
Every year about two million people die worldwide

from tuberculosis [1]. A decreased immunity of some

people to the tuberculosis agent Mycobacterium tuberculo�

sis and emergence of multi�antibiotic resistant clinical

strains of M. tuberculosis make it urgent to improve the

strategy of diagnosis, treatment, and prevention of tuber�

culosis infection. The search for key antigens of M. tuber�

culosis required for the development of immunity against

tuberculosis is a current problem in the elaboration of

modern vaccines and diagnostics. Among tuberculosis

antigens, extracellular proteins of the M. tuberculosis

antigen complex 85 (Ag85) and the protein family ESAT�

6 are especially interesting [2].

Antigen 85B (Ag85B, MPT59, molecular weight

30 kD) is one of three mycolyl transferases of the Ag85

complex which can be detected rather early in the filtrate

of M. tuberculosis culture. The mycolyl transferase activi�

ty is necessary for maintaining the integrity of the bacter�

ial cell wall, but the role of the complex in pathogenesis of

tuberculosis is not clear. Immunization of mice and

guinea pigs with the Ag85B protein with adjuvant formed

partial protective immunity against tuberculosis [3, 4].

The other mycobacterial protein ESAT�6 (molecular

weight 6 kD), which is also secreted during the early stage

of the mycobacterial growth, contains epitopes recogniz�

able by protective T�cells in experimental tuberculosis.

This protein was detected on comparing the genomes of

the virulent strain M. tuberculosis H37Rv and vaccine

strain M. bovis BCG [5, 6]. ESAT�6 is an immune domi�

nant protein because it is recognized by sera of the major�

ity of patients with tuberculosis [7].

Prospects of the Ag85B and ESAT�6 proteins as con�

stituents of subunit and DNA�vaccines as individual sub�

stances or fused proteins are estimated by many

researchers [8�13]. The crucial problem in creation of live

recombinant vaccines is expression of a heterologous

antigen in the selected bacterial vector, which acts as an

adjuvant providing for the adequate presentation of pro�

tective antigens to the immune system. Live attenuated

strains of M. tuberculosis and Salmonella are most often
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used as carriers of heterologous protective antigens;

closely related mycobacteria, some viruses, and some

other microorganisms are also used [8, 14�17].

Live tularemia vaccine on the basis of the vaccine

strain F. tularensis 15 was prepared in Russia in the mid�

dle of the XX century. This vaccine mainly induces the

cellular component of the immune system and ensures a

lasting expressing immunity along with moderate reacto�

genicity [18]. Overcoming the interspecies barrier for

expression of mycobacterial antigens in the vaccinating

strain of the tularemia microbe is promising to enlarge the

list of bacterial vectors for creation a live recombinant

vaccine against tuberculosis, more completely understand

mechanisms of protective immunity formation, and

investigate factors which influence this process.

The purpose of the present work was to construct

recombinant genes encoding the Ag85B antigen and the

hybrid antigen Ag85B−ESAT�6 and study their expres�

sion in the vaccine strain F. tularensis 15/10. The data

would allow us to develop methods for constructing

recombinant vaccine strains on the basis of F. tularensis

15/10 and use it for creation of live tuberculosis recombi�

nant vaccines.

MATERIALS AND METHODS

Bacterial strains and plasmids. The expressing vectors

pET23b(+) and pET24b(+) and the plasmid pBlu2SKM

(Novagen, USA) were used. The strains F. tularensis

15/10, M. tuberculosis H37Rv, M. bovis BCG, E. coli

BL21(DE3), and E. coli JM83, the plasmids pFNL10,

pC194, and pUC57 were obtained from the Live Culture

Museum, State Research Center of Applied Microbiology

and Biotechnology (Obolensk, Moscow Region).

Culture conditions. The E. coli BL21pET23b(+)85B

and E. coli BL21pET24b(+)ESAT�6 cells were incubated

with stirring overnight in LB medium in the presence of

ampicillin (100 µg/ml) and kanamycin (40 µg/ml),

respectively, at 37°C and then re�inoculated into fresh

medium. Upon cultivation for 2 h, synthesis of cloned

proteins was induced by addition of isopropyl�β�D�thio�

galactopyranoside (IPTG) to the final concentration of

2 mM, and the incubation was continued for 2.5 h.

The M. bovis BCG strain was cultured on glycerol−
albumin medium supplemented with bovine serum albu�

min to 0.1% without Tween 20 for 20 days at 37°C in an

atmosphere with 0.5% CO2 until OD600 ~0.5.

The F. tularensis strains were cultured at 37°C on a

solid erythritol−agar medium supplemented with bovine

dry blood (State Research Center of Applied Microbiol�

ogy and Biotechnology, Obolensk) and polymyxin to

50 µg per ml of the medium and chloramphenicol to 3 µg

per ml of the medium.

Gene engineering approaches. Isolation of DNA and

transformation of the E. coli cells were performed as

described in the guidebook [19]. The F. tularensis cells

were transformed with plasmid DNA by electroporation

[20]. Restriction, ligation, and isolation of fragments

from agarose gel were performed as described in [19] and

according to the producers’ instructions.

