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1. Introduction

ABSTRACT

The identification and characterization of hypothetical membrane proteins from Mycobacterium tubercu-
losis have led to a better understanding of the mechanisms used by this pathogen to invade and survive
inside host cells. This study assessed the presence, transcription, localization and possible biological activ-
ity of the conserved hypothetical protein Rv0180c from M. tuberculosis. Bioinformatics analyses indicated
that Rv0180c contains a signal peptide, six possible transmembrane helices and a Plasmodium Export Ele-
ment (PEXEL)-like motif. PCR analyses showed the presence of the Rv0180c gene in strains from the M.
tuberculosis complex; but transcription was not detected in Mycobacterium microti. Sera against synthetic
peptides of Rv0180c recognized two protein bands in M. tuberculosis H37Rv sonicate: a ~48-kDa band
close to the predicted molecular mass of Rv0180c (47.6 kDa), and a 63-kDa band probably caused by pro-
tein modifications. Moreover, the same sera located the protein on the surface of M. tuberculosis H37Rv
bacilli by immunoelectron microscopy. Twenty-three synthetic peptides spanning the entire length of
Rv0180c were tested for their ability to bind to U937 and A549 cells, finding nine high-activity binding
peptides (HABPs) specific for both cell types, two HABPs specific for A549 cells (namely 31032 and 31044)
and two HABPs specific for U937 cells (namely 31025 and 31041). HABPs inhibited invasion of M. tuber-
culosis H37Rv into A549 or U937 cells by significant percentages and facilitated internalization of latex
beads in A549 cells. The Rv0180c HABPs herein reported could be preliminary candidates to be assessed
as components of a multiepitope, chemically synthesized, subunit-based vaccine against tuberculosis.
© 2010 Elsevier Inc. All rights reserved.

of drug-resistance strains, but unfortunately its high cost has lim-
ited an efficient implementation of this strategy [78]. Additionally,

Tuberculosis (TB) is a major cause of illness and death world-
wide. It is estimated that TB caused around 9.27 million new cases
and 1.3 million deaths in 2007, with HIV-positive people being one
of the most severely affected populations with an estimate of two
million deaths [76]. Up to date, the directly observed treatment-
short course (DOTS) strategy recommended by the World Health
Organization (WHO) has efficiently detected and treated TB by
using a combination of three antibiotics to avoid the emergence

Abbreviations: A549, carcinomic human type II alveolar epithelial cells; TB,
tuberculosis; DOTS, directly observed treatment short-course; IEM, immuno-
electron microscopy; PEXEL, Plasmodium Export Element; HABP, high-activity
binding peptide; HCT, host cell targeting signal; MOTT, mycobacteria other than
tuberculosis; MTBC, Mycobacterium tuberculosis complex; U937, monocyte-derived
macrophages.
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the protective efficacy of the Bacillus Calmette-Guérin (BCG) vac-
cine against pulmonary TB, the most common form of the disease,
varies considerably in adults, which further stresses the importance
of developing more effective prevention and control measures
[66].

Mycobacterium tuberculosis, the main causative agent of TB,
secretes high amounts of proteins and complex lipids that form
a structure known as the mycobacterial cell envelope, which
protects mycobacteria and plays an active role in cell-cell interac-
tions, cell signaling and protein transport, among other functions
[6,7,16,27,73]. In addition, a large number of surface and secreted
mycobacterial proteins are known to be important for replica-
tion and survival of mycobacteria inside the host macrophage, and
have been implicated in the modulation of the host’s immune
response [20,36]. For this reason, most search for new vaccine
targets has focused on screening the genomic sequence of M. tuber-
culosis H37Rv [14] for mycobacterial proteins and lipids that are
exposed on the cell surface or that are secreted either to the extra-


dx.doi.org/10.1016/j.peptides.2010.09.017
http://www.sciencedirect.com/science/journal/01969781
http://www.elsevier.com/locate/peptides
mailto:marisol.ocampo@urosario.edu.co
dx.doi.org/10.1016/j.peptides.2010.09.017

2 S.M. Cdceres et al. / Peptides 32 (2011) 1-10

cellular milieu or to subcellular compartments within infected
macrophages [6,7,79,80].

Rv0180c is a probable conserved transmembrane protein of
unknown function that shares high sequence similarity with
putative conserved membrane and transmembrane proteins from
different mycobacterial species. Moreover, bioinformatics analy-
ses of the Rv0180c sequence showed the presence of a functional
Rx[LI]x[DEQ]-like motif, which is also found in proteins of some vir-
ulent mycobacterial species. This conserved motif is known as the
Plasmodium Export Element (PEXEL) or Host Cell-Targeting Signal
(HCT) and is formed by five amino acids as follows: a hydrophobic
amino acid (Arg) at position 1, a hydrophobic amino acid at posi-
tion 3 (Leu or Ile), another less conserved amino acid at position 5
(mainly Asp, Glu or GIn), and non-charged amino acids at positions
2 and 4. In the protozoan Plasmodium spp., an obligate intracellular
parasite that invades and replicates inside erythrocytes in which
over 400 parasite proteins are translocated across the outer para-
sitophorous vacuole membrane into the host erythrocyte cytosol
[60], the PEXEL motif is hypothesized to conform a signal mediator
of this important protein trafficking [34,47]. A similar but shorter
motif (RXLR) has been also identified in four virulent Oomycete
Avr proteins from the phytopathogens Phytophthora sojae, Phytoph-
thorainfestans and Hyaloperonospora parasitica[2,5,56,61],in which
the motif has been suggested to be involved in secretion and tar-
geting of the protein effectors delivered from the haustoria to the
plant cells, although it does not appear to be related to the activity
of such effectors [9,10].

