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Objective(s): Tuberculosis (TB) is still one of the problematic infectious diseases in developing 
countries, especially in Iran. In the present study, we applied ribosome display technique to select 
single chain variable fragments (scFvs) specific for the 6-kDa early secretory antigenic target (ESAT-
6) antigen of Mycobacterium tuberculosis from a mouse scFv library. 
Materials and Methods: The gene encoding ESAT-6 was cloned into pET22b(+) plasmid and expressed 
in Escherichia coli BL21 (DE3). The purified recombinant ESAT-6 protein was injected into female 
BALB/c mice for immunization, and then m-RNA was extracted from the spleen of immunized mice. 
The anti-ESAT-6 VH/k chain library was assembled by joining of VH and k into the VH/k chain with a 
72-bp DNA linker by SOE (splicing by overlap extension) PCR. The scFv library was panned against 
ESAT-6 using a single round of ribosome display via a rabbit reticulocyte lysate system.  
Results: ELISA assay showed that one of the selected scFvs had higher affinity against the recombinant 
ESAT-6 protein. The affinity of the candidate scFv was ̴ 3.74×108 M-1.  
Conclusion: It could be proposed that the isolated scFv in this study may be useful for the diagnosis of TB. 
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Introduction 
Tuberculosis (TB) is an infectious disease caused by 

Mycobacterium tuberculosis. Despite much progression 
in disease control, the global burden of TB is huge with 
an estimated incidence of 9 million cases, resulting in 
1.5 million deaths in 2013 (1). Existing diagnostic 
methods such as the purified protein derivatives (PPD) 
skin test are not very reliable, especially in HIV co-
infected or BCG-vaccinated patients (2). The enzyme-
linked immunosorbent spot method is more sensitive 
and dependable than PPD skin test, but this method can 
be only done by expert staff and needs expensive 
instruments. Therefore, a simple, fast and cheap 
diagnostic method is needed for TB control, and use of 
biomarkers which are peculiar to the pathogen for TB 
diagnosis has been debatable (3). Genomic studies have 
revealed 16 regions of differences (RD) in the genome 
of M. tuberculosis H37Rv which are present in all other 
M. tuberculosis complex members and absent in the 
BCG strains. Among these regions, RD1 plays a 
significant role in the virulence of M. tuberculosis (4). 
ESAT-6 and CFP-10 (culture filtrate protein 10) are 
both encoded by RD1 region and only exist in several

 

pathogenic mycobacterial species (5, 6). ESAT-6 is a 
potent T-cell antigen in the region of difference 1 (7) 
and suggested as a diagnostic biomarker for TB 
infection and used in enzyme-linked immune spot 
assay. Recently, antibody fragments technology has 
provided several approaches for the manufacture of 
new diagnostic agents. These fragments are small 
proteins with the full antigen-binding capacity of the 
natural antibodies. A single-chain variable fragment 
(scFv) is a fusion protein (~28 kDa) of the variable 
(epitope-binding) regions of the heavy (VH) and light 
chains (VL) of an immunoglobulin, covalently 
connected with a short flexible polypeptide linker (10-
25 amino acids) (8). ScFvs compared with whole 
antibodies have significant benefits due to their small 
size and homogeneity. Therefore, genetic manipulation 
to improve their function can be done easily (9). In 
recent years, in vitro display techniques such as phage 
and ribosome displays, offer a robust platform for 
design, selection, and production of novel scFvs for 
targeted proteins (10, 11). Ribosome display, a cell-free 
display method, overcomes the limitations of phage and 
cell display. For example, ribosome display enables the
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selection of toxic reagents and increases the capacity 
and diversity of libraries without transformation step 
(12, 13). This method developed by Hanes and 
Pluckthun in 1997, based on earlier work by 
Mattheakis et al in 1994 (14-16). By this method which 
is performed completely in vitro, phenotype (antigen 
binding) link to genotype (mRNA) through the 
formation of stable antibody-ribosome-mRNA (ARM) 
complexes (17-19).  

In the present study, a single-chain variable 
fragments (scFvs) antibody library was successfully 
constructed. Then we applied ribosome display 
technique to pan scFvs against ESAT-6, aiming to select 
a specific scFv that bound to this antigen with high 
affinity.  
 

