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Abstract The specific function of putative cut2 protein

(or CFP25), encoded by the Rv2301 gene from Mycobac-

terium tuberculosis H37Rv, has not been identified yet. The

aim of this study was to assess some of CFP25 character-

istics and its possible biological role in Mycobacterium

tuberculosis H37Rv invasion process to target cells.

Molecular assays indicated that the gene encoding Rv2301

is present and transcribed in M. tuberculosis complex

strains. The presence of Rv2301 protein over the bacilli

surface was confirmed by Western blot and immunoelec-

tron microscopy analyses, using goats sera inoculated with

synthetic peptides derived from Rv2301 protein. Receptor–

ligand binding assays with carcinomic human alveolar

basal epithelial cells (A549) and macrophages derived

from human histolytic lymphoma monocytes (U937)

allowed us to identify five high activity binding peptides

(HABPs) in both cell lines, and two additional HABPs only

in A549 cells. U937 HABPs binding interactions were

characterized by saturation assays, finding dissociation

constants (Kd) within the nanomolar range and positive

cooperativity (nH [ 1). Inhibition assays were performed

to assess the possible biological role of Rv2301 identified

HABPs, finding that some of them were able to inhibit

invasion at a 5 lM concentration, compared with the

cytochalasin control. On the other hand, HABPs, and

especially HABP 36507 located at the N-terminus of the

protein, facilitated the internalization of fluorescent latex

beads into A549 cells. These findings are of vital impor-

tance for the rational selection of Rv2301 HABPs, to be

included as components of an antituberculosis vaccine.

Keywords Mycobacterium tuberculosis � High activity

binding peptides � Cutinase � Rv2301

Introduction

Pulmonary tuberculosis (TB) caused by Mycobacterium

tuberculosis remains a major public health problem

worldwide. Even though the directly observed antibiotic

treatment offers an effective strategy to control this dis-

ease, global efforts to control TB have faced notable dif-

ficulties for guaranteeing opportune diagnostic and drug

accessibility to the poorest population. Despite the global

availability of BCG vaccination, multiple factors, such as

its partial protective efficacy, added to the increased risk of

immunodeficient individuals to develop TB, the emergence

of multi-drug-resistant strains (MDR) and extreme drug-

resistant strains (XDR) have contributed to spread this

disease, stressing the urgent need for finding new thera-

peutic and immunoprophylactic alternatives to control TB

(Warner and Mizrahi 2006; WHO 2009).

One additional problem is that M. tuberculosis has the

capacity to remain viable within the infected host for long

periods of time. Infection is initiated when a potential host

inhales droplet nuclei (aerosols), containing a small num-

ber of M. tuberculosis bacilli (Kaufmann 2001). Once in
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e-mail: marisol.ocampo@urosario.edu.co

M. Ocampo � D. M. Rodrı́guez � H. Curtidor �
M. Vanegas � M. A. Patarroyo

Universidad del Rosario, Carrera 24 No. 63C-69, Bogotá,
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the lungs, bacilli are internalized through phagocytosis by

the resident alveolar macrophages. Appropriately activated

alveolar macrophages can effectively transfer the phago-

cytosed bacilli to the destructive environment of lyso-

somes, but some bacilli are able to escape lysosomal

delivery and survive within the macrophage (Armstrong

and Hart 1975; Kaufmann 2001; Russell 2001). Infected

macrophages can then either remain in the lung or dis-

seminate to other body organs. However, only a 10% of

infected people develop TB, because in most healthy

individuals, the immune system is sufficient to keep

M. tuberculosis in check so that disease cannot develop

(WHO 2009).

M. tuberculosis phagocytosis by macrophages proceeds

through a series of membrane invagination, budding, and

fusion events that result in the formation of the phagosome

(Aderem and Underhill 1999). M. tuberculosis entry into

macrophages can occur by an array of different receptor

molecules, including complement receptors, mannose

receptor, the dendritic cell-specific intercellular adhesion

molecule (ICAM)-3-grabbing nonintegrin (DC-SIGN), and

Fc receptors (Cambi et al. 2005; Ernst 1998; Greenberg

et al. 1999). The ability of multiple receptor molecules to

internalize M. tuberculosis in macrophages is likely related

to the complex structure of M. tuberculosis cell surface

(Brennan and Nikaido 1995). The precise receptor involved

in phagocytic entry may have a major impact on bacilli

survival inside the macrophage.