The aim of this study was to assess the presence of the Rv0180c
gene, and the transcription and possible localization of the pro-
tein product in mycobacterial surface through the use of molecular
biology tools and immunoelectron microscopy (IEM). The entire
sequence of Rv0180c was synthesized as 20-mer non-overlapping
synthetic peptides and analyzed in binding assays with human
type I A549 alveolar epithelial cells and macrophages derived from
U937 monocytes seeking to identify high-activity binding peptides
(HABPs). The ability of HABPs to inhibit invasion of M. tuberculosis
H37Rv and facilitate internalization of latex beads was examined
in order to identify Rv0180c HABPs that could be use in the design
of amultiepitope, chemically synthesized subunit-based antituber-
culous vaccine.

2. Material and methods
2.1. Bioinformatics analyses

The sequence of the M. tuberculosis Rv0180c protein was
retrieved from the Tuberculist Webserver available at http://
genolist.pasteur.fr/TubercuList/. Protein alignments and homolo-
gies were obtained using BLAST (http://www.ncbi.nlm.nih.
gov/BLAST/)[1]. Protein features and GRAVY scores were calculated
using PROTPARAM (http://us.expasy.org/tools/protparam.html)
[43]. The signal sequence prediction was obtained using

SignalP 3.0  (http://www.cbs.dtu.dk/services/SignalP)  [8].
Transmembrane helices were predicted using TMHMM
server v.2.0 (http://www.cbs.dtu.dk/services/ TMHMM/)

[41,64]. Additionally, the SOPMA server was inquired to ana-
lyze the secondary structure of Rv0180c (http://npsa-pbil.
ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html) [32].
Protein motifs were identified using the Scanprosite tool
(http://www.expasy.org/tools/scanprosite/) [22].

2.2. Mycobacterial strains and culture

The American Type Culture Collection (ATCC) was the source
of the following mycobacterial strains: Mycobacterium tuberculo-

sis H37Rv (ATCC 27294), Mycobacterium tuberculosis H37Ra (ATCC
25177), Mycobacterium bovis (ATCC BAA-935), Mycobacterium bovis
BCG (ATCC 35734, Pasteur substrain), Mycobacterium africanum
(ATCC 25420), Mycobacterium flavescens (ATCC 14474), Mycobac-
terium fortuitum (ATCC 6841), Mycobacterium szulgai (ATCC
65799), Mycobacterium peregrinum (ATCC 14467), Mycobacterium
phlei (ATCC 11758), Mycobacterium scrofulaceum (ATCC 19981),
Mycobacterium avium (ATCC 25291). Mycobacterium microti (Pas-
teur strain) was kindly provided by Dr. F. Portaels form the Institute
of Tropical Medicine, Belgium. Mycobacteria were grown in 7H9
(Difco) supplemented with albumin, dextrose, NaCl (ADC) and incu-
bated at their optimum temperature until cultures have reached an
OD500 of 0.5-1.0.

2.3. Extraction of genomic DNA and PCR amplification

The DNA was extracted from mycobacterial cultures using
the UltraClean™ Microbial DNA Isolation Kit according to the
manufacturer’s instructions (MO BIO Laboratories Inc., Carls-
bad, CA). The Rv0180c gene was amplified on a Perkin-Elmer
thermal cycler Gene Amp PCR system 9600 using the ampli-
fication primers E11-F (3’-GCACCCAACCCCAAGCG-5') and E12-R
(5’-CCCCGAAGTCCCGTAGC-3'). PCR reactions were performed in
10 L final volumes containing: 1 L gDNA, 1U Taq polymerase
(Promega), 1x Taq polymerase reaction buffer, 1.5mM MgCl,,
0.2 mM dNTPs and 0.4 wM of each primer. PCR conditions were as
follows: initial DNA denaturing for 5 min at 94°C, followed by 30
cycles of 1 min annealing at 59 °C, 45 s extension at 72 °C and 1 min
denaturing at 94°C. A final 5 min extension cycle was performed
at 72 °C. Amplification products were separated by electrophoresis
on 1% agarose gels stained with SYBR safe (Invitrogen, Eugene, Ore-
gon). A 1-kb DNA ladder was loaded in each gel for size reference
(Gibco).

2.4. RNA isolation and RT-PCR assays

The total RNA was extracted from mycobacterial cultures by
adding Trizol (Invitrogen, Carlsbad, CA) and then precipitating the
RNA with isopropanol. The precipitated RNA was washed with 70%
ethanol, suspended in DEPC-treated water and quantified using
a GeneQuant spectrophotometer (Pharmacia Biotech, Piscataway,
NJ). It was then treated with DNAse I (Invitrogen, Carlsbad, CA)
and used as template for the RT-PCR assays. cDNA synthesis was
performed according to the SuperScript III First strand synthe-
sis system for RT-PCR (Invitrogen, Carlsbad, CA), following the
manufacturer’s instructions. The rpo-B gene was used as positive
transcription control (forward 3’-TCAAGGAGAAGCGCTACGA-5
and reverse 5'-GGATGTTGATCAGGGTCTGC-3’ primers). M. tuber-
culosis H37Rv treated with DNAse [ was used as negative control
for cDNA synthesis.

