]. The ESX-1 secretion system secretes the EsxA
protein which is homologous to the EsxG protein secreted by the
ESX-3 system. To investigate whether the selected aptamers can dis-



Table 1
Sequences of selected aptamers.

Aptamer name Sequence format Nucleotide (nt) sequence

G43 T7 SELEX primer-(50 random nucleotide sequence)-T3 SELEX primer TAATACGACTCACTATAGGGAGACAAGACTAGACGCTCAA

(AATAGGAACTTAGAACAACCCTCTCCCTCATGTAGCGAACCCGAACCAGG)
TTCGACATGAGACTCACAACAGTTCCCTTTAGTGAGGGTTAATT

G78 TAATACGACTCACTATAGGGAGACAAGACTAGACGCTCAA

GCGTTTAAACGTTGCACCGTCGTTGACGGGACCGCTTGAGACATTCGCTC
TTCGACATGAGACTCACAACAGTTCCCTTTAGTGAGGGTTAATT

G31 TAATACGACTCACTATAGGGAGACAAGACTAGACGCTCAA

TAACGACTCACCAACACATCGACTAATTTCCCTAAATGACTTAACTGAAT
TTCGACATGAGACTCACAACAGTTCCCTTTAGTGAGGGTTAATT

G70 TAATACGACTCACTATAGGGAGACAAGACTAGACGCTCAA

ACTCGTGACACTTACGAACGACCTATGGCGGGAGAATCCTAGCCGCTACG
TTCGACATGAGACTCACAACAGTTCCCTTTAGTGAGGGTTAATT

Fig. 2. Screening for binding of selected aptamers on the CM5 chip. Surface plasmon resonance sensorgram for EsxG interactions with representative aptamers of the pairs
that were duplicated during sequencing (A–E). The thick black lines represent the aptamer binding to EsxG, and the dotted lines the buffer control.
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criminate amongst closely related proteins, we evaluated the bind-
ing of these aptamers to EsxA. Our data showed that the selected
aptamers have varying specificity for the homologous protein EsxA.
That is, aptamer G43 did not bind significantly to EsxA, while apt-
amer G78 showed some binding to EsxA, even though this binding
signal was significantly lower (p < 0.01) when compared to that of
EsxG. Taken together, this data demonstrate that in addition to apta-
mers G43 and G78 discriminate recognition of their target, these
aptamers also bind their target with high affinity, in the nanomolar
range. Thus making these aptamers, suitable recognition probes to
investigate the biological role of EsxG in M. tuberculosis.
Also, the availability of the aptamers selected in this study
enables the investigation of EsxG as a potential biomarker for TB.
Recent studies have demonstrated that the EsxA protein is a poten-
tial candidate in the diagnosis of TB. Hong and colleagues demon-
strated the presence of EsxA in urine samples from TB patients
[33]. Moreover, Rotherham and colleagues showed that DNA apta-
mers raised against the EsxA protein are able to detect infection in
sputum samples with a sensitivity of 100% and a specificity of
68.75% [21]. Taken together, this indicates that a protein homolo-
gous to EsxG can be detected in clinical samples from infected
patients. However, due to the unavailability of high affinity and



Fig. 3. Binding kinetics and specificity of EsxG aptamers G43 and G78. Equilibrium
kinetics of RNA aptamers (A) G43 and (B) G78 binding to immobilised EsxG using
the Biacore. Binding kinetic parameters were obtained using various concentrations
of aptamer between 0 and 500 nM. The graphs are a representative and standard
deviations were calculated from three experiments. (C) RNA aptamers discriminate
amongst closely related proteins, EsxG and EsxA by Biacore. Relative response units
were taken 100 s post injection of 500 nM G43 and G78 binding to immobilised
EsxG and EsxA. A two-tailed, unpaired t-test was used to analyse significance
(⁄⁄p < 0.01, ⁄p < 0.05).
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specific detection probes for EsxG, this protein has not been inves-
tigated as a potential biomarker for TB diagnosis.

In conclusion, this is the first study to demonstrate the selection
of RNA aptamers against a low abundance mycobacteria protein,
EsxG. The selected aptamers have high affinity and specificity to
their target EsxG. As a result, they can now be exploited to inves-
tigate the role of EsxG in the iron acquisition pathway of mycobac-
teria and potentially in TB diagnosis.
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