On the other hand, proteins secreted across the cyto-

plasmic membrane could be involved in cell wall biogen-

esis, contributing to virulence or being highly antigenic

(Wiker et al. 2000). The characterization of novel secreted

mycobacterial proteins is fundamental in understanding the

microorganism pathogenesis. M. tuberculosis H37Rv pro-

teome contains over 400 potentially secreted proteins and

most of them are uncharacterized to date. Among these

secreted proteins, there is a family of enzymatic proteins

identified by bioinformatic analyses and known as cutin-

ase-like proteins (CULPs).These CULPs have been shown

to be functionally diverse, depending on the length of the

substrate hydrocarbon chain. However, none of these

CULPs has cutinase activity, which has led to suggest that

they play a different role in mycobacterial biology (West

et al. 2009).

Cutinases (serine esterases) have been associated with

fungi ability to penetrate the plant cuticle (Schafer 1993).

Although M. tuberculosis does not find cutin, it has

maintained seven putative cutinases known to cleave

phospholipids in a PLA (phospholipase A)-type form, and

also hydrolyze Tween. The PLA/cutinase activity could

have been conserved in mycobacteria because it plays an

important role in mycobacterial lipid metabolism (cell wall

synthesis or nutrition), and thus pathogenesis (Parker et al.

2007).

The use of bidimensional electrophoresis allowed the

identification of M. tuberculosis Rv2301 protein (also

known as CFP25) in culture filtrate. Rv2301 contains the

conventional catalytic cutinase proteins triad, formed by

Ser, Asp and His (which correspond to residues Ser-123,

Asp-189 and His-207 in Rv2301), with the serine residue

within the conserved pentapeptide G-X-S-X-G (residues

121–125) (Weldingh et al. 1998). Rv2301 induces high

IFN-c levels in M. tuberculosis-infected mice and TB

patients, as well as a high delayed-type hypersensitivity

(DTH) response, similar to other culture filtrate proteins

known to promote high levels of protective immunity in

animal models. Significant levels of protection in mice

have been induced using the clap2 plasmid, as shown by

the reduction in bacterial load in lungs, as compared to

mice immunized with control plasmid (West et al. 2008).

In addition, Rv2301 has shown to confer a significant level

of protection when tested in a multicomponent anti-TB

vaccine (Sable et al. 2005).

Rv2301 contains a characteristic signal sequence (SS),

which is only present in trace amounts of M. tubercu-

losis short-term culture filtrates. This study reports

rv2301 presence and transcription in M. tuberculosis

complex members. Its localization was assessed by

immunoelectron microscopy using antisera obtained

against peptides derived from this protein, and detecting

the protein on M. tuberculosis H37Rv bacilli surface.

Furthermore, peptides binding with high affinity to A549

alveolar epithelial cell from carcinoma and macrophages

derived from human histolytic lymphoma U937 mono-

cytes were identified in Rv2301 amino acid sequence

through a highly sensitive and robust methodology. Also,

the effect of these peptides on M. tuberculosis entry into

target cells was assessed.

Materials and methods

Mycobacterial strains

ATCC and Trudeau Mycobacterial Collections (TMC)

were the sources of mycobacterial strains used in this

study (Fig. 1), except for M. microti which was provided

by Dr. Portaels from the Institute of Tropical Medicine

(Antwerp). All mycobacterial strains were grown in a

Middlebrook 7H9 medium (Difco, Detroit MI), supple-

mented with OADC (oleic acid, albumin, dextrose, and

catalase) (BBL, BD, Sparks MD), according to the recom-

mendations for each strain and manipulated in a biosafety

level 3 facility.
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DNA extraction and PCR amplification

Chromosomal DNA was isolated from mycobacterial

strains by phenol–chloroform extraction, as described

elsewhere (Del Portillo et al. 1991; Mahairas et al. 1996;

Parra et al. 1991). DNA was suspended and conserved in

19 TE buffer. PCR assays were carried out on a Perkin–

Elmer Thermal Cycler GeneAmp PCR system 9600 by

incubating 100 ng of genomic DNA with a PCR mixture

containing: 1.5 U Taq polymerase (Promega), 19 Taq

polymerase reaction buffer, 1.5 mM MgCl2, 0.1 mM

dNTPs and 0.4 lM of forward (30-CTGCCCCGACGCC

GAAG-50) and reverse primers (50-GCCGACCCACT

GACTGC-30) targeting the Rv2301 gene. PCR amplifica-

tion was carried under the following thermocycling con-

ditions: an initial denaturation at 94�C for 5 min, followed

by 30 cycles of 30 s at 94�C, 15 s at 58�C, and 15 s at

72�C. A final extension step was carried out at 72�C for

5 min. Amplified products were electrophoretically sepa-

rated in 1% SYBR-safe stained agarose gels (Invitrogen,

Eugene, Oregon). Distilled water and M. tuberculosis

H37Rv DNA were used as PCR negative and positive

controls, respectively. Amplification of the rpoB gene

encoding RNA polymerase subunit B (which is present in

all mycobacterial strains) was assessed as a control of DNA

integrity (forward 30-TCAAGGAGAAGC GCTACGA-50

and reverse 50-GGATGTTGATCAGGGTCTGC-30) (Lee

et al. 2000).