2.5. Cell cultures

The U937 (ATCC CRL-1593.2) and A549 (ATCC CCL-185) cell
lines were cultured in RPMI 1640 supplemented with 10% heat-
inactivated fetal bovine serum (Hyclone, Logon, UT), at 37°C and
under a 5% CO, atmosphere. Cells were dislodged using cell disso-
ciation solution non-enzymatic 1x (Sigma), collected and washed
with PBS before being used.

2.6. Peptide synthesis and radiolabeling

A total of 23 peptides were synthesized according to the multi-
ple solid phase methodology [37]. These peptides were 20 amino
acids in length and spanned the entire sequence of Rv0180c with-
out overlapping. One Tyrosine was added to the C-terminus of
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those peptides lacking this residue in their sequences to enable
1251_radiolabeling [68,81]. RP-HPLC-purified peptides were radio-
labeled according to previously described techniques [26,70,81].
Briefly, chloramine-T (0.3 wmol) and Na!2°] (3.2 wL, 100mCi/mL;
MB Biomedicals) were added to a 5 L peptide solution (1 pg/wL).
The solution was then incubated for 15min at 18°C and added
sodium metabisulfite (0.18 wmol). Radio-labeled peptides were
then purified on a Sephadex G-10 packed column (Pharmacia, Upp-
sala, Sweden).

2.7. Binding and saturation assays

A549 and U937 cells (1.5 x 10% cells) were incubated for
90 min at 4°C with increasing concentrations of radio-labeled
peptide (0-950 nM) in the presence or absence of unlabeled pep-
tide (40 wM). The reaction mixture was passed through a 60:40
dioctylphthalate-dibutylphthalate cushion and spun at 4500 x g
for 3 min. Cell-associated radioactivity was quantified in a gamma
counter (Gamma Counter Cobra II, Packard Instrument Co., Meri-
den, CT, USA). Specific binding activity values were obtained by
determining the difference between total and non-specific binding.
Peptides showing a specific binding activity of >1% were considered
HABPs, according to previously described criteria [26,29,53].

For saturation assays, macrophages derived from U937
monocytes (1.5 x 108 cells) were incubated with 0-3500 nM con-
centrations of radio-labeled HABPs in the presence or absence of
unlabeled peptide (30 wM). The obtained plots were analyzed by
saturation and Hill analyses [38,74,81].

2.8. Immunization of animals

Two goats previously determined to be non-reactive to
M. tuberculosis, as determined by Western blotting of M.
tuberculosis H37Rv sonicates, were inoculated with a 5mg
mixture of polymerized Rv0180c peptides. The mixture
included peptides 28624 (CG!41STNPRAGTLAASIAGQTLTR!60
GC), 28626 (CG 261VNISRFRTLLVKWAVMVVLA280 GC), 28628 (CG
361WLAQFEPMHQVFLGVRSLLY380 GC). Also, one non-reactive rab-
bit was inoculated with a polymeric form of peptide 36197 (CG126
SAVTPTRTDRPAITISTNPR!4> GC). Polymers were administered on
days 0, 20 and 40 emulsified in Freund’s Incomplete Adjuvant
(FIA) (Sigma). Bleeding was carried out 20 days after the third
inoculation. The Rv0180c peptides used for animal immunizations
were chosen by using the BepiPred 1.0b Server epitope prediction
software available at http://www.cbs.dtu.dk/services/BepiPred/.

2.9. SDS-PAGE and immunoblotting

Sonicates and subcellular fractions of M. tuberculosis H37Rv
were separated in a discontinuous SDS-PAGE system, transferred to
nitrocellulose membrane by the semidry blotting technique and cut
into strips [42]. Commercial molecular weight markers (NEB, Inc.
Beverly, MA) were used for estimating molecular weights based
on migration distances. Strips were incubated with sera obtained
from immunized animals diluted 1:100 (v/v) in 5% skimmed milk
Tris-Buffered Saline Tween 20 (TBST, containing 0.02 M Tris—-HCl,
pH 7.5, 0.05 M Nac(l) and 1% Tween 20. After five washes with TBST,
strips were incubated for 1 h with 1:3000 alkaline phosphatase con-
jugated anti-goat IgG antibody (ICN Biomedicals, Costa Mesa, CA)
and the reaction was developed with NBT/BCIP (KPL, Gaithersburg,
MD).

2.10. Immunoelectron microscopy (IEM)

Immunoelectron microscopy studies were carried out in a
HITACHI HU-12A transmission electronic microscope. Briefly, wet

pellet of M. tuberculosis H37Rv was fixed using a 4% paraformalde-
hyde/0.5% glutaraldehyde solution for 2 h at 4°C. After being fixed,
the pellet was dehydrated in graded-ethanol (50-100%) and then
embedded in LR-white hard-grade resin (Sigma). Resin polymer-
ization was carried out using a specific cold accelerator [23]. Thin
sections of about 400 nm were cut and mounted on 300-mesh
nickel grids covered with collodion as support. Grids were then
blocked with 5% BSA and 0.1% Tween 20 for 30 min, followed by
immersion of the grids in a 1:20 solution of primary antibody at
4°C overnight. Grids were washed several times with a 0.5% BSA
and 0.1% Tween 20 solution and then incubated with 5nm gold-
labeled anti-goat IgG (Sigma) antibody for 1 h at room temperature
[72]. Finally, grids were incubated in 6% uranyl acetate for 15 min
prior to microscopic examination.