Materials and Methods 
Cloning of ESAT-6 gene into pET22b (+) expression 
vector 

DNA encoding ESAT-6 sequence (288 bp) or EsxA 
or Rv3875 (GeneBank accession number BX842584) 
with S-tag sequence was synthesized into pGH 
plasmid (Bioneer, Korea) and confirmed using 
specific primers by PCR (94 °C for 40 sec, 57 °C for 
40 sec and 72 °C for 1 min, 30 cycles). The PCR 
product (with S-tag) and pET22b (+) (Novagen, USA) 
were digested with BamHI and SalI (Fermentas, 
Lithuania). After gel Extraction (AccuPrep® Gel 
Purification Kit, Bioneer), ligation was carried out 
with T4 DNA Ligase (Fermentas, Lithuania) and the 
ligation reaction was transformed into Escherichia 
coli Top10 competent cell (20). The recombinant 
plasmids were confirmed by colony PCR, restriction 
enzyme analysis, and sequencing procedures. 
 
Expression of the recombinant ESAT-6 protein  

BL21(DE3) E. coli which was transformed with 
pET22b-ESAT, was grown in 100 ml of LB medium 
(with 100 µg/ml ampicillin) at 37 °C with shaking at 
250 RPM to a density of OD600=0.6. Then, the 
Isopropyl-D-1-thiogalactopyranoside (IPTG) (Merck, 
Germany) was added to a final concentration of 1 
mM. The cells were harvested after 3 hr and treated 
with lysis buffer (Tris 50 mM, 10% glycerol, 0.1% 
Triton X-100) (Merck, Germany). The cell lysate was 
analyzed by sodium dodecyl sulfate- polyacrylamide 
gel electrophoresis (SDS-PAGE) (21).  

 
Purification of recombinant protein  

S-tagged ESAT-6 protein was purified by affinity 
chromatography. The cell pellet obtained from 100 
ml of culture was washed twice with 5 ml of PBS (1X) 
and centrifuged at 8000 rpm for 5 min. The cell pellet 
also was washed twice with 5 ml of Sol I (EDTA 2 
mM, Tris-HCl 50 mM, Triton X-100 1%, pH: 7-8) and 
centrifuged at 8000 rpm for 5 min. After that, the cell 
pellet was dissolved in 5 ml of Sol II (6 M Urea, 2 mM 
EDTA, 50 mM Tris-HCl, pH 7-8) and lysed by 

sonication on ice. The supernatant was loaded on the 
S-protein agarose (Novagen, USA). The resin was 
washed 3 times with 10 ml of Sol III (2 M urea, 2 mM 
EDTA, 50 mM Tris-HCl, pH 7-8), the bounded 
proteins were eluted with 1 ml of elution buffer (3 M 
NaSCN, 2 mM EDTA, 50 mM Tris-HCl, pH 7-8) and 
dialyzed with PBS (1X) at room temperature for 3 hr 
(22, 23). The purified protein was consequently 
analyzed by SDS-PAGE and Western blotting using 
anti-S-tag antibody (Novagen, USA).  
 
Immunization of mice with recombinant ESAT-6 protein 

For immunization of mice, three four-week-old 
female BALB/c mice were purchased from Pasteur 
Institute (Tehran, Iran) and immunized by intraperi-
toneal injection of a 1:1 (v/v) mixture of 25 and 50 
(μg/ml) ESAT-6 protein and Freund’s complete 
adjuvant (Sigma, USA). The first immunization was 
followed by boosting with the same amount of antigen 
together with Freund’s incomplete adjuvant after ten 
days. After 14 days, test bleeds were taken from their 
eyes for ELISA. Following immunization against ESAT-
6, the spleens of the mice with the highest antibody 
titer were removed and used for RNA extraction. 
 