RNA isolation and RT-PCR

Bacterial pellet was suspended in an equal volume of GTC

(4 M guanidine isothiocyanate, 0.5% sodium n-lauroyl

sarcosine, 25 mM TRIS sodium citrate and 0.1 M

2-mercaptoethanol) to maintain RNA integrity. Samples

were homogenized and centrifuged at 1,000 rpm for

Fig. 1 a Rv2301 PCR product amplified from genomic DNA isolated

from different mycobacterial species and strains. 1 MWM molecular

weight marker (1 kb), 2 M. tuberculosis H37Rv (ATCC 27294),

3 M. tuberculosis H37Ra (ATCC 25177), 4 M. bovis (ATCC 19210),

5 M. bovis BCG (ATCC 35734, Pasteur substrain), 6 M. africanum
(ATCC 25420), 7 M. microti (Pasteur strain, kindly donated by Dr.

F. Portaels, Institute of Tropical Medicine, Belgium, Antwerp), 8
M. flavescens (ATCC 14474), 9 M. fortuitum (ATCC 6841), 10
M. szulgai (ATCC 35799), 11 M. peregrinum (ATCC 14467),

12 M. phlei (ATCC 11758), 13 M. scrofulaceum (ATCC 19981), 14
M. avium (ATCC 25291), 15 M. smegmatis (ATCC 14468), 16 MWM

(1 kb), 17 M. nonchromogenicum (ATCC 19530), 18 M. simiae
(TMC 25275), 19 M. intracellulare (ATCC 13950), 20 M. gastri
(ATCC 15754), 21 M. kansasii (ATCC 12478), 22 M. diernhoferi (ATCC

19340), 23 M. gordonae (ATCC 14470), 24 M. marinum (ATCC 927), 25
M. terrae (ATCC 15755), 26 M. chelonae-chelonae (ATCC 35752),

27 M. xenopi (ATCC 35841), 28 M. vaccae (ATCC 15483), 29
M. triviale (ATCC 23292), and 30 PCR negative control. b rpoB gene

amplification from genomic DNA isolated from all species and strains

included in this study, as shown by a 360-bp band amplification,

confirming that the DNA quality was acceptable for PCR assays. 1
MWM molecular weight marker (1 kb), 2 M. tuberculosis H37Rv

(ATCC 27294), 3 M. tuberculosis H37Ra (ATCC 25177), 4 M. bovis
(ATCC 19210), 5 M. bovis BCG (ATCC 35734, Pasteur substrain), 6
M. africanum (ATCC 25420), 7 M. microti (Pasteur strain, kindly

donated by Dr. F. Portaels, Institute of Tropical Medicine, Belgium,

Antwerp), 8 M. flavescens (ATCC 14474), 9 M. fortuitum (ATCC

6841), 10 M. szulgai (ATCC 35799), 11 M. peregrinum (ATCC

14467), 12 M. phlei (ATCC 11758), 13 M. scrofulaceum
(ATCC 19981), 14 M. avium (ATCC 25291), 15 M. smegmatis
(ATCC 14468), 16 PCR negative control, 17 MWM (1 kb), 18
M. nonchromogenicum (ATCC 19530), 19 M. simiae (TMC 25275),

20 M. intracellulare (ATCC 13950), 21 M. gastri (ATCC 15754), 22
M. kansasii (ATCC 12478), 23 M. diernhoferi (ATCC 19340),

24 M. gordonae (ATCC 14470), 25 M. marinum (ATCC 927), 26
M. terrae (ATCC 15755), 27 M. chelonae-chelonae (ATCC 35752),

28 M. xenopi (ATCC 35841), 29 M. vaccae (ATCC 15483), 30
M. triviale (ATCC 23292), 31 PCR negative control and 32 MWM

(1 kb). c 373-bp Rv2301 RT-PCR product amplified from different

mycobacterial species and strains. 1 MWM molecular weight marker

(200 line—Bioline, London, UK), 2 M. tuberculosis H37Rv plus

synthesis, 3 M. tuberculosis H37Rv minus synthesis, 4 M. tubercu-
losis H37Ra plus synthesis, 5 M. tuberculosis H37Ra minus synthesis,