2.11. Invasion inhibition assays

Following a previously reported protocol [ 17] with some modifi-
cations, 1 x 108 A549 and U937 cells suspended in incomplete RPMI
1640 medium were incubated for 1h in the presence of 50 uM,
100 wM or 200 uM concentrations of HABPs, according to their
binding specificity. Subsequently, 1 x 107 M. tuberculosis H37Rv
bacilli stained with 20x SYBR Safe (MOI 1:10) were added. These
samples were incubated at 37 °C overnight and then enriched with
20 pg/mL of amikacin-supplemented medium (ICN Biomedicals,
Costa Mesa, CA). Cells were pelleted by centrifugation at 1000 x g
for 5 min, washed twice and fixed in 1% paraformaldehyde (Merck,
Darmstadt, Germany), then diluted in RPMI 1640 at 4 °C for 1 h and
finally washed and resuspended in RPMI 1640. Cells were counter-
stained with freshly prepared 3% Methylene Blue (Merck, Germany)
for flow cytometry analysis. As negative control, an invasion assays
were carried out under the same conditions described above but it
was incubated for 2 h with 3 uM Cytochalasin D (SIGMA, St. Louis,
MO) as invasion inhibitor. Samples were quantified using a FAC-
Scan cytometer (Becton Dickinson), equipped with a 488-nm argon
laser. Data were obtained and analyzed using Cellquest software
(Becton Dickinson). Uninfected epithelial cells were discriminated
from infected epithelial cells according to light FL1 characteristics.
Atwo-tailed student’s t-test was used to assess differences between
treatments.

2.12. Internalization of latex beads

Following the procedure described by El-Shazly with some
modifications [24]. Briefly, 1 x 106 A549 cells suspended in incom-
plete RPMI 1640 medium were grown overnight on a 6-well
Multiwell Plate. Fluorescent latex beads (10 x 10% beads), beads
diameter: 1 wm; (Sigma) were coated with chosen Rv0180c pep-
tides (100 wM), by incubation in incomplete RPMI 1640 medium
at 37°C for 2 h. Peptide-coated beads were then incubated with
the cells for 3h at 37°C. Cells were washed thrice with Hank’s
balanced salt solution (HBSS) and dislodged with a 0.6% trypsin
(Sigma) and 0.2% EDTA (Sigma) solution. Cells were centrifuged at
1000 x g for 5 min and suspended in 1 mL of incomplete RPMI 1640.
Internalization of latex beads was quantified by flow cytometry.

2.13. CD spectroscopy

Each HABP was analyzed by CD to evaluate whether there was
a correlation between the conformational structures of Rv0180c
peptides and their function. CD spectra were acquired at 20°Con a
Jasco J-810 spectropolarimeter at wavelengths ranging from 260
to 190nm in 1.00-cm cuvettes [54]. Peptides were dissolved to
a 0.1 mM concentration in pure water or in 30% (v/v) TFE/water.
Each spectrum was obtained by averaging three scans taken at a
20-nm/min scan rate with 1 nm spectra bandwidth and corrected
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Fig. 1. Alignment of protein fragments from mycobacterial strains, Plasmodium falciparum and Phytophtora sojae containing the PEXEL motif. From top to bottom: Rv0180c
of M. tuberculosis H37Rv (CAB09747); hypothetical protein MAP 3616c¢ of M. avium subsp. Paratuberculosis (AAS06166.1); ABC-2 type transporter family protein of M. avium
(ABK67761.1); probable conserved membrane protein of M. leprae (CAC32132.1); conserved transmembrane protein of M. marinum (ACC38890.1); conserved transmembrane
protein of M. ulcerans (ABL036 66.1); HRP-II of P. falciparum (XP-001351080.1); RIFIN of P. falciparum (XP-001350951.1); elicitor Avr1b-1 of P. sojae (AAR05402.1); avirulence
effector protein Avr3a of P. sojae (ABQ81647.1). The numbers shown at the beginning and end of the protein fragments indicated the position of such fragment in the protein,

while numbers shown in parenthesis indicate the total length of the proteins.

for baseline deviation. The results were expressed as mean residue
ellipticity [6], the units being degrees centimeter squared per deci-
mole of residues, according to the function [#] =60, [(100Icn), where
0, is the measured ellipticity, [ is the optical path length, c is the
peptide concentration, and n is the number of amino acid residues
in the peptide sequence [65].

3. Results
3.1. Bioinformatics analysis

The Rv0180c gene consists of an open reading frame of 1359 bp
and encodes a hypothetical 452-amino-acid-long alanine- and
leucine-rich transmembrane protein with a theoretical molecular
mass of 47.59 kDa. The protein product has a grand average hydro-
pathicity (GRAVY) index of 0.482 and contains a signal peptide at
its N-terminus (signal peptide probability: 0.937) with a cleavage
site occurring most likely between positions 41 and 42 (Max cleav-
age site probability: 0.906). Sequence analysis using the TMHMM
Server v. 2.0 showed six transmembrane helices defined as fol-
lows: i25-470; 0218-240i; i269-2910; 0301-323i; i330-3520 and
0392-414i, where ‘i’ refers to inside and ‘o’ to outside. Protein
localization was confirmed by Western blot and IEM, as will be dis-
cussed later. A secondary structure prediction obtained by using the
SOPMA prediction tool indicated the presence of several a-helical
structures. The secondary structure of the HABPs found in Rv0180c
was then confirmed by CD spectroscopy.

