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Mycobacterium tuberculosis is responsible for nearly 3 million
human deaths worldwide every year. Understanding the mecha-
nisms and bacterial factors responsible for the ability of M. tuber-
culosis to cause disease in humans is critical for the development
of improved treatment strategies. Many bacterial pathogens use
pili as adherence factors to colonize the host. We discovered that
M. tuberculosis produces fine (2- to 3-nm-wide), aggregative,
flexible pili that are recognized by IgG antibodies contained in sera
obtained from patients with active tuberculosis, indicating that the
bacilli produce pili or pili-associated antigen during human infec-
tion. Purified M. tuberculosis pili (MTP) are composed of low-
molecular-weight protein subunits encoded by the predicted M.
tuberculosis H37Rv ORF, designated Rv3312A. MTP bind to the
extracellular matrix protein laminin in vitro, suggesting that MTP
possess adhesive properties. Isogenic mtp mutants lost the ability
to produce Mtp in vitro and demonstrated decreased laminin-
binding capabilities. MTP shares morphological, biochemical, and
functional properties attributed to bacterial pili, especially with
curli amyloid fibers. Thus, we propose that MTP are previously
unidentified host-colonization factors of M. tuberculosis.

adherence � antigen � laminin � amyloid

Tuberculosis remains the most devastating bacterial cause of
human mortality (1). Despite improved diagnosis, surveil-

lance, and treatment regimens, the incidence of TB increases
annually (2). The ability to combat this deadly pathogen hinges
on the dissection and understanding of the mechanisms of
pathogenesis for Mycobacterium tuberculosis. Central to the
ability of the microbe to cause disease is the capability to survive
and replicate within macrophages by avoiding lysosomal fusion
with the mycobacteria-containing phagosome (3). M. tuberculo-
sis interacts with and invades various human and animal epithe-
lial cells in culture and appears to possess multiple mechanisms
of entry into macrophages (4–6). Despite these long-standing
and recent observations, very little is known regarding host–
microbe interactions and events between M. tuberculosis and host
cells before survival and replication within the macrophage.
Furthermore, the specific bacterial adhesins involved in the
complex interplay between M. tuberculosis and the human host
are largely unknown. Nevertheless, a few potential adherence
factors are considered, including a heparin-binding hemagglu-
tinin (HBHA), a fibronectin-binding protein family or antigen 85
complex, and the subfamily of polymorphic acidic, glycine-rich
proteins, called PE�PGRS. HBHA is a surface-exposed protein
that is involved in binding of the bacillus to epithelial cells but
not to phagocytes (7–9), and the experimental data available
suggest that HBHA is important in extrapulmonary spread after
the initial long-term colonization of the host. Fibronectin-
binding proteins, first identified as the 30-kDa or �-antigen (10,
11), are mycolyltransferase enzymes (12) that can bind to the
extracellular matrix (ECM) protein fibronectin in vitro (11). This
property may represent a mechanism of tissue colonization. The
surface-exposed PE�PGRS proteins are found in M. tuberculosis

and Mycobacterium bovis (13–16). M. bovis bacillus Calmette–
Guérin with a mutation in the PE�PGRS gene Rv1818 was found
to be less aggregative in liquid culture and showed reduced
ability to infect J774 macrophages (14). The M. tuberculosis
PE�PGRS protein encoded by the ORF Rv1759c also shows
fibronectin-binding properties (17).