6 M. bovis plus synthesis, 7 M. bovis minus synthesis, 8 M. bovis BCG
plus synthesis, 9 M. bovis BCG minus synthesis, 10 M. africanum
plus synthesis, 11 M. africanum minus synthesis, 12 M. microti plus

synthesis, 13 M. microti minus synthesis, 14 PCR positive control

(M. tuberculosis H37Rv DNA), and 15 PCR negative control

b
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10 min at room temperature. Total RNA was isolated from

the pellet by adding 1 mL TRIZOL� Reagent (Invitrogen,

Carlsbad, CA) following the manufacturer’s instructions,

then treated with DNAse I (Invitrogen) and used as tem-

plate for RT-PCR assays.

Complementary DNA (cDNA) synthesis was carried

out using SuperScriptTM III Reverse Transcriptase

(Invitrogen) following to the manufacturer’s instructions

and random hexamers were used for the first-strand

cDNA synthesis. In addition, the SuperScript III enzyme

was replaced with DEPC-treated water in each sample as

a minus control. 5 lL of cDNA were used as template for

PCR amplification following the same conditions previ-

ously described for DNA. DNase- and RNase-free water

and M. tuberculosis H37Rv DNA were used as negative

and positive PCR controls, respectively. rpo B gene

transcription was assessed as positive control (Lee et al.

2000).

Antibodies obtained through goats immunization

Two goats, previously determined to be nonreactive to

M. tuberculosis sonicate by Western blot, were independently

inoculated with 5 mg of polymerized peptide 28458

(CG52FARGRFEPPGIGTVGNAFVS71GC) or polymer-

ized peptide 28460 (CG192THPADPNTWEANWPQHLA-

GAY211GC) (Andreu et al. 1994). Prior to the immunization,

peptides were emulsified in Freund’s incomplete adjuvant

(FIA). Animals were immunized on days 0, 20 and 40, and

finally bled on day 60. Peptide sequences chosen for

immunizing goats were selected based on an Rv2301

sequence analysis, using the BepiPred 1.0b Server epitope

prediction software available at http://www.cbsdtu.dk/

services/BepiPred/.

SDS-PAGE and immunoblotting

Proteins from M. tuberculosis sonicate (30 W for 30 min in

a Branson Sonifier, VWR Scientific, Boston, MA) and

cellular fractions were separated by SDS-PAGE (10–20%

acrylamide gradient), and then transferred to a nitrocellu-

lose membrane using the semidry blotting technique

(Kyhse-Andersen 1984). Sera obtained from goats immu-

nized with polymerized peptides (1:100 dilution) were used

as primary antibody. Sera were diluted in TBST (0.02 M

Tris–HCl pH 7.5, 0.05 M NaCl, 1% Tween 20) and 5%

skimmed milk. After five washes with TBST, sera were

incubated for 1 h with alkaline phosphatase conjugated

anti-goat IgG antibody (ICN Biomedicals, CA, USA), in a

1:3,000 dilution. Color development was assessed after

using the NBT/BCIP detection kit (KPL, Gaithersburg,

MD, USA).

Immunoelectron microscopy

Immunoelectron microscopy studies were carried out using

a Hitachi Hu-12A Electron Transmission microscopy. In

brief, a M. tuberculosis H37Rv wet pellet was fixed with a

4% paraformaldehyde/0.5% glutaraldehyde solution for

2 h at 4�C. After being fixed, the pellet was dehydrated in

graded ethanol (70–100% twice), and then embedded in LR

white resin (Sigma) using a specific cold polymerization

accelerator. Ultrathin sections were fixed on 300-mesh

nickel grids coated with collodion support. Grids were

blocked with 5% bovine serum albumin/0.1% Tween 20

for 1 h, and subsequently incubated at 4�C overnight with a

1:20 dilution of primary antibody. Grids were then incu-

bated with anti-goat antibody coupled to 10-nm colloidal

gold particles for 1 h at room temperature (Wagner et al.

1995). Finally, 6% uranyl acetate was added to enhance

image contrast.

Cell culture

Two cell lines obtained from the ATCC (Rockville, MD)

were selected for carrying out binding assays: the A549

adherent cell line derived from human lung carcinoma

(ATCC CLL-185) and the U937 monocyte cell line derived

from human histolytic lymphoma (ATCC CRL-2367).