Construction of the scFv (VH/k) chain library 

Total RNA from spleen cells of the immunized mice 
was isolated using Total RNA Purification kit (Jena 
Bioscience, Germany) according to the manufacturer’s 
instructions. The complementary DNA (cDNA) was 
synthesized by RT-PCR using Oligo(dT) primer. DNA 
encoding the mouse variable region of the heavy (VH) 
and k chains were synthesized by PCR. DNA encoding 
VH was amplified using VH/back (5´(C/G)AGGT(G/C)-
CA(G/C)CTCGAG(C/G)AGTCTGG3´) and VH /for (5´TG- 
AGGAGACGGTGACCGTGGTCCCTTGGCCCC3´) primers; 
DNA encoding k-chain was amplified using VLF (5´GAC- 
ATTGAGCTCACCCAGTCTCCA3´) and CKR (5´GCTCT- 
AGAACACTCATTCCTGTTGGAGCT3´) primers (24). The 
VH and k chains were assembled by SOE PCR using a 
72-bp DNA linker (5'GTCACCGTCTCCTCAGGTGGT-
GGTGGTAGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCC
GACATTGAGCTCACCC3') including a flexible DNA 
linker (Gly4Ser)3. At first VH fragments were amplified 
by PCR with specific primers mentioned above using 
Taq polymerase with 25 cycles of PCR (94 °C for 40 sec, 
54 °C for 40 sec and 72 °C for 1 min, 30 cycles). DNA 
Linker was amplified with Link/F (5´GTCACCGTCTCC-
TCAGGTGGTGGT3´) and Link/R (5´ATCCGACATTGAGC- 
TCACCC3´) primers. After gel purification of VH and 
linker fragments by Gel Purification Kit (Bioneer, 
Korea) 15 ng of VH DNA and 20 ng of linker DNA were 
mixed with 25 μl PCR mixture and cycled 25 times (1 
cycle 1 min at 94° C, 2 min 60 °C, 2 min 72 °C) to join 
the linker DNA with VH DNA. The assembled DNA was 
amplified in a 50 μl PCR mixture for 25 cycles (1 cycle 1 
min at 94 °C, 1 min 55 °C, 1 min 72 °C) with T7Ab/back 
(5´GCAGCTAATACGACTCACTATAGGAAGAACAGACCAC
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CATG(C/G)AGGT(G/C)CA(G/C)CTCGAG(C/G)AGTCTGG
3´) and link/R. DNA encoding k-chain was amplified 
with specific primers by PCR with the same program 
described for amplification of VH fragments. The PCR 
products of VH-linker fragments and k-chains were gel 
purified. The recombinant DNA encoding the single-
chain antibody library in VH/k format was constructed 
by linking of 15 ng VH-linker DNA and 50 ng k-chain 
DNA with 25 μl PCR mixture without primers. PCR was 
done by the program used for joining VH to the linker. 
The assembled DNA was amplified in a 50 μl PCR 
mixture for 25 cycles (as mentioned above) with 
T7Ab/back and CKR primers (12, 24). The T7Ab/back 
primer included a ribosome binding site and a T7 
promoter and CKR primer contained nonstop codon. 
The VH/k PCR library was stored at -20 °C. 
 

In vitro transcription and translation of scFvs 
We applied eukaryotic ribosome display for 

library expression and isolation of scFvs. A 0.5-ml 
PCR tube was coated with 100 μl of recombinant 
ESAT-6 antigen (10 μg/ml in PBS) and incubated for 
16 hr at room temperature for each DNA sample. 
After washing with cold PBS, the tubes were blocked 
with 100 μl BSA-PBS for one hr. For in vitro 
transcription and translation of antibody-coding 
genes, we used TNT T7 Quick Master Mix (Promega, 
USA). The reaction mixture was prepared (in a total 
volume of 25 μl) by mixing of 20 μl TNT T7 Quick 
Master Mix, 1 μl of DNA library (0.1-1 μg), 0.5 μl 
methionine, and 3.5 μl nuclease free water and 
incubated for 90 min at 30 °C. 6 μl of RNase-free 
DNaes I (Fermentase, Lithuania) was added and the 
mixture was incubated for 30 min at 30 °C (25). The 
combination (containing the antibody-ribosome-
mRNA complexes) was added to the prepared ESAT-
6 coated tube to bind and select the specific antibody 
fragments, and incubated on ice for 1 hr. The tube 
was washed three times with PBS (containing 10 
mg/ml BSA and 5 mM MgCl2), the retained ribosomal 
complexes were dissociated by adding 200 μl PBS 
with 20 mM EDTA for 10 min on ice (26). The 
conserved mRNA in separating buffer was isolated 
by RNA Purification kit (Jena Bioscience, Germany) 
and recovered by RT-PCR with primers VH/back-
NcoI AGGT(G/C)CA(G/C)CTCGAG(C/G)AGTCTGG3´)- 
and Ck/for-NotI (5´ATATATATATGCGGCCGCTGCA-
GCATCAGCCCGTTT3´) which have NcoI and NotI 
restriction sites (underlined) for cloning into 
expression vector. The obtained PCR product was 
cloned into pTG19-T vector (Thermo, USA). After 
sequencing of derived plasmids, the clones with 
correct reading frame and without any stop codons 
were selected for expression of scFvs. 
 