Many bacteria pathogenic to plants and animals produce
polymeric adhesive organelles termed pili, or fimbriae, to facil-
itate the initial attachment and subsequent successful coloniza-
tion of eukaryotic cells (18). Pili are polymeric, hydrophobic,
proteinaceous structures generally composed of a major repeat-
ing subunit called pilin and, in some cases, a minor tip-associated
adhesin subunit. Pili are involved in many virulence-associated
functions, such as agglutination of human and animal erythro-
cytes, bacterial aggregation, biofilm formation, adherence, and
colonization of mucosal surfaces (18, 19). Because of their key
role in bacterial pathogenesis, pili are viewed as virulence factors
and, therefore, as important targets for vaccine development
(18). It is widely held that mycobacteria do not produce pili.
Here, we provide compelling ultrastructural, biochemical, and
genetic data that show that M. tuberculosis produces pili, whose
pilin subunit is encoded by the Rv3312A gene. Sera from
convalescent TB patients contain antibodies that specifically
react to the previously unidentified fibrous organelle. Further-
more, the role of MTP as adhesive structures is supported by our
findings that purified MTP bind to the extracellular matrix
protein laminin and that mtp mutants are unable to bind to
laminin. In all, our data suggest that MTP could be used by the
mycobacteria as a mechanism to colonize the human host.

Results
M. tuberculosis Cells Produce Pili. Pili are present on many bacteria
that cause disease in the human respiratory tract including the
Gram-positive pathogens Group B Streptococcus and Coryne-
bacterium diptheriae (20, 21); this latter being a close relative of
Mycobacterium in terms of phylogeny and complex cell-wall
architecture (22). Previous ultrastructural analyses have sug-
gested that pathogenic mycobacteria produce fibers reminiscent
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of pili (23, 24). We investigated the production of pili in M.
tuberculosis cells propagated under various standard culture
conditions by negative staining and transmission electron mi-
croscopy (TEM). We found that M. tuberculosis H37Rv, when
grown for 2–3 weeks on Middlebrook 7H10 or 7H11 solid
mycobacteriological medium, produced a dense fibrillar mesh-
work composed of thin (2- to 3-nm-wide), coiled-coil, aggre-
gated fibers, resembling pili that extended many microns away
from the bacterial surface (Fig. 1A). These organelles were
named Mycobacterium tuberculosis pili or MTP. At least 10% of
individual mycobacteria (n � 100) examined under these culture
conditions produced these MTP structures. Similar structures
were seen in avirulent strain H37Ra (Fig. 1B) and the clinical
isolate CDC1551 (Fig. 1C), suggesting that MTP production is
a common property among M. tuberculosis strains. The mor-
phology of MTP is strikingly similar to that of the well charac-
terized pili called curli produced by Escherichia coli and Salmo-
nella enterica (25, 26).

M. tuberculosis ORF Rv3312A Encodes the MTP Structural Subunit.
MTP was isolated from M. tuberculosis by using mechanical
shearing and differential centrifugation techniques commonly
used to prepare pili from other microorganisms (27). Because of
the lipid-rich nature of the M. tuberculosis cell wall, an additional
extraction step involving chloroform and methanol was per-
formed to remove unwanted lipids from the pili preparation.
Copious amount of intact pili were observable by TEM in the
chloroform/methanol-insoluble MTP fraction (Fig. 1D). How-
ever, after analysis by SDS/PAGE and Coomassie brilliant blue
and silver staining procedures, no obvious MTP monomer in the
range typical for pilins, 10–25 kDa, was obtained [see supporting
information (SI) Fig. 5]. Thus, it appears that MTP are not
readily dissociated into subunits by standard reducing and
denaturing conditions, a characteristic consistent with the bio-
chemical properties known for curli and type I pili (26, 28).