A549 and U937 cells were grown in RPMI 1640 broth

(Gibco) supplemented with 10% fetal bovine serum (FBS;

Hyclone) (Passmore et al. 2001). Cells were dislodged

using cell dissociation solution non-enzymatic 19 (Sigma),

collected and washed with PBS.

Peptide synthesis

In this study, 12 non-overlapping 20-mer-long peptides

corresponding to M. tuberculosis Rv2301 amino acid

sequence (cut2 or CFP25), were synthesized by the

solid-phase multiple peptide system (Houghten 1985;

Merrifield 1963; Tam et al. 1983). Only peptide 36507

overlapped peptide 30955 by 15 residues. This occurred

because peptides were initially synthesized based on the

Rv2301sequence reported in GenBank under the acces-

sion number NP_216817, but this sequence was anno-

tated without the N-region of the signal sequence (first

five amino acids). The complete sequence was later

annotated under the GenBank Accession number

NP_216817.2. Peptides identity and purity were analyzed

by MALDI-TOF mass spectrometry and analytical

reverse-phase high-performance liquid chromatography

(RP-HPLC). A Tyr residue was added to the C-terminus

of peptides which did not contain it, to enable

radiolabeling.

2070 M. Ocampo et al.
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Radiolabeling

125I-radiolabeling was carried out according to the

previously described techniques (Hulme 1993; Weiland

and Molinoff 1981; Yamamura and Kuhar 1978). Briefly,

chloramine T (2.25 mg/mL) and Na125I (3.2 lL; 100

mCi/mL) were added to 5 lL of peptide solution (1 lg/lL).

15 lL of sodium bisulfite (2.75 mg/mL) and 50 lL of NaI

(0.16 M) were added, after allowing the reaction to elapse

for 5 min at 18�C. Radiolabeled peptides were then sepa-

rated from reaction byproducts on a Sephadex G-10 column

(80 9 5.0 mm; Pharmacia, Uppsala, Sweden).

Binding assays

The U937 or A549 cell lines (*1.5 9 106 cells) were

incubated for 90 min at 4�C with increasing amounts of

each 125I-radiolabeled peptide (between 0 and 950 nM) in

the presence or absence of 40 lM of unlabeled peptide to

determine binding specificity (final volume: 100 lL). After

incubation, unbound peptides were removed from cells by

sedimentation through a dibutylphthalate-dioctylphthalate

cushion mixture (d = 1.015 g/mL) and centrifuged at

9,000g for 2 min (Patarroyo et al. 2008; Plaza et al. 2007;

Vera-Bravo et al. 2005). Cell-bound peptides were mea-

sured in an automatic gamma counter. The assay was

carried out in triplicate under identical conditions. Mean

results of triplicate assays are calculated and plotted.

Determining binding constants

Saturation binding assays were carried out with each pep-

tide that showed to have high specific-binding activity to

target cells. To determine binding specificity of these

peptides, 1.2 9 106 U937 cells were incubated for 90 min

at 4�C, with increasing concentrations of radiolabeled

peptide (100–4,000 nM) in a final 120 lL volume, in the

presence or absence of 30 lM of unlabeled peptide. The

amounts of bound and unbound peptide were determined

using a gamma counter. The curves obtained were analyzed

by Scatchard analysis and affinity constants were deter-

mined by a Hill equation analysis (Hulme 1993; Weiland

and Molinoff 1981).

Mycobacterial invasion assays

Invasion inhibition assays were performed according to a

previously reported methodology (Bermudez and Good-

man 1996; Chapeton-Montes et al. 2008a, b) with some

modifications. In brief, bacteria were harvested, and then

labeled using 209 SYBR-safe and stored at -20�C until

use. A549 cells and U937 monocyte-derived macrophages

(1 9 106 cells), suspended in a RPMI 1640 medium and

supplemented with 10% FBS, were independently seeded

in 6-well multiwell plates and incubated for 16 h at 37�C

under a 5% CO2 atmosphere. Different peptide concen-

trations (5, 50 and 100 lM) were added to cell monolayers,

and plates were kept at 37�C for 1 h. Cell monolayers were

incubated with an RPMI 1640 medium instead of peptide

as an invasion control, and with 3 lM of cytochalasin D as

negative control. Mycobacteria (1 9 107 bacilli) suspended

in 300 lL of RPMI medium without antibiotics were added

to each well at a 1:10 multiplicity of infection (MOI), and

incubated for 16 h at 37�C. Samples were incubated with

amikacin (20 lg/mL) for 2 h at 37�C. Extracellular bacilli

were removed by washing wells with Hank’ balanced salt

solution (HBSS) thrice, and cell monolayers were dis-

lodged using a 0.6% trypsin 0.2% EDTA solution (both

from Sigma). Infected cells were suspended in 50 lL of

RPMI 1640 medium and incubated with methylene blue

(Merck, Germany) for 5 min, to carry out flow cytometry

analyses. Data were statistically analyzed by applying a

Student’s t test.