Primers. The following primers were synthesized by

a Sintol Biotechnology Company (Russia):

RepB�Pst, 5′�GAAGCTGCAGCAGTCAACTACTTA�

GGCAG�3′;

RepB�Sph, 5′�GAGTTAAGTTATGAAAGTTCTTACT�

GGCATGC�3′;

Cm�Nhe, 5′�AAGCTAGCTCGAGAATAACTTAAGG�

GTAACTAGCC�3′;

Cm�Xho, 5′�CCGACTCGAGAAAGTACAGTCGGC�

ATTATC�3′;

groES�Xho, 5′�CCCCCTCGAGTGTATGGATTAGTC�

GAGC�3′;

groES�Sac, 5′�AAACGAGCTCATCATTTTTCTCCTT�

CTGCACGACG�3′;

E85�Nde, 5′�GATCATATGTTCTCCCGTCCGGGTC�

TG�3′;

85�Bam, 5′�GGTGGATCCTGACAGCCTGCGCC�3′;

E85CF, 5′�GTCGCAAACAACACTCGTCTGTGGG�3′;

E85CR, 5′�CCGCAATAAACCCACAGACGAGTGTT�

G�3′;

EES�Nde, 5′�GGACATATGACAGACCAGCAGTGG�

AAT�3′;

EES�Xho, 5′�TTTCTCGAGTCCGAACATCCCAGTC�

AC�3′;

FL�ATG, 5′�ATGAGATTAAAAAGTATTGTTATAGC�3′;

FL�H3, 5′�ATTAGTTAAGCTTGCAGCGATAGATGC�3′;

F85�H3, 5′�GATCAAAGCTTCTCCCGTCCGGGT�

CTG�3′;

F85�Bam, 5′�GCTCGAATTCGGATCCTGTCAGCC�

TG�3′;

F85ES�Bam, 5′�ATGGATCCTGCGCCTAACG�3′;

FES�Bgl, 5′�TCTAGATCTATGACCGAGCAGCAGT�

GG�3′;
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FES�Bam, 5′�TATGGATCCTTATGCGAACATACCA�

GTGAC�3′.

Creation of plasmids for expression of the recombi�
nant proteins Ag85B�(His)6 and ESAT�6�(His)6 in E. coli.
Two fragments of the gene fbpB encoding the Ag85B pro�

tein gene were obtained by PCR using two primer pairs

E85�Nde/E85CR and E85CF/E85�Bam and DNA of the

M. tuberculosis H37Rv strain as a template. The frag�

ments were purified and used as a template for PCR with

the primers E85�Nde and E85�Bam. The PCR product

with the recombinant gene 85b and the pET23b(+) vector

were hydrolyzed with restrictases NdeI and BamHI,

mixed, and treated with DNA ligase. The resulting

recombinant plasmid pET�85B was transformed in E. coli

BL21(DE3). The selection and analysis of the nucleotide

sequence of the fragment cloned in the pET23b(+) vector

resulted in the E. coli BL21(pET23�85B) strain.

The esat�6 gene was cloned using the primer pair

EES�Nde/EES�Xho and DNA of the M. tuberculosis

H37Rv strain as a template. By PCR, a product was

obtained with the recombinant esat�6 gene. The PCR

product and the vector plasmid pET24b(+) (Novagen)

were hydrolyzed with restrictases NdeI and XhoI. The

restricts were ligated using DNA ligase, and the resulting

recombinant plasmid pET24b(+)�ESAT�6 was trans�

formed in the E. coli BL21(DE3) cells. The selection and

analysis of the nucleotide sequence of the fragment

cloned in pET24b(+) resulted in the E. coli BL21(pET24�

ES) strain.

Construction of the plasmid vector pPMC1. The plas�

mid pFNL10 DNA was hydrolyzed with restrictases SphI

and NheI, and upon separation of the fragments by elec�

trophoresis in agarose gel a 2361�bp fragment was isolat�

ed which contained the RepA gene. Then, using the

primer pair RepB�Pst/RepB�Sph and the plasmid

pFNL10 DNA as a template, an amplicon was prepared

with the RepB gene of the pFNL10 plasmid of 537 bp size,

which was flanked with the PstI and SphI sites. The

resulting PCR product RepB and the plasmid pUC57

DNA were treated with restrictases PstI and SphI, mixed,

and ligated with DNA ligase. The resulting ligate was used

to transform the E. coli JM83 cells. The clones were ana�

lyzed by PCR using the RepB�Pst and RepB�Sph

primers, and the E. coli JM83 clone with the pUC57�

RepB plasmid was selected. The absence of errors in the

nucleotide sequence of the RepB gene was checked by

sequencing of the cloned fragment. The plasmid DNA

isolated from the E. coli JM83(pUC57�RepB) strain was

treated with restrictases SphI and SacI, and upon separa�

tion of the fragments by electrophoresis in agarose gel a

fragment RepB�SphI−SacI of 552 bp size was isolated. An

amplicon containing the cat gene of the plasmid pC194 of

1013 bp size and flanked with NheI and XhoI sites was

prepared using the primer pair Cm�NheI/Cm�XhoI and

the pC194 plasmid DNA as a template. The resulting

amplicon was purified by electrophoresis in agarose gel

and then treated with restrictases NheI and XhoI. An

amplicon containing the groES promoter of F. tularensis

of 367 bp size flanked with the XhoI and SacI sites was

prepared using the primer pair groES�Xho/groES�Sac

and F. tularensis 15/10 DNA as a template. The resulting

amplicon and the pBlu2SKM plasmid DNA were treated

with restrictases SacI and XhoI, mixed, and ligated using

DNA ligase. With the resulting ligate, the E. coli JM83

cells were transformed. Upon selecting the clone by PCR

with the primers groES�Xho and groES�Sac the

pBluescript II SK�groES plasmid DNA was isolated. The

absence of errors in the nucleotide sequence of the groES

promoter was checked by sequencing of the cloned frag�

ment. The pBluescript II SK�groES was treated with

restrictases SphI and SacI, the fragments were separated

by electrophoresis, and a fragment groES�XhoI−SacI of

357 bp size was isolated. DNA fragments RepA�SphI−
NheI, cat�NheI−XhoI, groES�XhoI−SacI, and RepB�

SphI−SacI were mixed and ligated using DNA ligase.