Because of the difficulty in dissociating MTP into monomeric

subunits, we sought to identify the nature of the pilin subunit by
direct analysis using liquid chromatography-tandem mass spec-
trometry of acid hydrolysates from purified MTP (SI Fig. 6).
Three independently prepared pili-enriched fractions produced
a mass spectrum (SI Fig. 6A) associated with a peptide fragment
having a monoisotopic mass (Mr) of 1,086.55 Da and a sequence
of PGAAPPPPAAGGGA (SI Fig. 6B). The MTP-associated
sequence corresponded to the carboxyl terminus of a predicted
protein of 10.5 kDa encoded by M. tuberculosis H37Rv ORF
Rv3312A (herein called mtp) (SI Fig. 6C) (13). The MTP-
associated protein is predicted to have a transmembrane domain
located between residues 10 and 30 (SI Fig. 7). These are traits
consistent with a pilin protein (29). Affinity-purified antibodies
produced against a peptide containing amino acids 60–79 (SI
Fig. 6C) of the identified mtp-encoded protein, specifically
detected a 5-kDa product in Western blots of purified MTP (SI
Fig. 8). Preimmune serum did not react with protein (SI Fig. 8A,
lane 2). This result is in agreement with the MS/MS analysis of
MTP and suggests the presence of a cleaved signal sequence or
other proteolytic modification of the prepilin, Mtp. These ob-
servations regarding the molecular mass of the mature mtp-
encoded protein are also consistent with the internal amino
terminus sequence noted in the reannotation of this particular
M. tuberculosis ORF (30). ImmunoGold electron microscopy
experiments provided further evidence that the mtp gene prod-
uct is the MTP structural subunit, because Mtp peptide-specific
antibodies bound to purified fibers (SI Fig. 8B). Nearly all of the
gold particles are seen decorating individual filaments. In con-
trast, no labeling was obtained with preimmune serum (data not
shown). To further confirm these findings, M. tuberculosis
H37Rv mtp was amplified from chromosomal DNA, cloned, and
expressed as a recombinant His6-tagged protein in E. coli BL21.
The recombinant His-Mtp migrated with an apparent molecular
mass of 14.5 kDa (SI Fig. 8C, lane 2) and reacted specifically with
anti-Mtp peptide-specific antibodies (anti-Mtp) by Western blot-
ting (SI Fig. 8C, lane 3). The fact that recombinant Mtp ran as
a full-length product suggests that E. coli lacks the mechanism
for the putative cleavage of the Mtp prepilin because the mature
molecule from purified MTP migrates at 5 kDa. Taken together,
these data show that MTP are composed of the mtp (Rv3312A)
gene product in M. tuberculosis.

Rv3312A Is Required for Production of MTP Fibers in M. tuberculosis.
To provide genetic evidence of the role of mtp in production of
the fibers, mtp of H37Rv and the homologous ORF MT3413 of
CDC1551 were targeted for mutation by means of specialized
transduction (31). The mutations were confirmed by PCR using
internal gene-specific primers and flanking primers (SI Fig. 9),
and the effect of the deletion on the ability of the mutants to
produce pili was determined by TEM and Western blotting.
Neither H37Rv� mtp nor CDC1551� mtp were able to produce
MTP (Fig. 2 A and B), and no synthesis of the subunit occurred
in the mutants (Fig. 2C). Lastly, surface production of Mtp in the
wild-type strains and lack thereof in the derivative mtp mutants
was confirmed by flow cytometry using anti-Mtp antibody (Fig.
2D). Eighteen percent of H37Rv and 20% of CDC1551 cells
analyzed (n � 50,000), expressed MTP on their surface, whereas
the mtp mutants lacked detectable MTP (Fig. 2E).

M. tuberculosis Pili Bind to Laminin. Pili mediate specific recogni-
tion of host-cell receptors facilitating close contact and tissue
colonization (18, 32). Previous studies have shown that M.
tuberculosis preferentially attaches to and invades damaged areas
of the human respiratory mucosa in an organ culture system (33).
In these instances of tissue damage, ECM proteins may be more
highly exposed than in healthy tissue. Purified MTP was tested
for its ability to interact with ECM proteins by using an
ELISA-based assay. We found that MTP has a strong dose-

Fig. 1. Demonstration of pili production by M. tuberculosis strains. Trans-
mission electron micrographs of negatively stained M. tuberculosis strains
H37Rv (A), avirulent H37Ra (B), clinical isolate CDC1551 (C), and purified MTP
(D). Black arrows point to MTP pili fibers. (Magnification: �45,000.)
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dependent affinity for laminin (Fig. 3A) but lacked significant
binding affinity for fibronectin or type IV collagen. To deter-
mine whether the laminin-binding property observed for the
native MTP fibers was attributable to the mtp gene product, the
ability of M. tuberculosis H37Rv� mtp and CDC1551� mtp to
bind laminin were compared with the wild-type parental strains
by using flow cytometry. It was found that both mtp mutants
demonstrated a 40-fold reduction in laminin-binding capacity
versus the wild-type strains (Fig. 3 B and C). These data suggest
that MTP mediates adhesion of M. tuberculosis to the extracel-
lular matrix, an event that would facilitate direct interaction
between the bacilli and the host epithelium during TB infection
in the lung or other tissues.