Latex bead internalization

Latex bead internalization assays were carried out

according to a previously reported methodology (El-Shazly

et al. 2007). Briefly, A549 cells (1 9 106) were seeded on

6-well multiwell plates until forming cell monolayers.

Separately, each peptide was coupled to fluorescent latex

beads (Sigma). Peptide-coated beads were incubated with

A549 cells at 37�C for 3 h. Non-internalized beads were

removed, and cells were dislodged from cell monolayers to

determine the percentage of internalized beads by FAC-

Scan flow cytometry analysis. Uncoated beads were used

as negative control. To establish the peptide effect on the

membrane, an additional control was performed consisting

of incubating cells with each peptide suspension for 2 h,

and then for 1 h with naked latex beads; finally, the per-

centage of internalized beads was determined by FACScan

flow cytometry analysis.

Circular dichroism (CD) spectroscopy

A possible correlation between Rv2301 HABPs function

and their conformational structure was analyzed by circular

dichroism (CD) analysis. CD spectra were recorded for

each HABP at 20�C on a Jasco J-810 spectropolarimeter at

wavelengths ranging from 260 to 190 nm in 1.00-cm

cuvettes (Provencher and Glockner 1981). Peptides

(0.1 mM) were dissolved in pure water or aqueous 30%

(v/v) TFE. Each spectrum was obtained by averaging three

scans taken at a 20-nm/min scan rate, with 1 nm spectra

bandwidth and corrected for baseline deviation. The results

were expressed as mean residue ellipticity [h], the units

Rv2301 HABPs inhibit M. tuberculosis entry 2071
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being degrees centimeters squared per decimole, according

to the function [h] = hk/(100lcn), where hk is the mea-

sured ellipticity, l the optical path length, c is the peptide

concentration, and n the number of amino acid residues in

the peptide sequence (Sreerama et al. 1999). Using the self-

optimized prediction method from alignment (SOPMA), a

prediction for Rv2301 protein secondary structure was

obtained (Geourjon and Deleage 1995).

Results and discussion

Through the use of receptor-ligand assays and chemically

synthesized peptides derived from M. tuberculosis proteins,

our institute proposes a new methodology for identifying

antigens capable of inhibiting in vitro the entry of

M. tuberculosis into target cells that could be considered in

the design of a subunit-based antituberculosis vaccine

(Patarroyo et al. 2010; Patarroyo and Patarroyo 2008).

Although the publication of the M. tuberculosis H37Rv

complete genomic sequence (Cole et al. 1998) has enabled

important advances in the general knowledge of this

pathogen’s physiology, the functions, as well as the cellular

localization of many of its proteins remain unknown.

Among these proteins are the members of the M. tuber-

culosis cutinase family, which have been the target of

research as new promising antigens with prophylactic

potential against TB, due to their important role in the

bacilli–host cell interactions (West et al. 2008, 2009).

In this study, the presence of the 373-bp fragment

encoding Rv2301 was assessed in 27 mycobacterial strains

by PCR (Fig. 1a), detecting the gene in all strains and

species belonging to the M. tuberculosis complex

(M. tuberculosis H37Rv, M. tuberculosis H37Ra, M. bovis,

M. bovis BCG, M. africanum and M. microti). Amplifica-

tion of the rpoB gene from genomic DNA was detected in

all species and strains included in this study, therefore

showing that the DNA was of acceptable quality for PCR

assays (Fig. 1b). RT-PCR was performed on all strains that

displayed a positive PCR amplification on genomic DNA

to determine whether the rv2301 gene was being tran-

scribed under 7H9 culture medium conditions. A 373-bp

fragment was observed in cDNA plus synthesis of all

M. tuberculosis complex strains (M. tuberculosis

H37Rv, M. tuberculosis H37Ra, M. bovis, M. bovis BCG,

M. africanum, and M. microti). No amplification of the

minus control is an indicator that there is no contamination

with gDNA (Fig. 1c).