With the resulting ligate the F. tularensis 15/10 cells were

transformed by electroporation [20]. Clones containing

the vector plasmid pPMC1 were selected on chloram�

phenicol�containing medium.

Construction of the fused protein FL−−85B gene. A

DNA fragment with the fbpB gene was obtained by PCR

with the primer pair F85�H3/F85�Bam and the plasmid

pET�85B DNA as a template. The resulting amplicon was

purified by electrophoresis in agarose gel and then treat�

ed with restrictases HindIII and BamHI. The PCR prod�

uct containing the sequence encoding the FL leader pep�

tide of the FopA protein was obtained using the primer

pair FL�ATG/FL�H3 and DNA of the F. tularensis 15/10

strain as a template. The DNA preparation was purified

by electrophoresis in agarose gel and then treated with

restrictase HindIII.

The pPMC1 vector was successively treated with

restrictase SacI, T4�DNA polymerase, and then restric�

tase BamHI.

The three DNA fragments were ligated using DNA

ligase. The resulting plasmid pPMC�FL−85B was trans�

formed in the F. tularensis 15/10 cells by electroporation.

Upon selection of the plasmid�containing clones, PCR

analysis of the recombinant plasmids containing the FL�

ATG and F85�Bam primers, and analysis of the

nucleotide sequence of the DNA fragment cloned into

pPMC1, the strain F. tularensis RVp17 was obtained.

Construction of the fused protein FL−−85B−−ESAT�6
gene. Using DNA of the M. tuberculosis H37Rv strain as

a template and the primer pair FES�Bg1/FES�Bam, a

PCR product ES�BglII�BamHI with the esat�6 gene was

obtained by PCR. The resulting amplicon was cleaved

with restrictases BglII and BamHI. The PCR product

FL−Ag85B�BamHI containing the fl�fbpB gene was

obtained using the primer pair FL�ATG and F85ES�Bam

and the plasmid pPMC1�FL−85B DNA as a template.
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The resulting amplicon was purified by electrophoresis in

agarose gel and then treated with restrictase BamHI.

The pPMC1 vector was successively treated with

SacI, T4�DNA polymerase, and then BamHI. The DNA

fragments of ESAT�6�BglII−BamHI, FL�Ag85B−
BamHI, and pPMC1�SacI�BamHI were co�precipitated

with ethanol and ligated. DNA of the resulting plasmid

pPMC1�FL−85B−ESAT�6 was transformed in the F.

tularensis 15/10 cells by electroporation. Upon selection

of the plasmid�containing clones, PCR analysis of the

recombinant plasmids with the FL�ATG and FES�Bam

primers, and analysis of the nucleotide sequence of the

DNA fragment cloned into pPMC1, the F. tularensis

RVp18 strain was obtained.

Expression and purification of the proteins Ag85B�
(His)6 and ESAT�6�(His)6. The E. coli BL21(pET23�85B)

was centrifuged at 6000 rpm for 20 min at 4°C, and the

bacterial cells were frozen. Then the cell precipitate was

suspended in 20 mM Tris�HCl buffer (pH 7.9) supple�

mented with lysozyme (1 mg/ml), and after incubation

for 1 h at room temperature DNase was added to

10 µg/ml and MgSO4 to 5 mM. The suspension was incu�

bated until the high viscosity disappeared. Then the

inclusion bodies were washed twice in 20 mM Tris�HCl

buffer (pH 7.9) supplemented with 2 M urea. The result�

ing precipitate was for 1 h dissolved in 20 mM Tris�HCl

buffer (pH 7.9) supplemented with 20 mM dithiothreitol

(DTT) and 6 mM guanidine chloride. Supernatant result�

ing by ultracentrifugation at 23,000 rpm for 1 h was fil�

tered through a 0.45�µm membrane filter and applied

onto a chelating carrier Ni2+NTAHisBind SuperflowTM.

Chromatography was performed according to the modi�

fied protocol of the producer (Novagen). Upon absorp�

tion of the protein and washing of the column with

20 mM Tris�HCl buffer (pH 7.9) supplemented with

5 mM imidazole and 8 M urea, the recombinant protein

was eluted with linear gradient of imidazole (5 mM�

0.5 M). The resulting fractions were analyzed by elec�

trophoresis in 12.5% SDS�polyacrylamide gel. The frac�

tions containing the Ag85B�(His)6 protein were com�

bined and renatured by dialysis against 20 mM Tris�HCl

buffer (pH 7.2) in the presence of 5 mM DTT.

The ESAT�6�(His)6 protein was isolated as follows:

precipitate of the E. coli BL21(pET24�ES) cells was sus�

pended in two volumes of buffered saline (BS, pH 7.4)

and supplemented with nine volumes of 20 mM sodium

phosphate lysing buffer supplemented with 0.5 M NaCl

and 7 M guanidine chloride (pH 7.8). The resulting mix�

ture was treated twice for 5 sec on a CP501 ultrasonic cell

disintegrator (Cole�Parmer, USA). The suspension was

clarified by centrifugation at 12,000 rpm for 5 min before

loading onto a column with Ni2+NTAHisBind
SuperflowTM sorbent. The column was pre�equilibrated

with 20 mM sodium phosphate buffer (pH 7.8) supple�

mented with 0.5 M NaCl and 8 M urea. After the sample

had been loaded, the column was washed with the same

buffer, and the protein was eluted by a stepwise decreas�

ing in the buffer pH to 6.0, 5.3, 4.0, 3.5, and 3.0. The

resulting fractions were analyzed by electrophoresis in

15% SDS�polyacrylamide gel. The fractions containing

the ESAT�6�(His)6 protein were combined and stored in

buffer containing 20 mM sodium phosphate, 0.5 M

NaCl, 2 M urea (pH 6.0) at 10°C. The protein amount

was determined by the Lowry method with bovine serum

albumin as a standard [21].