Sera from TB Patients Contain MTP-Reactive IgG Antibodies. During
TB infection, M. tuberculosis-specific molecules are recognized
as antigens by the host immune system and induce the produc-
tion of antibodies. The presence of these antibodies represents
a powerful indication that the antigen is produced during natural
infection. If M. tuberculosis produces MTP during infection of
the human host, it would be possible to detect anti-Mtp anti-
bodies in sera collected from TB patients. Thus, MTP was used
in immunofluorescence (IF) microscopy experiments using sera
from TB patients (n � 36) in various stages of treatment to detect
antibody-MTP complexes. Sera from healthy donors (n � 5)
were used as negative controls. Among the 36 individual TB
patient sera tested, 60% produced a positive reaction defined by
the presence of a characteristic fibrous meshwork of intense
fluorescence (Fig. 4A). In contrast, none of the control sera gave
a positive reaction with MTP because no fluorescent fibers were
observed (Fig. 4B). No reactivity was obtained between purified
MTP and goat anti-human IgG Alexa Fluor conjugate (in the

absence of human sera), confirming the specificity of the IF
reaction (data not shown).

ELISA was used to determine the titer of anti-MTP IgG in the
panel of TB patient sera. It was observed that 60% had anti-MTP
IgG titers �3,200, whereas healthy control sera did not react
significantly with MTP (Fig. 4C). As predicted, nearly all of the
human sera that displayed positive reactivity to MTP by IF had
ELISA anti-MTP IgG titers of 3,200 or greater (Fig. 4C). The
finding that MTP-specific antibodies were found in human sera
obtained from TB patients provides compelling evidence that
MTP are immunogenic and are produced by M. tuberculosis
during infection of the human host. Showing that MTP are
antigenic is supported by the reannotation of Rv3312A as a
secreted antigen (30).

Discussion
Pili-mediated attachment to phagocytic cells is important for
host-defense mechanisms either through direct pilus–
macrophage interaction or by the presence of anti-pilin opso-
nizing antibody (19). It is well documented that M. tuberculosis
adheres to and invades macrophages and epithelial cells; how-
ever, the bacterial factors involved in the colonization of the host
are largely unknown. Here, we provide compelling ultrastruc-
tural, biochemical, and genetic data that support the notion that
M. tuberculosis produces pili, herein called MTP, and this
observation has important implications regarding our under-
standing of both pathogenesis and basic physiology of the
tubercle bacillus.

Although much study has been devoted to the identification of
cell surface components involved in virulence of and protective
immunity against M. tuberculosis, the majority of studies have
been conducted on the complex lipids associated with the cell

Fig. 2. Isogenic M. tuberculosis mtp mutants lack production of pili fibers. (A and B) Electron micrographs of H37Rv� mtp (A) and CDC1551� mtp (B) showing
no filamentous structures. (Magnification: �25,000.) (C) Anti-Mtp Western blot of whole bacteria extracts showing production of the pilus protein in H37Rv (lane
1) and CDC1551 (lane 3) and absence of the pilin in both H37Rv� mtp (lane 2) and CDC1551� mtp (lane 4). (D) Surface detection of MTP in wild-type parental
and derivative mtp deletion strains by flow cytometry (n � 50,000) using anti-Mtp antisera. MTP–antibody complexes were detected by using Alexa Fluor
conjugate. (E) Plot of the flow cytometry values obtained in D.
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wall (34–36). The lipid-rich cell wall of mycobacteria has been
described as wax-like, and many ultrastructural analyses at-
tempted to relate visible structures with known cell-wall chem-
ical entities (23, 37, 38). These glycopeptidolipids or mycosidic
surface teguments of mycobacteria often appeared fibrillar and,
unlike MTP, are transparent by TEM (23, 37–39).