The expression of Rv2301 was confirmed employing

polyclonal sera from goats inoculated with peptides 28458

and 28460. The expression of Rv2301 was confirmed using

goats’ polyclonal sera inoculated with peptides 28458 and

28460. Figure 2 shows the identification of a 22.5 kDa

band in M. tuberculosis H37Rv lysate, which is consistent

with Rv2301 theoretical weight in (22.6 kDa) when this

protein has not been processed and is attached to the

mycobacterial envelope (Parker et al. 2007). The same

antibodies recognized a molecule on the surface of

M. tuberculosis H37Rv by IEM (Fig. 3), most of colloidal

gold particles were located in the bacillus envelope and

some of them were located in the cytosol, but in a lower

proportion, therefore, suggesting that it is possible to find a

significant portion of the protein on the mycobacterial

membrane, and also that the protein could be involved in

protein–protein interactions with the host cell.

Receptor–ligand assays using radiolabeled synthetic

peptides were carried out to determine which of the

sequences of Rv2301 bind specifically to U937 and A549

cell in vitro. Peptides binding activity was determined as

the ratio between specific binding and total peptide added.

Specific binding activity was defined as the slope of the

specific binding curve (specific binding = total binding–

nonspecific binding) between the amount of radiolabeled

peptide binding specifically to A549 and U937 cells and

peptide added at four increasing concentrations. Five of the

twelve synthetic peptides spanning the entire sequence

length of Rv2301 showed high binding activity to A549

and U937 cells (30958, 30960, 30963, 30965 and 36507)

and were therefore classified as HABPs, while peptides

30959 and 30964 showed high binding activity to A549

Fig. 2 Rv2301 protein recognition. Western blotting with goats’ sera

inoculated with the polymerized Rv2301-derived peptides 28458 and

28460, showing immunoreactivity to M. tuberculosis H37Rv sonicate.

Lanes 1 and 2 pre-immune sera, lane 3 post III/20 sera raised against

peptide 28458, and lane 4 post III/20 sera raised against peptide

28460. Post III immunization sera showed a weak recognition of a

22.5-kDa protein
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cells only (Fig. 4). Rv2301 HABPs were mainly distributed

along the entire protein sequence; however, two specific

binding regions could be distinguished for A549 cells,

spanning amino acids 72–131 and 172–230.

Interactions between Rv2301 HABPs and target cell

surface receptors were characterized by saturation assays

with U937 cells (Fig. 5). Accordingly, HABPs established

high affinity interactions with a large number of binding

sites on the surface of U937 cells (*1–3 million binding

sites per cell). These binding interactions had dissociation

constants within the nanomolar range (approximately

800 nM), as well as strong positive cooperativity (nH [ 1).

Nevertheless, these assays only provide a preliminary

insight about the nature of the molecules which interact

with Rv2301 HABPs; further studies are needed to com-

pletely identify these possible receptors.

The possible biological importance of the HABPs

identified in Rv2301 in mediating Mycobacterium–host

cell interactions was analyzed according to a methodology

previously reported by our institute (Chapeton-Montes

et al. 2008a, b; Patarroyo et al. 2008; Plaza et al. 2007;

Vera-Bravo et al. 2005). As shown in Fig. 6a, the results

Fig. 3 Immunoelectron

microscopy. Goat antibodies

raised against polymerized

peptides showed recognition of

the putative protein encoded by

the Rv2301 gene in M.
tuberculosis H37Rv bacilli

surface (10 nm gold-labeled

anti-goat IgG are indicated by

arrows)

Fig. 4 Rv2301-derived peptides cell binding activity profile. 20-mer-

long peptides spanning the entire Rv2301 protein sequence were

synthesized and assessed in specific binding assays with A549 and

U937 cells. A Tyr residue was added to the C-terminus of those

peptides which did not contain it in their sequence. Black bars
represent each peptides binding activity. Peptides having a specific

binding activity C1% were classified as HABPs. Rv2301 topology is

presented on the left hand side. Shaded regions show the transmem-

brane domain present in the Rv2301 sequence, dark gray regions

corresponds to the outside domain and white regions corresponds to

inner domain (N-terminal). Catalytic triad residues are underlined

Rv2301 HABPs inhibit M. tuberculosis entry 2073

123



obtained from invasion inhibition assays with A549 and

U937 cells showed that all the HABPs tested inhibited the

entry of M. tuberculosis H37Rv into these two cell lines in

vitro, even at the smallest peptide concentration (5 lM).

Only HABPs 36507 and 30959 showed an entry inhibition

dependent on the peptide concentration, for the remaining

HABPs there is a variable relation between concentration

and inhibition. These results are relevant taking into

account that a single peptide is being able to significantly

reduce invasion of target cells. However, further studies are

needed in order to determine whether these inhibitory

HABPs have also a potential immunomodulatory effect.