A BLAST analysis showed 76% and 100% sequence identity of
Rv0180c with the probable conserved transmembrane proteins
Mb0186¢ from Mycobacterium bovis and ML2600c from Mycobac-
terium leprae, respectively. Among the genus Mycobacterium,
Rv0180c shares high sequence similarity with transmembrane pro-
teins of Mycobacterium marinum (81%), Mycobacterium ulcerans
(80%), Mycobacterium kansasii (82%) and hypothetical proteins of
Mycobacterium avium subsp. paratuberculosis (84%).

Moreover, two possible functional PEXEL-like motifs were iden-
tified in Rv0180c. Such motifs comprise amino acids 98-102
(RRLID) and 360-364 (RWLAQ). PEXEL-like motifs were found in
proteins from Mycobacterium spp., Plasmodium falciparum and Phy-
tophtora sojae that share high degree of sequence similarity with
Rv0180c (Fig. 1).

3.2. Identification of the Rv0180c gene in the M. tuberculosis
complex

A 346-bp band was amplified by PCR from genomic DNA of
species belonging to the M. tuberculosis complex (MTBC) using
primers specific for Rv0180c (Fig. 2A). No amplification was
observed in any of the seven strains of mycobacteria other than
tuberculosis (MOTT) tested in this study (Fig. 2A). RT-PCR assays

were performed only with PCR-positive strains and showed tran-
scription of Rv0180c among the MTBC, except in M. microti (Fig. 2B).
The rpoB gene used as positive control for RT-PCR assays was ampli-
fied in all tested strains and species from the MTBC, including M.
microti, which confirms the integrity of the cDNA tested in these
assays (Fig. 2C).

3.3. Western blotting and immunoelectron microscopy (IEM)
studies

Western blot analysis of M. tuberculosis H37Rv sonicates with
sera raised against polymeric peptides of Rv0180c (post-third
immunization sera) recognized two bands of about 48 and 63 kDa
(Fig. 3A, lane 2), whereas pre-immune sera from the same ani-
mals showed no reactivity to any mycobacterial protein. The
~48 kDa band is close to the theoretical molecular mass of Rv0180c
(47.59 kDa), while the second band is probably the result micro-

A 12 3 4 5 6 7 8 9 1011 1213 14 15 Fragment
W Length (bp)
39_ |=
iR T - - —346pb
123—1 .
B 1 2 3 4 5 6 7 8 9 10
et
gig-.: — O G e -_— — 346pb
123 — ==
c 1 2 3 4 5 6 7 8 9 10

369
w—|@WWEETT ¥ | A

123

Fig. 2. Assessment of the presence and transcription of the Rv0180c gene in the
MTBC and MOTT. (A) A 346-bp PCR product corresponding to the Rv0180c gene
was amplified from genomic DNA of strains and species belonging to the MTBC
but no amplification product was observed in MOTT. (1) 1-kb DNA ladder; (2) M.
tuberculosis H37Rv; (3) M. tuberculosis H37Ra; (4) M. bovis; (5) M. bovis-BCG; (6) M.
africanum; (7) M. microti; (8) M. flavescens; (9) M. fortuitum; (10) M. szulgai; (11)
M. peregrinum; (12) M. phlei; (13) M. scrofulaceum; (14) M. avium; (15) PCR nega-
tive control. (B) Amplification of a 346-bp RT-PCR amplicon corresponding to the
Rv0180c gene from cDNA of MTBC strains. (1) 1-kb DNA ladder; (2) M. tuberculosis
H37Rv; (3) M. tuberculosis H37Ra; (4) M. bovis; (5) M. bovis-BCG; (6) M. africanum; (7)
M. microti; (8) Negative control (M. tuberculosis DNA treated with DNAse I); (9) PCR
positive control (M. tuberculosis H37Rv DNA); (10) PCR negative control. (C) RT-PCR
amplification of the rpoB gene corresponding to the RNA polymerase ((3-subunit) as
positive transcription control in the same strains (360-bp fragment).
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Fig. 3. Expression and subcellular localization of Rv0180c. (A) Western blot analy-
ses with sera post-3rd immunization raised against polymeric peptides of Rv0180c.
Lane 1: hyperimmune sera raised against the whole M. tuberculosis sonicate; lane
2: sera obtained against peptides of Rv0180c versus M. tuberculosis sonicate; lane
3: cell membrane; lane 4: cell wall; lane 5: cytosol fraction. MWM: molecular
weight marker. (B) Top panel: control IEM assay with preimmune serum show-
ing no immunolabeling (amplification: 5000x ). Bottom panel: localization of the
Rv0180c protein in the envelope of M. tuberculosis H37Rv bacilli. Gold-labeled parti-
cles observed on mycobacterial surface are indicated by black arrows (amplification:
5000x).

heterogeneity caused by posttranslational modifications such as
the oxidation of side chains, as it has been previously reported for
other mycobacterial proteins [75], and is consistent with sequence
analyses showing that Rv0180c has several probable glycosylation
sites (Fig. 4).

Other results were obtained in immunoblotting assays with
subcellular fractions of M. tuberculosis H37Rv (Fig. 3A), where the
48-kDa band was detected only in cell wall (lane 4), while the 63-
kDaband was detected in cellular membrane (lane 3), cell wall (lane
4) and cytosol (lanes 5). An additional band on 32kDa was found in
cytosol suggesting a proteolytic process (lane 5). Protein recogni-
tion by serum raised against M. tuberculosis H37Rv sonicate (lane
1) and the molecular weight patterns are also shown in Fig. 3A.

IEM studies with serum raised against peptide 36197 showed
colloidal gold particles (10 nm) on the surface of M. tuberculosis
H37Rv bacilli (Fig. 3B, lower photograph), while no particles were
observed when the assay was carried out with pre-immune serum
(Fig. 3B, upper photograph). These results agree with the predicted
transmembrane localization of Rv0180c.