Recently, pili have been identified in Gram-positive Group B
Streptococcus and C. diphtheriae (20, 21, 40). Assembly of pili in
these pathogens is associated with sortase genes, whose products
are involved in covalent linkage of the pilins to the cell wall
peptidoglycan (20, 21, 40). Because M. tuberculosis lacks any
identifiable sortase-encoding genes (41), it is unlikely that MTP
are assembled in a sortase-dependent manner. Because M.
tuberculosis has a unique cell-wall architecture, it remains pos-
sible that the Mtp assembly factors are not similar to known pili
assembly genes. Further studies screening M. tuberculosis mu-
tants for the loss of MTP expression could reveal the factors
required to assemble the MTP structures.

The ORF that encodes Mtp in the M. tuberculosis H37Rv was
annotated as Rv3312A (herein called mtp) and deletion of this
ORF in two virulent strains abrogated production of MTP. mtp
is not organized in an operon or clustered with genes that are
generally associated with pili biogenesis. Thus, it is possible that
the biogenesis genes are scattered away from mtp on the M.
tuberculosis chromosome, as is the case of the biogenesis genes
of type IV pili of Pseudomonas aeruginosa (19). Among the
available mycobacterial genome databases, the mtp gene is
present only in M. tuberculosis, M. bovis, and Mycobacterium
avium ssp paratuberculosis but was not found in Mycobacterium
smegmatis by using BLAST analysis. This suggests that MTP
production may be limited to pathogenic mycobacteria.

Fig. 3. MTP binds to laminin. (A) ELISA-based assay to measure the binding
of increasing concentrations of fibronectin (�), laminin (■ ), and collagen type
IV (Œ) to MTP-coated plates. Binding was detected by using either rabbit
anti-fibronectin, anti-laminin, or mouse anti-collagen type IV. All ELISA values
given are averaged from triplicate experiments. Error bars represent the
standard deviation from the mean. (B) Flow cytometry demonstration of
binding of laminin to MTP-producing M. tuberculosis but not to mtp mutants.
Binding to fibronectin and collagen was negligible (n � 50,000). Binding was
determined by using anti-ECM antibodies described above followed by de-
tection using Alexa Fluor conjugate. (C) Bars indicate relative Alexa Fluor
signal from flow cytometry. Data are presented from triplicate experiments.

Fig. 4. MTP are produced during human TB infection. (A) IF showing that
MTP incubated with TB patient sera produced fluorescent MTP fibers. (B) No
reaction was observed when MTP was incubated with sera from healthy
donors. (Original magnification: �1,000.) (C) Sera from TB patients (n � 36)
and from healthy donors (n � 5) were tested for anti-MTP IgG antibodies by
ELISA. Most of the patients’ sera (60%) showed a significant IgG titer against
immobilized MTP fibers. Results obtained at sera diluted 1:3,200 are shown.
The horizontal line represents the cut-off value of two times the average ELISA
reading of healthy control sera. All of the sera positive by ELISA produced a
positive IF reaction as shown in A.

5148 � www.pnas.org�cgi�doi�10.1073�pnas.0602304104 Alteri et al.



It is not surprising that Mtp lacks homology to known pilins
because of the fact that few Gram-positive pili have been
molecularly characterized. The Mtp protein does, however,
possess many characteristics of pilin molecules. Namely, it is a
low-molecular-weight protein that undergoes processing, 60% of
the amino acid sequence is hydrophobic, and it contains two
cysteine residues at the carboxy terminus, which may be impor-
tant for disulfide formation and protein stability.