The involvement of the HABPs identified in Rv2301 in

host cell invasion was further evaluated by determining

their ability to facilitate internalization into A549 cell,

when being coupled to fluorescent latex beads. As it can be

observed in Figs. 6b, 7 the highest internalization per-

centage was observed when latex beads were coated with

HABP 36507, while inhibition with HABP 30959 showed a

similar percentage to that observed with naked beads.

However, when cells were incubated first with the sus-

pension of each HABP and then with naked latex beads,

small internalization percentages were found for all

HABPs, which were even smaller than the one shown by

the bead internalization control (latex beads).

The ability of the HABPs identified in the Rv2301

sequence to inhibit invasion of M. tuberculosis H37Rv into

to target cells, suggests that active and specific binding to

cell surface receptors prevents entrance of M. tuberculosis

through this invasion pathway. Such hypothesis is further

supported by the results of internalization assays carried

out with peptide-coated latex beads and epithelial cells,

where peptide-coated beads were more actively internal-

ized than non-coated beads. Particularly, HABP 36507

showed the largest inhibition percentage and displayed the

highest internalization percentage.

CD spectroscopy was used for assessing HABPs sec-

ondary structures; peptides 36507 and 30965 showed

structural elements characteristic of a-helices, recognized

by two characteristic minima in 208 and 222 nm, and a

maximum in 195 nm, whereas HABPs 30958, 30963 and

30960 did not show any structural elements in particular.

Experimental results agree with SOPMA prediction, in

which HABPs 36507 and 30965 are located in predominant

a-helical regions, while the three remaining HABPs do not

present defined structural elements. The results obtained in

the analysis of HABPs secondary structure elements

showed a good agreement with predictions established for

the native protein; however, it was not possible to establish

a direct relationship between the HABPs ability to inhibit

invasion and their structural conformations. These analyses

are of great importance, taking into account that the

induction of an effective immune response is associated

with the adjustment of the peptide sequence to the involved

molecules, by presenting antigens to the immune system

(Patarroyo et al. 2010; Patarroyo and Patarroyo 2008).

In our experience, peptides that bind specifically to

target cells, and are capable of inhibiting mycobacterial

entry to some extent, could be used as template for

designing immunomodulating peptides. Immune responses

against high specific binding sequences of mycobacterial

proteins can prevent target–cell invasion, either during a

Fig. 5 Saturation curves for HABPs 30960, 30963 and 30965, which

bind with high activity to U937 cells. Saturation curves were obtained

by plotting the amount of specifically bound 125I-HABP against the

amount of free 125I-HABP. Affinity constants and the maximum

number of sites per cell were obtained from these curves by Hill

analysis. Inset the abscissa is Log F in the Hill Plot and the ordinate is

Log[B/Bm - B], being Bm the maximum amount of bound peptide,

B the bound peptide and F the free peptide
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first encounter with the pathogen or during reactivation of a

latent infection (Patarroyo et al. 2010; Patarroyo and Pat-

arroyo 2008).

In conclusion, this study shows the presence and

expression of M. tuberculosis Rv2301 gene in all strains

belonging to the M. tuberculosis complex, as well as the

regions of the protein which are binding specifically to

target cells, and are therefore capable of inhibiting host cell

invasion in vitro. The results suggest an important role for

these sequences in the M. tuberculosis–macrophage

Fig. 6 a Invasion inhibition assays with the Rv2301 identified

HABPs. Percentages of mycobacterial invasion into A549 and U937

cell lines at different peptide concentrations. Cytochalasin D (actin

polymerization inhibitor) was used as an invasion inhibition control.

The results correspond to the percentage of invasion inhibition,

calculated for each treatment ± standard deviation. b Internalization

of peptide-coated beads by A549 epithelial cells. Shaded bars (in

sepia) correspond to the percentage of HABP-coated latex beads that

were internalized by A549 cells. Dark gray bars correspond to the

percentage of latex beads that were internalized when the cell were

first incubated with each HABP and then with naked latex beads

(control assay). The black bar corresponds to internalization of non-

peptide-coated beads by cells that had not been exposed to any HABP
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interaction and complement previous studies reported by

our group (Chapeton-Montes et al. 2008b; Patarroyo et al.

2008; Plaza et al. 2007; Vera-Bravo et al. 2005). The same

highly sensitive and robust methodology has been used to

identify and characterize amino acid sequences mediating

binding interactions with target cells, and that have the

ability to inhibit mycobacterial invasion. Therefore, these

sequences can be included as potential components of a

subunit-based, multi-epitopic, chemically synthesized

antituberculosis vaccine.
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