Preparation of monospecific polyclonal mouse anti�
sera to the recombinant proteins Ag85B�(His)6 and ESAT�
6�(His)6. The protein 85B�(His)6 (20 µg) in the volume of

0.1 ml with Freund’s complete adjuvant at the ratio of 1 :

1 was injected subcutaneously into white outbreed mice

(Swiss Webster CFW, Pushchino nursery). Twenty�one

days later the mice were treated with 20 µg protein with

Freund’s incomplete adjuvant at the ratio of 1 : 1. The

immune serum was collected seven days after the second

immunization. Titers of specific antibodies were deter�

mined in the animals’ sera by a solid phase enzyme

immunoassay, with the protein Ag85B�(His)6 as an

adsorbed antigen.

The protein ESAT�6�(His)6 (30 µg) in the volume of

0.1 ml in the mixture with Freund’s complete adjuvant at

the ratio of 1 : 1 was injected subcutaneously into white

outbreed mice (Swiss Webster CFW, Pushchino nursery).

The second and third immunizations with 30 µg protein

with Freund’s incomplete adjuvant at the ratio of 1 : 1

were performed at the interval of 14 days. The immune

serum was collected 14 days after the third immunization.

Titers of specific antibodies were determined in the ani�

mals’ sera by a solid phase enzyme immunoassay, with the

protein ESAT�6�(His)6 as an adsorbed antigen.

Concentration of culture fluid from the strain M. bovis
BCG. The bacterial cells were precipitated by centrifuga�

tion at 10,000 rpm for 30 min, and the supernatant was

supplemented with Merthiolate to the final concentration

of 0.05% and kept for 24 h at room temperature. Then the

supernatant proteins were salted out by addition of

(NH4)2SO4 to the final concentration of 60%. The pre�

cipitate resulting by centrifugation at 6000 rpm for 30 min

was dissolved in 20 mM Tris�HCl buffer (pH 7.2) and dia�

lyzed overnight against the same buffer. After the dialysis,

the solution was additionally clarified by centrifugation at

6000 rpm for 30 min.

Electrophoresis in SDS�polyacrylamide gel. The pro�

teins were separated by electrophoresis in 12.5% or 15%

SDS�polyacrylamide gel by the Laemmli method [22].

Samples of the recombinant strains were prepared for

electrophoresis as follows: the bacterial cells were sus�

pended in BS; suspension containing 5⋅109 cell/ml was

centrifuged at 12,000 rpm for 5 min, the precipitate was

resuspended in 50 µl of BS, with 50 µl of buffer as a sam�

ple�buffer, and boiled for 5 min. The samples were clari�

fied by centrifugation under the same conditions, and

10�µl samples were placed onto the gel.
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Western blotting. From the acrylamide gel, the pro�

teins were transferred for 30 min onto a Hybond P mem�

brane (PVDF; Amersham, Great Britain) in a semi�dry

blotter system at the current of 150 mA. The membrane

was blocked with 1% solution of bovine serum albumin

for 30 min and incubated for 1 h with operating dilutions

of polyclonal mouse sera to the proteins Ag85B�(His)6

and ESAT�6�(His)6 at 37°C. Antigen−antibody complex

was detected using sheep antimouse antibodies conjugat�

ed with horseradish peroxidase (Amersham, USA) in the

operating dilution. The complex was incubated with the

conjugate for 1 h at 37°C. After washing, the membrane

was stained in solution of a horseradish peroxidase sub�

strate, 3,3′�diaminobenzidine tetrahydrochloride.

Enzyme immunoassay. Titers of antibodies to Ag85B�

(His)6 and ESAT�6�(His)6 in the mouse sera were deter�

mined by solid phase enzyme immunoassay, with the

adsorbed protein Ag85B�(His)6 or ESAT�6�(His)6 in the

concentration of 1 µg/ml. Specimens of the sera were ini�

tially diluted 1 : 20 and then titrated at the step of 1 : 2.

The sera were incubated with the antigens for 1 h at 37°C.

Antigen−antibody complex was detected using sheep

antimouse antibodies conjugated with horseradish perox�

idase (Amersham, Great Britain) in operating dilutions.

The complex was incubated with the conjugate for 1 h at

37°C. o�Phenylenediamine was used as a substrate for

horseradish peroxidase. The reaction was stopped with

0.1 M HCl. Absorption in the wells of the plate was deter�

mined at 492 nm with a Multiscan apparatus (Labsystem,

Finland).

RESULTS

Expression of the Ag85B�(His)6 protein in E. coli.
When creating the hybrid gene encoding the mature pro�

tein Ag85B, to increase the protein synthesis in the E. coli

cells we substituted nucleotides by PCR�mutagenesis in

the rare for E. coli codons of five amino acids: Arg43 (cgg

by act), Gly45 (ggg by ggt), Thr245 (acc by acg), Arg246

(cgg by cgt), and Leu247 (cta by ctg). Insertion of the

structural moiety of the gene encoding the mature protein

Ag85B into the plasmid vector pET23b(+) resulted in a

hybrid gene encoding a protein with the calculated

molecular weight of 33,428 daltons (308 amino acids),

which consisted of 17 amino acids from the pET23b(+)

vector, 285 amino acids from the mature protein Ag85B,

and a sequence of six His on the C�end of the molecule.