In several respects, MTP resembles a unique pili family of
bacterial amyloids called curli (42). Properties in common are (i)
MTP and curli are morphologically indistinguishable; they are
both highly sticky, aggregative, and insoluble fibers; (ii) both pili
types bind laminin (25, 43); the interaction between MTP and
laminin could be attributed to the presence of a collagen-like
repeat beginning at residue 30 of the Mtp protein. Additionally,
binding to laminin may be an important feature of M. tubercu-
losis, and evidence exists to suggest that another protein, malate
synthase, is also a laminin-binding adhesin (44) that is recog-
nized by antibodies contained within TB patient sera (45); (iii)
both pili types bind Congo red dye (data not shown), a property
associated with bacterial aggregation and human amyloidogenic
proteins; and (iv) biochemically, although no obvious primary
sequence homology between MTP and curli exists, both proteins
contain large numbers of glycine and proline residues, which
account for the hydrophobicity that is a common property
of pilins.

Several bacterial pili have been shown to bind ECMs. During
TB, an orchestrated inflammatory cell-mediated immune re-
sponse is generated by the host in an attempt to contain the
infection within a granuloma. Exposure of ECMs during tissue
damage due to inflammatory immune responses may present
targets for binding of invasive pathogens, like M. tuberculosis, to
host tissues. We demonstrated that purified MTP and piliated M.
tuberculosis strains bound to laminin. Thus, the sticky nature of
MTP and its ability to bind laminin are adhesive properties.

If MTP-mediated events are critical for M. tuberculosis to estab-
lish TB infection, as in other microbes, then Mtp could be consid-
ered an attractive vaccine candidate. Because MTP are produced
in vivo, and the M. tuberculosis habitat is the human body and is
transmitted directly from person to person, it is likely that pili play
an important role in some aspect of human TB infection. Further-
more, TB patients contain antibodies to the native MTP antigen,
providing evidence that the pili are produced in vivo. In support of
their possible role in M. tuberculosis pathogenesis, studies have
shown that M. tuberculosis mutants in the two component signal-
transduction system PhoPR are attenuated in vivo (46, 47) and that
mtp (Rv3312A) is among 44 genes positively regulated by that
system (46). From the knowledge of how pili function for other
bacterial pathogens and the studies presented here, it is reasonable
to surmise that M. tuberculosis, like many bacterial pathogens, could
use structural organelles known as pili to facilitate colonization of
the human host.

Materials and Methods
Strains and Culture Conditions. M. tuberculosis H37Rv (virulent)
and H37Ra (attenuated) are laboratory strains and M. tubercu-
losis strain CDC1551 is a recent clinical isolate, whereas M.
smegmatis mc2155 is a saprophyte. Culture and manipulation of
virulent strains were performed under standard biosafety level
3 (BSL-3) laboratory procedures. M. tuberculosis was propagated
on Middlebrook 7H10 or 7H11 complete agar media (Difco,
Sparks, MD) containing 10% oleic acid, albumin, dextrose,
catalase (OADC) and Tween 80 (Tw) for 2–3 weeks at 37°C in
a humidified incubator containing a 5% CO2 atmosphere. M.
smegmatis was grown on 7H10 agar. All cultures were Gram and
Ziehl–Neelson stained to confirm their purity.

Electron Microscopy and ImmunoGold Labeling. For ultrastructural
analyses by TEM, virulent M. tuberculosis strains were first fixed
in 4% paraformaldehyde (Ted Pella, Redding, CA). Ten micro-
liters of a bacterial suspension or pili preparation were negatively
stained with 1% phosphotungstic acid (pH 7.4) on 300-mesh
carbon formvar copper grid (Ted Pella) and viewed by using a
CM12 electron microscope (Philips, Eindhoven, The Nether-
lands) at 80 kV at the University of Arizona Electron Microscopy
Core Facility. For ImmunoGold labeling, samples were incu-
bated for 1 h with a 1:10 dilution of primary antibody, followed
by 1-h incubation with the anti- rabbit IgG 10-nm gold conjugate
(BBL, Cockeysville, MD) (48).