Cloning and expression of selected scFvs into expression 
vector 

After selection, the selected scFv DNA was amplified 
using specific primers (VH/back-NcoI and Ck/for-NotI). 

The amplified DNA was digested with NotI and NcoI 
restriction enzymes and ligated into the expression 
vector pET28a(+) (Novagen, USA) using the T4                
DNA ligase (Fermentase, Lithuania). The recombinant 
plasmids were transformed into E. coli BL21. 
Transformed bacteria were grown in LB medium 
containing 30 µg/ml kanamycin at 37 °C to a density of 
OD600=0.6. Then, IPTG (final concentration of 0.5 mM) 
was added to induce expression of recombinant scFvs. 
After induction, the cells were incubated at 37°C for                   
3 hr. The cells were pelleted by centrifugation at 8000 
rpm for 5 min. Then E. coli lysates of tested clones were 
run on 12% SDS-PAGE. The Expression of scFvs was 
confirmed by Western blotting with 1:2000 dilution of 
anti-His-tag monoclonal antibody (Abcam, UK) 
conjugated with ALP (alkaline phosphatase). The 
immunoreactivity was visualized using NBT/BCIP 
substrate solution (Roche, Germany). 

 
Purification of recombinant His-tagged scFvs  

We applied affinity chromatography using Ni-
NTA agarose resin (Novagen, USA) for purification of 
expressed His-tagged scFvs. The cell pellet obtained 
by centrifugation of 100 ml of the induced culture 
was resuspended in 5 ml of denaturing buffer (6 M 
Urea, 20 mM NaH2PO4, 500 mM NaCl, pH 8.0) and 
lysed by sonication on ice. After centrifugation at 
12000 rpm for 25 min, the supernatant (containing 
the His-tagged scFvs) was loaded on the equilibrated 
resin. The column was washed 3 times with 10 ml of 
wash buffer (10 mM, 20 mM and 30 mM gradient of 
imidazole, 20 mM NaH2PO4, 500 mM NaCl, pH 8.0), 
the bounded proteins were eluted with 1 ml of 
elution buffer (500 mM imidazole, 20 mM NaH2PO4, 
500 mM NaCl, pH 8.0) (27) and dialyzed in PBS (1X) 
at room temperature for 3 hr.  
 
Analysis of scFv binding activity by ELISA 

ELISA assay was used to examine the binding 
activity of selected scfv clones to ESAT-6 protein. 
Microtiter plate was coated with recombinant ESAT-6 
(2 µg/ml in PBS) and incubated overnight at room 
temperature, and PBSB (PBS containing 3% (w/v) BSA) 
was used for blocking for 2 hr. After washing three 
times, 100 µl of extracted scFvs antibody diluted with 
PBST (5 µg/ ml) were added to the well and incubated 
for 5 hr at 37 °C. To determine the amount of scfv 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Western blot analysis of the recombinant protein after 3  
hr induction 
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Figure 2.  An illustration of the scFv (VH/k) chain library 
construction steps. Agarose gel electrophoresis of PCR product for 
each step is shown. (A) VH fragment 350 bp; (B) linker 76 bp; 
(C)  k-chain 650 bp; (D) VH-linker 395 bp; (E) assembled VH/k 
fragments 1100 bp 

 
antibody that had bound, horseradish peroxidase 
(HRP) conjugated anti-His tag antibody (diluted 
1/10000 in PBST) (Abcam, UK) was used as a 
secondary antibody. The immunoreaction was started 
by addition of 50 µl of TMB (tetramethylbenzidine). 
After 20 min, the peroxidase reaction was stopped by 
addition of 50 µl of 2N H2SO4. Absorbance was 
measured at 450 nm using a microtiter plate reader.  
 