3.4. High activity binding peptides

Binding assays with 12°]-radiolabeled peptides have been
shown to be an effective way to identify and characterize peptides
of mycobacterial proteins binding specifically and with high activ-
ity to U937 and A549 cells, considering that these two cells lines
are excellent in vitro models for the study of M. tuberculosis inva-
sion [21,26,29]. Specific binding activity is defined as the slope of
the curve obtained by plotting the amount of specifically bound
125]_]abeled peptide per added '25I-labeled peptide, where pep-

Peptide

n
number Sequence

NH

Binding Activity(%)
U937 A549

-ae=erd

31022| 1 IMSQAQPRPAAPNPKRNVKA Y 20
31023 |21 | RTVRFWMAP | ATTLALMSALY 40
31024 |41 |AALYLGGI LNPMTNLRHFP1 60
31025|61 ALVNEDAGPAGQQ I VDGLVSY 80
31026 |81 |GLDKNKFD IRVVSPDEARRL Y 100
31027 (10| LDTAAVYGSAL IPPTFSSQL 120

31028
31029
31030
31031
31032
31033
31034
—| 31035

31036
u 31037
—| 31038

31039
I 31040

31041
| 31042
31043
31044

341

w
<
-

421

RDFGASAVTPTRTDRPAIT Y 140
STNPRAGTLAAS | AGQTLTRY 160
ALTVVNGKVGERLTAEVAAQY 180
TGGVALAGAAAAGLASP IDVY200
KSTAYNPLPNGTGNGLSAFY 220
YALLLLLAGFTGSIVVSTLV 240
DSMLGYVPAEFGPVYRFAEQ 260
VNISRFRTLLVKWAVMVVLAY 280
LLTSGVYLAIAHGLGMPIPL 300
GWQVWLYGVFAI IAVGVTSS 320
SLIAVLGSMGLLVSML I FVIY340
LGLPSAGATVPLEAVPAFFRY360
WLAQFEPMHQVFLGVRSLLY 380
LNGNADAGLSQALTMTS I GLY400
| IGLLLGGFITHLYDRSSFH 420
RIPGAVEMA | AVEHQAQYQA 440
EHQAQYQARQSARESSSEQP 452

COOH

Fig.4. Topology and cell binding profile of the Rv0180c protein. The topology shown on the left indicates the position of different protein domains and motifs: transmembrane
domains (unfilled bars), outer protein domains (filled bars), signal peptide (SP), and transmembrane helices predicted by the TMHMM server (gray bars). The right-hand chart
shows the specific cell binding activity of each of the Rv0180c peptides, which were named according to our institute’s serial numbering system. The specific binding activity
to A549 and U937 cells is represented by the horizontal black bars shown to the right of each peptide sequence. Numbers shown at beginning and end of the sequences
indicate the position of the peptide in the native protein. Peptides with slope of >1% were considered to be HABP. Nd: no data available due to solubility problems. Underlined

residues correspond to the HTC signals or PEXEL motifs predicted by the Scanprosite server. Possible glycosylation sites are highlighted in gray.
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Fig. 5. Saturation assays. Saturation curves obtained for HABPs 31022, 31024, 31034 and 31039, all of which bind to the U937 cell line. Saturation curves were obtained by
plotting the amount of specifically bound '2°I-HABP versus the amount of free '2°I-HABP. Inset: Hill plot, where the abscissa is log F and the ordinate is log[B/B; — B], Bm
being the maximum amount of bound peptide, B the amount of bound peptide and F the amount of free peptide.

tides showing a specific binding activity equal to or higher than
1% are considered HABPs [26,53]. Fig. 4 shows the sequences of
the 23 peptides resulting from dissecting the amino acid sequence
of Rv0180c into 20-mer-long non-overlapping peptides, with their
corresponding binding activities to U937 and A549 cells. A total of
13 HABPs were found in Rv0180c, of which peptides 31022, 31023,
31024,31026,31028,31034,31036,31039 and 31043 showed spe-
cific binding activity to both cell lines, whereas peptides 31032
and 31044 bound exclusively to A549 cells and peptides 31025 and
31041 bound exclusively to the U937 cell line.

3.5. Saturation assays

Based on the results of binding assays, HABPs 31022, 31024,
31034 and 31039 were selected in order to characterize bind-
ing interactions between Rv0180c HABPs and U937 cells (Fig. 5).
Saturation curve and Hill analysis were performed and dissocia-
tion constants (Ky) of 800, 1000, 600 and 1700 nM were obtained
for each of these HABPs, respectively. Hill coefficients (ny) of
1.34, 1.2 and 1.02 were obtained for HABPs 31022, 31024 and
31034, respectively, which suggest positive cooperativity for these
ligand-receptor interaction, whereas HABP 31039 showed neg-
ative ligand-receptor cooperativity (ny=0.8). Regarding to the
number of receptor for these HABPs on U937 cells, 7.5 x 10°,
1.6 x 10°, 9.0 x 10° and 2.5 x 106 binding sites per cell were cal-
culated for these HABPs, respectively.