By SDS�PAGE of the cell lysate of E. coli BL21(pET�

85B) culture after IPTG induction, the major band was

revealed of a protein with the molecular weight of 32.7 ±

0.6 kD, which corresponded to the recombinant protein

Ag85B�(His)6. The protein Ag85B�(His)6 was in the E.

coli cells as inclusion bodies, and its relative amount in

the cells was ~60% of the total protein (data not present�

ed).

Purification of the recombinant protein Ag85B�
(His)6. The sequence of six His on the C�end of the mol�

ecule allowed us to purify the recombinant protein

Ag85B�(His)6 by affinity chromatography. By washing the

inclusion bodies, dissolving them in guanidine chloride,

and affinity chromatography on Ni2+NTAHisBind
SuperflowTM, an electrophoretically homogenous protein

preparation was obtained of about 80% purity (Fig. 1a,

lane 2). By SDS�PAGE, a band was revealed which cor�

responded to the protein with the apparent molecular

weight of 32.7 ± 0.6 kD, close to the calculated value of

33,428 daltons. For renaturation of the protein, the

preparation was dialyzed against 20 mM Tris�HCl buffer

(pH 7.2).

Expression of the protein ESAT�6�(His)6. The gene

encoding the mature protein ESAT�6 was synthesized by

PCR. Insertion of the product into the plasmid vector

pET24b(+) resulted in a hybrid gene encoding the pro�

tein with the calculated molecular weight of 10,940 dal�

tons (103 amino acids) which consisted of 95 amino acids

of the mature protein ESAT�6, two additional amino

acids Leu and Glu, and a sequence of six His on the C�

Fig. 1. Purification of the recombinant proteins: a) Ag85B�(His)6

(12.5% polyacrylamide gel); b) ESAT�6�(His)6 (15% polyacryl�

amide gel). a) Lanes: 1) set of standard proteins from Fermentas

(Lithuania) (116.0, 66.0, 45.0, 35.0, 25.0, 18.0, and 14.2 kD); 2)

the renatured protein Ag85B�(His)6. b) Lanes: 1) set of standard

low�molecular�weight proteins from Amersham (Great Britain)

(97.0, 66.0, 45.0, 30.0, 20.1, and 14.4 kD); 2) aprotinin (6.5 kD);

3) the renatured protein ESAT�6�(His)6.

a b

1               2                    1            2          3
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end of the molecule. In the electrophoregram (15% SDS�

PAGE) in the cell lysate of the E. coli BL21(pET24�ES)

culture upon induction with IPTG, a band was detected

which corresponded to the recombinant protein ESAT�6�

(His)6 (data not presented).

Purification of the recombinant protein ESAT�6�
(His)6. The electrophoretically homogenous protein (Fig.

1b, lane 3) was prepared in urea upon dissolving the bio�

mass in guanidine chloride, decreasing the viscosity of the

solution by ultrasonication, and the subsequent affinity

chromatography on Ni2+NTAHisBind SuperflowTM.

Aprotinin with the major band corresponding to 6.5 kD

was used as an additional marker (Fig. 1b, lane 2). The

purity of the protein in the fraction with pH 3.75 was no

less than 80%. The apparent molecular weight of the

recombinant protein ESAT�6�(His)6 was 6.0 ± 0.5 kD,

which was nearly 4 kD less than the calculated value of

10,940 daltons. The protein was renatured in two stages:

in the first stage the solution was diluted to the final con�

centration of urea 2 M and then diluted in 10 mM Tris�

HCl buffer (pH 7.5) for 24 h at 10°C. The protein ESAT�

6 was stored in buffer (pH 6.0) supplemented with 2 M

urea, 20 mM sodium phosphate, 500 mM NaCl, pH 6.0,

at 10°C.

The renaturation of the isolated proteins Ag85B�

(His)6 and ESAT�6�(His)6 by the preliminary decrease in

the urea concentration to 2 M and subsequent dialysis

caused considerable losses of the proteins because of their

aggregation and changing of some protein molecules into

an insoluble form; therefore, we could isolate from 1 g

biomass no more than 2 mg of the renatured protein

Ag85B and 10 mg the renatured protein ESAT�6. The

resulting renatured proteins Ag85B�(His)6 and ESAT�6�

(His)6 were used for preparation of specific mouse anti�

bodies.

Immunogenicity of the recombinant proteins Ag85B�
(His)6 and ESAT�6�(His)6. Double immunization with

the recombinant protein Ag85B�(His)6 (in total 40 µg) in

the presence of Freund’s adjuvant induced high titers of

antibodies to the Ag85B�(His)6 antigen in the mouse

antisera. The antibody titers determined by enzyme

immunoassay were in the range from 1 : 10,240 to 1 :

20,480, which suggested a high immunogenicity of this

protein.

Triple immunization with a greater amount of the

protein ESAT�6�(His)6 (in total 90 µg) induced low titers

of antibodies (in the range from 1 : 640 to 1 : 1280), which

suggested a poor immunogenicity of the recombinant

protein ESAT�6�(His)6.

Construction of the plasmid vector pPMC1. We have

earlier shown that the pFNL10 plasmid isolated from the

F. novicida�like strain F6168 can constantly replicate in

F. tularensis cells [23]. The stable inheritance of the plas�

mid pFNL10 by the bacterial cells seems to depend on

the presence in the plasmid of a phd/doc�like operon

[20]. The plasmid pFNL10 was used as a basis for cre�

ation of the plasmid vector pPMC1 for cloning and

expression of recombinant proteins in the tularemia

microbe cells. The cat gene of the plasmid pC194 was

inserted into the pPMC1 vector to provide for selection of

plasmid�containing clones, because this gene could

express in F. tularensis [24]. The promoter and site of

translation initiation of the F. tularensis groES operon

were used as a structure for initiation of transcription–

translation of the recombinant genes.