Affinity analysis of selected scFvs 

The affinity of selected scfvs against recombinant 
ESAT-6 was determined by ELISA and affinity constant 
(Kaff) was calculated using the method described by 
Beatty et al For ELISA assay, Microplate wells were 
coated with purified recombinant S-tagged ESAT-6 
protein in the concentration of 2, 1, 0.5, 0.25 and 0.125 
µg/ml in carbonate–bicarbonate buffer, pH 7.2 at 4 °C 
overnight. For each concentration of antigen, we used 5, 
2.5, 1.25, and 0.625 µg/ml of purified scFv antibody 
separately and ELISA was performed as described 
earlier. The following Beatty’s equation was used to 
calculate the Kaff of isolated scFvs (28): 

 
 

Kaff = (n-1)/2(n [Ab´]-[Ab]) 
        n= [Ag] / [Ag´] 
 

 

Results  
Cloning, expression, and purification of recombinant 
ESAT-6 

DNA encoding ESAT-6 sequence was cloned into 
pET22b(+) expression vector and expression of 
recombinant protein was analyzed by SDS-PAGE and 
Western blotting that showed in Figure 1.   

 

 
 
Figure 3. Western blot analysis of scFv (clone 3) expression after 
3 hr induction  

 
Construction of a VH/k chain library 

The spleen of immunized mouse was isolated, 
and after RNA extraction VH fragments (~ 350 bp) 
and k-chain DNA (~650 bp) were amplified by PCR 
with corresponding primers. At first VH fragments 
and linker sequence (76 bp) were joined by SOE PCR 
and the resulting product (VH-linker) was joined to 
k-chain DNA by SOE PCR. The final assembled 
product (~ 1100 bp) which contained the library of 
the mouse antibody genes with a T7 promoter and 
ribosome binding site was used in an in vitro 
ribosome display (Figure 2).  
 
In vitro transcription and translation of scFvs 

The eukaryotic ribosome display was performed for 
library expression and selection of scFvs. The final PCR 
product (720 bp) was cloned into pTG19-T vector, and 
15 clones of white colonies were picked randomly and 
sequenced. After checking the sequences, five clones 
were chosen for further analysis. 

 
Cloning, expression, and purification of selected scFvs 

The scFv sequences of all five clones were 
amplified separately with primers VH/back-NcoI and 
Vk/for-NotI. The PCR products were ligated into 
pET28a(+) vector. The His-tagged scFvs were 
expressed in E. coli BL21 and purified by affinity 
chromatography using Ni-NTA agarose resin. The 
expressed proteins (27 kDa) were analyzed by SDS-
PAGE and western blotting (Figure 3).  
 
Characterization of purified scFvs 
The binding activity of each purified scFv was tested 
by ELISA. The results indicated that all five 
recombinant scFvs had binding activity to ESAT-6 
protein but two clones (no.3 and 7) (accession no. 
LC189555, LC189556) had more binding activity 
(Figure 4). Affinity analysis of the purified scFvs 
showed an affinity constant of 3.74×108 M−1 for clone 
3 and 1.29×108 M−1 for clone 7. According to these 
results, Figure 5 explains the result of selected clone 
no.3. 
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Figure 4. Characterization of selected clones by ELISA analysis. 
The binding activity of the purified scFv from each clone was 
tested against ESAT-6 protein, E. coli lysate and BSA as a control 
 
 

 

 
 
 
Figure 5. Affinity of clone 3 scFv was assessed by ELISA. The 
affinity constant of this clone was 3.74×108 M−1 

 
Sequence analysis 

DNA sequences of clone three and clone seven                    
were translated into their amino acid sequences and 
aligned together by PRALINE multiple sequence alignm-
ent (http://www.ibi.vu.nl/programs/pralinewww/) 
(Figure 6). Complementary determining region 
(CDR) of the VH and VL domains were identified by 
IMGT/V-Quest database. Sequence analysis showed 
13 amino acid substitutions between two clones. 
Three of these changes were in CDRs (VH-CDR2, VL-
CDR1, and VL-CDR2) and the others were in 
framework regions. 