3.6. Invasion inhibition assay using HABPs

Invasion inhibition assays were carried out with HABPs
31022-31026, 31028, 31032, 31034, 31036, 31039, 31041 and
31043 in order to evaluate the effect of HABPs on mycobacterial
invasion of either A549 or U937 cells. Peptides 31027 and 31032
were used as negative controls for invasion inhibition assays in
A549 and U937 cells, respectively. In general, HABPs 31023, 31024
and 31026 inhibited invasion of A549 and U937 cells, while no
decrease in the invasion to either cell line was observed in assays

with HABP 31022, probably due to its possible role as signal peptide
(Fig. 6). HABPs 31023, 31024, 31025, 31026, 31036, 31039, 31041
and 31043 inhibited of invasion of U937 cells at all tested con-
centrations (Fig. 6, upper), however only HABPs 31025 and 31026
showed a concentration-dependent inhibition behavior. Likewise,
HABPs 31023, 31024, 31026, 31028,31032, 31034 and 31039 were
able to decrease significantly invasion of A549 cells by M. tubercu-
losis (Fig. 6, lower).

3.7. Internalization of HABP-coated latex beads by HeLa cells

Previous studies have shown the utility of using fluorescent
protein-coated latex beads to study uptake and internalization of M.
tuberculosis proteins by non-phagocytic cells (HeLa cells) [19,24],
hence, in this study we wanted to determine if latex beads coated
with purified synthetic peptides of Rv0180c were internalized by
A549 cells. A total of fifteen peptides of Rv0180c were analyzed
in internalization assays, finding a maximum internalization peak
of 20.24 4+ 2.25% for HABP 31024 and a minimum internalization
percentage of 0.9 +0.2% for peptide 31031 (Fig. 7). Amodified inter-
nalization assay (control treatment) that consisted in incubating
cells with the peptide directly with the cells and then adding latex
beads was carried out, in order to differentiate the peptide’s effect
on these cells, i.e., to determine if latex bead internalization was
induced by the peptide coating the latex beads or by the pep-
tide alone. As it can be observed in Fig. 7, HABPs 31022-31024,
31026, 31034, 31036 and 31043 caused significant internalization
of latex beads, whereas the internalization percentage of the con-
trol treatment was always lower than the percentages obtained
with peptide-coated beads. Not all HABPs induced significant inter-
nalization of latex beads, which suggests that only some HABPs of
Rv0180c may have important roles during cell invasion.

3.8. Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy was used to obtain infor-
mation about the secondary structure for all the non-overlapping
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Fig. 6. Invasion inhibition assays. (A) Percentage of mycobacterial invasion to U937 cells with different concentrations of Rv0180c HABPs. (B) Percentage of mycobacterial
invasion to A549 cells with different concentrations of Rv0180c HABPs. Cytochalasin D (actin polymerization inhibitor) is used as positive control of invasion inhibition
(crisscross grid). The results correspond to the average percentage of invasion calculated for each treatment + standard deviation. *p <0.05; **p <0.01, according to a two

tailed student’s t-test.

peptides of Rv0180c. In general, Rv0180c peptides displayed differ-
ent CD profiles in water (data not shown), which corresponded to
their typical structural organizations that were further stabilized in
30% TFE solution. Fig. 8A shows the CD profiles of all the peptides
displaying spectra typical of a-helical structures. These results are
in agreement with the secondary structure predicted for Rv0180c
by the self-optimized prediction method with alignment (SOPMA),
however SOPMA predicted more a-helices that those identified by
CD (Fig. 8B). No -sheet profiles were identified in the CD spec-
tra of any of the peptides. SOPMA is a useful tool for predicting
the secondary structures of proteins, but its predictions should

Treatments

M Latex beads coated with peptide
W Control

[ Uncoated latex beads

0 5 10 15 20 25
Latex beads intemalization (%)

Fig. 7. Percentages of peptide-coated latex beads internalized by A549 cells. A549
cells were independently incubated with peptides and then with uncoated latex
beads as control treatment. The results correspond to average internalization cal-
culated for each treatment+SD.*p <0.01; **p <0.001, according to a two tailed
student’s t-test.

be confirmed and supported by a robust methodology such as CD
spectroscopy, as performed in this study.

4. Discussion

TB continues to be one of the major causes of disease worldwide
despite the existence of effective drug treatments and vaccination
with the Calmette-Guérin (BCG) bacilli, which has been given to
more people than any other vaccine in the history of human kind
[40]. Vaccination with BCG has varying protective efficacy against
pulmonary TB in adults, which together with the high cost and
log-term administration of anti-TB drug treatments, made it nec-
essary to develop new and improved prophylactic and therapeutic
strategies to control the spread of this disease.

Some of the most efficient anti-TB treatments are targeted
to mycobacterial wall and protein synthesis. Many studies have
screened the M. tuberculosis H37Rv proteome in the search for
candidate molecules to design novel prevention strategies and
treatment options for TB. Despite all efforts, little is known about
the role played by M. tuberculosis proteins in host-cell invasion and
survival of bacilli inside macrophages and epithelial monocytes.
Surface proteins act both as interface and barriers between the bac-
teria and the host cell, thus they have become subjects of intense
research [15]. Bearing this in mind, our group has determined
the presence, transcription and expression of five M. tuberculosis
membrane proteins: Rv2004c, Rv2536, Rv1510c, Rv2560, Rv2707,
Rv1980c and Rv0679c [12,18,26,29,53,58,70]. In addition, the bind-
ing profiles of each of these proteins to A549 and U937 cell lines has
been determined by means of binding assays with non-overlapping
synthetic peptides spanning the entire length of each protein. Such
studies constitute an initial step in the rational selection of compo-
nents for a subunit-based chemically synthesized anti-TB vaccine
and are waiting for future trials in animal models.