The pPMC1 plasmid is a TGATG vector, with the

translational fusion used for effective expression of the

cloned genes [25]. The structural moiety of the cloned

gene deprived of the ATG codon is joined to the ATG

codon located on the vector, and this forms a hybrid oper�

on under control of the groES promoter of F. tularensis.

The structural map of the plasmid pPMC1 is presented in

Fig. 2.

Expression of the protein FL−−Ag85B in F. tularensis
cells. Fusion of the leader sequence of the outer mem�

brane proteins of gram�negative bacteria with the struc�

tural moiety of the cloned protein results, as a rule, in the

protein transport into the periplasm with the subsequent

detachment of this leader sequence. In particular, attach�

ment of the cloned gene DNA fragments to the leader

part FL of the outer membrane protein FopA of F.

tularensis markedly increased the expression of recombi�

nant genes [26]; therefore, on creating the recombinant

genes we adjoined the leader part FL of the outer mem�

brane protein FopA of F. tularensis to the N�terminal part

of the mature polypeptide Ag85B.

The recombinant gene consisted of the DNA frag�

ment encoding FL (25 amino acids, the calculated

molecular weight being 2488 daltons) and a fragment,

which included the structural moiety of the gene encod�

ing the mature protein Ag85B (285 amino acids, the cal�Fig. 2. Structural map of the plasmid pPMC1.
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culated molecular weight being 30,659 daltons). The

hybrid gene was inserted into the vector pPMC1 and

transformed in F. tularensis 15/10. Finally, the clone F.

tularensis RVp17 with the plasmid pPMC�FL–85B was

obtained. The calculated molecular weight of the recom�

binant gene product FL–Ag85B was 33,146 daltons.

By immunoblotting with a specific antiserum to the

recombinant protein Ag85B�(His)6 of the lysate from the

F. tularensis RVp17 clone, two bands were detected (Fig.

3a, lane 1), the lesser of which corresponded to the

molecular weight of the cloned fused protein FL−Ag85B

(33.1 kD), whereas the larger corresponded to its

processed form with the detached leader sequence FL

(~30.6 kD). Consequently, in the cells of F. tularensis

bacteria the major part of the FL−Ag85B protein was rep�

resented by the mature mycobacterial protein Ag85B.

Expression of the fused protein FL−−Ag85B−−ESAT�6
in F. tularensis 15/10. To enlarge the spectrum of

mycobacterial antigens expressed in F. tularensis, a

recombinant gene was created which included the DNA

fragment encoding the FL leader moiety of the F. tularen�

sis outer membrane protein FopA (25 amino acids, calcu�

lated molecular weight 2488 daltons), the fragment with

the structural moiety of the gene encoding the mature

Ag85B protein (285 amino acids, calculated molecular

weight 30,659 daltons), and the DNA fragment encoding

the mature protein ESAT�6 (95 amino acids including the

N�terminal Met, calculated molecular weight 9841 dal�

tons). An additional amino acid Ser was inserted between

the genes of the proteins Ag85B and ESAT�6. The hybrid

gene was inserted into the pPMC1 vector and transformed

in F. tularensis 15/10. As a result, the F. tularensis RVp18

clone was selected with the plasmid pPMC�FL−85B−
ESAT�6. The calculated molecular weight of the protein

FL−Ag85B−ESAT�6 (405 amino acids) was 42,988 dal�

tons. Immunoblotting of the resulting PCR�positive

clones of F. tularensis RVp18 (Fig. 3b, lane 1) a band was

detected which corresponded to a protein with the molec�

ular weight of 40 ± 3 kD. The immunoblotting was per�

formed using the mouse antiserum to the recombinant

protein Ag85B�(His)6 because this antigen was a con�

stituent of the protein FL−Ag85B−ESAT�6 and the anti�

serum to the protein ESAT�6 badly recognized linear epi�

topes in the ESAT�6�(His)6 molecule (data not present�

ed). In the cells, the protein FL−Ag85B−ESAT�6 seemed

to be unprocessed and retain the leader peptide FL.

Fig. 3. Immunoblotting of the F. tularensis clones RVp17 (a, c) and RVp18 (b) with the antiserum to the recombinant protein Ag85B�(His)6.

a) Lanes: 1) F. tularensis RVp17; 2) F. tularensis 15/10(pPMC1); 3) the recombinant protein Ag85B�(His)6. b) Lanes: 1) F. tularensis

RVp18; 2) F. tularensis 15/10(pPMC1); 3) the recombinant protein Ag85B�(His)6. c) Lanes: 1) concentrated cultural medium of M. bovis

BCG; 2) F. tularensis RVp17; 3) the recombinant protein Ag85B�(His)6.

1               2                3                           1                 2               3                           1                 2                  3
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For immunoblotting, samples of the recombinant F.

tularensis 15/10 strains cellular lysates were used from a

standardized number of cells. This allowed us to prede�

termine the expression level of the fused proteins in both

strains upon application of varied amounts of the recom�

binant protein Ag85B, which was a constituent of both

fused protein constructions (data not presented). In par�

ticular, a protein band with the intensity corresponding to

50 ng of the recombinant protein Ag85B�(His)6 was

revealed by immunoblotting in the sample of the cellular

lysate from the F. tularensis RVp17 strain which con�

tained 5⋅108 CFU.