 

Discussion 
Human TB is a significant infectious disease 

which is still problematic, especially in developing 
countries (1). The currently used diagnosis methods 
for TB are time-consuming or expensive or small 
sensitive, and some of them can only be done by 

 
 
Figure 6. Alignment and comparison of the amino acid sequences 
of selected scFv clones. The CDRs and linker are boxed 

 
professional staff. Therefore, the development of a 
simple, cost-effective, fast, and accurate diagnostic 
technique is crucial to control this disease and to 
reduce the public health costs for it (29). Monoclonal 
antibodies against pathogen-specific antigens could 
be useful to develop such a technique. Recently,        
in vitro display techniques such as ribosome display, 
offer a robust platform for design, selection, and 
production of novel antibodies for targeted proteins 
(11). ESAT-6 is a potent T-cell antigen of M. 
tuberculosis that induces the secretion of INF-γ. This 
antigen, which is unique to tuberculose mycobacteria 
has a strong potential for diagnosis both the virulent 
form and possible form of M. tuberculosis (30). At 
present study, we selected an anti ESAT-6 scFv by 
employing ribosome display. Recombinant ESAT-6 
was used to immunize BALB/c mice. A DNA library      
of VH/k antibody fragments was constructed using 
SOE PCR according to a protocol described by He           
& Taussig (12). This scFv DNA library was expressed 
in vitro using an in vitro transcription and translation 
system. There are two systems for in vitro transcrip-
tion and translation: (I) prokaryotic ribosome 
display (by a coupled E. coli S30 system) and (II) 
eukaryotic ribosome display (by a coupled rabbit 
reticulocyte lysate system) (12, 14). Here we used 
the eukaryotic ribosome display for scFv selection 
because this scheme has lower RNase activity and so 
reduces the loss of material during the process and, 
could recover the translation and folding output of 
some proteins (14, 31). In most studies the whole 
cell of a pathogen has been used for immunization of 
mice and library construction (19, 26), and panning 
step has been repeated more than once (32, 33). In 
this work, we used recombinant ESAT-6 (a pathogen-
specific antigen) instead of the whole cell and 
performed only one round of panning. Finally, after 
evaluating a few clones (5 clones), two clones had 
high affinity to ESAT-6. Our results and selection of 

http://www.ibi.vu.nl/programs/pralinewww/
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two scFvs with high affinity by only one round of 
panning may be due to the use of specific antigen in 
immunization and library construction. Anti-ESAT-6 
antibodies which have been produced so far, 
whether polyclonal or monoclonal, have been 
generated by traditional methods and all are whole 
antibodies (34-36). Here we generated anti-ESAT-6 
scFv which is a type of antibody fragments by 
applying a fully cell-free method. ScFv antibodies 
compared with polyclonal and monoclonal 
antibodies have significant benefits due to their 
small size and homogeneity. Therefore, genetic 
manipulation to improve their function can be done 
easily. For example to generate bifunctional proteins 
they can be fused to the marker proteins for use in 
single-step immunodetection (8). To evaluate scFvs 
affinity, two scFv molecules can be bound together to 
form diabodies which are bivalent and bispecific 
antibody fragments and have higher affinity (9). The 
affinity of selected scFv (clone 3) was determined  
3.74×108 M−1 by using Betty method (28), which was 
reasonable. Our results show that this anti-ESAT-6 
scFv exhibited high affinity to the recombinant ESAT-
6. Clinical studies on patient samples are being 
designed to investigate the potential usefulness of 
this scFv in the diagnosis of TB. 
 

Conclusion  
The anti-ESAT-6 VH/K chain ribosome display 

library was assembled by joining VH and k into the 
VH/k chain using a peptide constructed linker via 
SOE PCR. The scFv library was panned against ESAT-
6 using a single round of ribosome display. The 
selected scFv showed a high affinity in the enzyme-
linked immunosorbent assay. The calculated affinity 
of the selected scFv was 3.74×108 M−1.ckn 
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