This study focused on Rv0180c, which is an alanine- and leucine-
rich protein that is hypothesized to be a transmembrane protein
because of its hydrophobic character (GRAVY score: 0.48), the pres-
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ence of six predicted transmembrane helices and homology to the
probable conserved transmembrane proteins ML2600c from M. lep-
rae and Mb0186¢ from M. bovis. In this study the localization of
Rv0180c in the surface of M. tuberculosis was confirmed by I[EM.

Sequence analysis using bioinformatics tools shows the pres-
ence of a PEXEL-like motif, which has not been previously reported
in mycobacterial proteins. In general, the PEXEL motif has been
shown to have a targeting and signaling function in other intracel-
lular parasites such as P. falciparum and P. infestans. In P. falciparum
the PEXEL motif has been involved in the delivery, export and
trafficking of parasite proteins to the host cells [35,46,77], which
makes it plausible to suppose a similar function for this motif in the
mycobacterial protein Rv0180c. The presence of this motif was also
found here in Rv0180c homologues from five other virulent strains
of mycobacteria; however, the possible role of this motif during
mycobacterial invasion or survival inside target cells has not been
studied up to date. Consequently, the presence, transcription and
expression of the Rv0180c gene in virulent and avirulent mycobac-
terial strains were assessed by PCR amplification. The Rv0180c
gene was identified in species and strains belonging to the MTBC,
except for M. microti. Gene transcription was detected in the same
MTBC strains. The recognition of Rv0180c by the sera raised against
peptides derived from Rv0180c in Western blot analysis of M. tuber-
culosis H37Rv sonicates confirms the expression of the encoded
protein in M. tuberculosis H37Rv. The same sera confirmed the pres-
ence of Rv0180c in the surface of M. tuberculosis H37Rv bacilli by
IEM, thus showing that both the native and denatured forms of the
protein were being recognized.

A noteworthy number of 13 HABPs out of the total 23 peptides
comprising the sequence of Rv0180c were identified in binding
assays with A549 and U937 cells. Nine of the 13 HABPs were spe-
cific for both cell lines, two for A549 cells and two for U937 cells.
Saturation assays with HABPs showed a strong binding cooperativ-
ity, as shown by the dissociation constants and Hill coefficients of
four of these HABPs.

There are several well known receptors for M. tuberculosis in
macrophages, such as complement receptors (Crs), Mannose recep-
tors (Mrs), Surfactant protein A receptors (SP-A receptors), and

CD14 among others, that could be interacting and affecting the
macrophage response to invasion by this pathogen [11,25]. Addi-
tional studies would allow testing the role and importance of the
interaction between the Rv0180c HABPs herein identified and dif-
ferent host-cell surface receptors. Moreover, internalization assays
with latex beads coated with Rv0180c HABPs suggest that these
peptides could be mediating uptake and internalization of latex
beads by A549 cells, thus supporting a possible role of Rv0180c
HABPs in the invasion of mammalian cells.

In addition to the possible role of Rv0180c in adapting the host
macrophage to the needs of the invading M. tuberculosis bacilli, pro-
tein regions having high binding activity to host-cell receptors were
also able to significantly inhibit invasion of human macrophages
by M. tuberculosis H37Rv, therefore supporting a possible key role
of these protein regions in macrophage invasion and targeting of
Rv0180c to the surface of M. tuberculosis bacilli. According to CD
spectroscopy studies and SOPMA predictions, the secondary struc-
ture of the protein contains seven a-helical peptides, which further
supports the transmembrane localization of Rv0180c.

With the aim of blocking completely the mycobacterium entry
to target cells, taking into account the variety of entrance alter-
natives that this microorganism present, our proposal is based on
the identification of protein fragments, which interact with host
cells. The proteins of departure will be those that are potentially
used by mycobacteria due to its localization characteristics [63], or
proposed in previous articles or bioinformatics analyses [57,71], to
establish an initial contact with the host cell.

It has been reported that a considerable number of secreted pro-
teins are protective antigens, and therefore have been considered
as attractive candidates to develop subunit vaccines [3,33,36], or
proteins that bind to the host cell and that can be used in design-
ing diagnostic methods [62] Moreover, they are hypothesized to
mediate mycobacterial entry into the host cell [59].

The methodology used here for identifying binding fragments
from the selected proteins has been previously applied in P. falci-
parum studies [4,28,30,31,44,55,68,69], Plasmodium vivax [48,67]
and M. tuberculosis [12,18,26,49,50,53,58,70]. In the case of P.
falciparum, identified sequences have been the base to the ratio-
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nal design of subunit-based, multiantigenic, multistage chemically
synthesized vaccines, and a universal methodology has been pro-
posed, that might be applied to prevent different infectious diseases
[13,51,52]. For M. tuberculosis proteins, and specifically for Rv0180c,
identified HABPs capable of inhibiting mycobacterial entry to host
cells could be included in immunological studies using animal mod-
els, to assess their potential as components of a subunit-based
anti-tuberculous vaccine.

The use of HABPs-based sequences in tuberculosis is supported
on the fact that the immune response against extracellular microor-
ganisms has been proposed to be mainly mediated by antibodies,
while the cellular immune response is directed against intracel-
lular microorganisms. However, it is not clear if, in vivo, there is
a total independence between the immune response mediated by
antibodies and the immune response mediated by cells [39,45];
therefore, taking into account the variety of broad interactions
of B lymphocytes with cellular immunity, B cells might have a
significant impact on the outcome of airborne challenge with M.
tuberculosis, as well as in the resultant inflammatory response.
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