Evaluation of specificity of antibodies to the recombi�
nant protein Ag85B�(His)6. The immunological corre�

spondence of the protein Ag85B�(His)6 cloned and

expressed in the E. coli cells to Ag85B mycolyl transferase

from M. tuberculosis was evaluated by immunoblotting

with the monospecific polyclonal mouse antiserum to the

purified protein Ag85B�(His)6. The concentrated culture

fluid prepared from the growing bacterial cells M. bovis

BCG was used as a source of the mycobacterial protein

Ag85B. The resulting immunoblotting is shown in Fig.

3c.

The antibodies to Ag85B�(His)6 interacted with both

the recombinant protein Ag85B expressed by the F.

tularensis RVp17 strain and the mycobacterial Ag85B

protein in the concentrated culture medium of the M.

bovis BCG strain. With these antibodies two protein

bands were revealed, the upper band having molecular

weight close to that of the recombinant protein Ag85B�

(His)6, and the molecular weight of the lower band was 1�

2 kD less. The calculated molecular weight of the mature

protein Ag85B was 30.6 kD; therefore, the two equally

intense bands of the M. bovis BCG strain seemed to cor�

respond to the unprocessed and processed forms of

Ag85B mycolyl transferase.

Based on the immunoblotting data, it was concluded

that the recombinant protein Ag85B�(His)6 isolated from

E. coli and the protein cloned in the F. tularensis strains

RVp17 and RVp18 were immunologically similar to the

Ag85B mycobacterial mycolyl transferase.

DISCUSSION

In the present work, expression of the M. tuberculosis

major extracellular proteins Ag85B and ESAT�6 in the

vaccine strain F. tularensis 15/10 has been shown for the

first time. The plasmid vector pPMC1 created by us

included all elements of the plasmid pFNL10 necessary

for the stable replication in the F. tularensis 15/10 cells.

Consistent with findings of the high expression of

tularemia proteins controlled by the groE�promoter [27],

the recombinant mycobacterial proteins cloned by us also

actively synthesized in the F. tularensis cells. But the G +

C genome content of M. tuberculosis is ~70%, whereas the

content of this genome in F. tularensis is 37%, and this is

a significant barrier for expression of tuberculosis genes in

F. tularensis [28, 29]. We have partially overcome this bar�

rier due to starting the translation of the hybrid genes

from the homologous for F. tularensis matrix RNA

encoding the leader FL peptide of the F. tularensis outer

membrane FopA protein.

The expression system chosen by us using the

homologous for F. tularensis leader FL peptide of the F.

tularensis outer membrane FopA protein transported the

expressed mycobacterial protein into the periplasm.

Although we did not isolate the cloned proteins from the

periplasm, the protein transport with the subsequent

detachment of the leader sequence was indirectly con�

firmed by the correspondence of the molecular weight of

the Ag85B protein expressed in the F. tularensis RVp17

strain cells to the molecular weight of the mature protein

Ag85B found in the culture fluid of the M. bovis BCG cul�

ture.

The used system of expression of mycobacterial anti�

gens in the E. coli BL21 cells as components of the

expressing vectors pET23b(+) and pET24b(+) allowed us

to perform a one�step purification of the secreted

mycobacterial proteins Ag85B and ESAT�6 by affinity

chromatography and to obtain electrophoretically

homogenous preparations of the recombinant proteins

with the purity of no less than 80%.

As differentiated from the purified protein Ag85B�

(His)6 the molecular weight of which occurred to be close

to the value calculated from the nucleotide sequence, the

apparent and calculated molecular weights of the ESAT�

6�(His)6 protein displayed a pronounced difference. This

is in agreement with data of Sorensen et al. [30] who had

shown that the native protein ESAT�6 (calculated molec�

ular weight equal to 9975 daltons) isolated from the M.

tuberculosis H37Rv strain at SDS�PAGE gave the major

band corresponding to 6 kD and two weak bands between

6 and 4 kD. The authors think that the existence of the

protein forms different in charge, size, and pI is explained

by a possible acetylation of the protein. Our analysis of

the recombinant protein ESAT�6�(His)6 by immunoblot�

ting with the mouse antiserum to the ESAT�6�(His)6 pro�

tein (data not presented) has shown a very weak recogni�

tion of the purified protein by the antibodies and also

revealed an additional band with the lower molecular

weight. Therefore, as we did not expect with confidence a

super�expression of the cloned mycobacterial proteins,

we used the antiserum to Ag85B�(His)6 to monitor

expression of the recombinant proteins by the cells of

both F. tularensis 15/10 strains, although later we found

that the antiserum to ESAT�6�(His)6 also could recognize

this antigen in the fused protein in the lysate of the F.

tularensis RVp18 strain.

The preliminary evaluation by immunoblotting of

the Ag85B expression in the F. tularensis RVp17 cells

indicated that the bacterial cells could express no less
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than 1000 molecules of the cloned protein. Such an

expression level is thought to be sufficient for induction of

a specific immune response to cloned antigens [31].

In further work, we will study induction of the spe�

cific immune response in experimental animals and assess

the protectivity of the obtained recombinant strains F.

tularensis RVp17 and F. tularensis RVp18 using the model

of experimental lung tuberculosis in mice.

This work was supported by the International

Science and Technology Center (project No. 2237) and

the Biotechnology Engagement Program of the US

Public Health Service (project No. 7).

REFERENCES

1. Dye, C., Scheele, S., Dolin, P., Pathania, V., and

Raviglione, M. C. (1999) WHO Global Surveillance and

Monitoring Project, JAMA, 282, 677�686.

2. Andersen, P. (2001) Trends Immunol., 22, 160�168.

3. Lozes, E., Huygen, K., Content, J., Denis, O. P.,

Montgomery, D. L., Yawman, A. M., Vandenbussche, P.,

van�Vooren, J. P., Drowart, A., Ulmer, J. B., et al. (1997)

Vaccine, 15, 830�833.

4. Horwitz, M. A., Lee B.�W. E., Dillon, B. J., and Harth, G.

(1995) Proc. Natl. Acad. Sci. USA, 92, 1530�1534.

5. Mahairas, G. G., Sabo, P. J., Hickey, M. J., Singh, D. C.,

and Stover, C. K. (1996) J. Bacteriol., 178, 1274�1282.

6. Behr, M. A., Wilson, M. A., Gill, W. P., Salamon, H.,

Schoolnik, G. K., and Rane, S. (1999) Science, 284, 1520�

1523.

7. Skjot, R. L. V., Oettinger, T., Rosenkrands, I., Ravn, P.,

Brock, I., Jacobsen, S., and Andersen, P. (2000) Infect.

Immun., 68, 214�220.

8. Pym, A. S., Brodin, P., Majlessi, L., Brosch, R., Demangel,

C., Williams, A., Griffiths, K. E., Marchal, G., Leclerc, C.,

and Cole, S. T. (2003) Nat. Med., 9, 533�539.

9. Kamath, A. T., Feng, C. G., Macdonald, M., Briscoe, H.,

and Britton, W. J. (1999) Infect. Immun., 67, 1702�1707.

10. Li, Z., Howard, A., Kelley, C., Delogu, J., Collins, F., and

Morris, S. (1999) Infect. Immun., 67, 4780�4786.

11. Brandt, L., Elhay, M., Rosenkrands, I., Lindblad, E. B.,

and Andersen, P. (2000) Infect. Immun., 68, 791�795.

12. Olsen, W. A., van Pinxteren, L. A., Okkels, M. L.,

Rasmussen, B. P., and Andersen, P. (2001) Infect. Immun.,

69, 2773�2778.

13. Agger, E. M., Rosenkrands, I., Olsen, A. W., Hatch, G.,

Williams, A., Kritsch, C., Lingnau, K., von Gabain, A.,

Andersen, S. C., Korsholm, S. K., and Andersen, P. (2006)

Vaccine, 24, 5452�5460.

14. Vogels, R., Zuijdgeest, D., van Rijnsoever, R., Hartkoorn, E.,

Damen, I., de Bethune, M. P., Kostense, S., Penders, G.,

Helmus, N., Koudstaal, et al. (2003) J. Virol., 77, 8263�8271.

15. Fouts, T. R., DeVico, A. L., Onyabe, D. Y., Shata, M. T.,

Bagley, K. C., Lewis, G. K., and Hone, D. M. (2003)

FEMS Immunol. Med. Microbiol., 37, 129�134.

16. McShane, H., Pathan, A. A., Sander, C. R., Keating, S.

M., Gilbert, S. C., Huygen, K., Fletcher, H. A., and Hill,

A. V. (2004) Nat. Med., 10, 1240�1244.

17. Goonetilleke, N. P., McShane, H., Hannan, C. M.,

Anderson, R. J., Brookes, R. H., and Hill, A. V. (2003) J.

Immunol., 171, 1602�1609.

18. Tarnnvik, A. (1989) Rev. Infect. Dis., 11, 440�451.

19. Maniatis, T., Frich, E., and Sambrook, J. (1984) Methods of

Gene Engineering. Molecular Cloning [Russian translation],

Mir, Moscow.

20. Pomerantsev, A. P., Golovliov, I. R., Ohara, Y., Mokrievich,

A. N., Obuchi, M., Norqvist, A., Kuoppa, K., and Pavlov,

V. M. (2001) Plasmid, 46, 210�222.

21. Lowry, O. H., Rosebrough, N. R., and Farr, A. L. (1951) J.

Biol. Chem., 193, 115�119.

22. Laemmli, U. K. (1970) Nature (London), 227, 680�685.

23. Pavlov, V. M., Rodionova, I. V., Mokrievich, A. N., and

Meshcheryakova, I. S. (1994) Mol. Genet. Mikrobiol.

Virusol., 3, 39�40.

24. Pomerantsev, A. P., Domaradsky, I. V., Doronin, I. P., and

Fursov, V. V. (1991) Mol. Genet. Mikrobiol. Virusol., 9, 21�24.

25. Mashko, S. V., Veiko, V. P., Lapidus, A. L., Lebedeva, M.

I., Mochulsky, A. V., Shechter, I. I., Trukhan, M. E.,

Ratmanova, K. I., Rebentish, B. A., Kaluzhsky, V. E., and

Debabov, V. G. (1990) Gene, 88, 121�126.

26. Platonov, M., Mokrievich, A., Kravchenko, T., Shishkova,

N., and Pavlov, V. (2003) in Abstract Book of 4th Int. Conf.

on Tularemia, City of Bath, United Kingdom, p. 50.

27. Ericsson, M., Tarnnvik, A., Kuoppa, K., Sandstrom, G.,

and Sjostedt, A. (1994) Infect. Immun., 62, 178�183.

28. Dale, J. W., and Patki, A. (1990) in Molecular Biology of the

Mycobacteria (McFadden, J., ed.) Surrey University Press,

London, pp. 173�198.

29. Spirin, A. S., Belozersky, A. N., Shugaeva, I. V., and

Vanyushin, B. F. (1957) Biokhimiya, 22, 744�753.

30. Sorensen, A. L., Nagai, S., Houen, G., Andersen, P., and

Andersen, E. B. (1995) Infect. Immun., 63, 1710�1717.

31. Abomoelak, B., Huygen, K., Kremer, L., Turneer, M., and

Locht, C. (1999) Infect. Immun., 67, 5100�5105.