Preparation of Purified MTP. MTP were purified by a procedure
previously described, with modifications (27). Briefly, M. tuber-
culosis H37Ra was cultured in 7H9-OADC-Tw at 37°C with
shaking for 48–72 h. The starter culture was used to inoculate
100 7H11 agar plates, as lawns, modified by the exclusion of
OADC and incubated for 2 weeks as described above. The
bacteria were harvested by using a sterile glass spreader and
suspended in 200 ml of PBS. The suspension was divided into
25-ml aliquots, and the pili were mechanically sheared from the
bacterial surface by vigorous vortexing for 5 min in 50-ml conical
tubes containing 1 cc of sterile 3-mm glass beads. After shearing,
the bacterial suspensions were centrifuged at 3,000 � g for 1 h,
and the supernatant was collected. Bacterial pellets were washed
with PBS to recover more pili, and the supernatants were pooled.
Remaining bacterial cells and debris were eliminated by two
centrifugations at 3,000 � g, followed by a centrifugation at
18,000 � g for 10 min. Contaminating lipids were removed after
vigorous mixing for 1 h with an equal volume of chloroform/
methanol (2:1). After centrifugation at 18,000 � g for 30 min to
partition phases in 35-ml centrifuge tubes (Fisher, Rockville,
MD), the aqueous and interphase fractions were carefully col-
lected and extracted twice more, and the soluble material (lipids)
in the organic solvents was discarded. The final aqueous and
interphase fractions were ultracentrifuged at 120,000 � g for 3 h
at 4°C in a Ti-56 fixed angle rotor (Beckman, Fullerton, CA). The
resulting MTP-enriched pellets (as determined by TEM) were
resuspended in PBS and analyzed by 16% SDS/PAGE (49) or
Tricine-PAGE. Protein concentrations were determined by the
BCA protein assay (Pierce, Rockford, IL).

Antibody Production and Western Blotting. An immunogenic por-
tion of the pilin was selected from the deduced protein sequence
of ORF Rv3312A. The peptide CHDDFHRDSDGPDH-
SRDYPG (residues 60–79 of ORF Rv3312A) was synthesized
and conjugated to keyhole limpet hemocyanin (KLH) to obtain
rabbit polyclonal peptide-specific antisera (Zymed, San Fran-
cisco, CA) by using TiterMax adjuvant (CytRx). For Western
blotting, 100 �g of total protein or normalized bacterial suspen-
sions were electrophoresed in 16% polyacrylamide gel, blotted
onto a PVDF PSQ membrane (Millipore, Bedford, MA), and
reacted for 1 h with prebleed or immune sera (anti-Mtp peptide)
diluted 1:2,500. Next, goat anti-rabbit IgG HRP conjugate
(Pierce) diluted 1:20,000 was added for 1 h and the reaction
detected with a chemiluminescent substrate (Pierce).

IF. Fifty micrograms of enriched MTP fibers were dried onto
sterile 12-mm glass coverslips (Fisher) before fixation in 3–4%
paraformaldehyde. TB patient sera (n � 36) or healthy (PPD-
negative) donor sera (n � 5) were used as primary antibodies at
1:1,000 dilutions in PBS containing 10% FBS. After 1-h incu-
bations and washes with PBS, goat anti-human IgG Alexa Fluor
488 conjugate (Molecular Probes, Eugene, OR) was added for
1 h. The samples mounted for IF visualization with UV light on
a TE 2000S microscope (Nikon, East Rutherford, NJ) (48).
Images were obtained as TIFF files by using Metacam software
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and adjusted for consistent contrast by using Photoshop 7.0
(Adobe Systems, Mountain View, CA).

ELISA. Flat-bottom ELISA plates (Greiner, Monroe, NC) were
coated overnight at 4°C with 1.5 �g per well of MTP in 150 mM
carbonate buffer, pH 9.5. After washing and blocking, the wells
were incubated with serial dilutions of human sera, followed by
incubation with the secondary antibody (DAKO, Glostrup,
Denmark). The reaction was developed with TMB single solu-
tion substrate (Zymed) and stopped with 1 M HCl before
reading absorbance at 450 nm by using a microtiter plate reader
(Bio-Rad, Hercules, CA). Background absorbance from empty
control wells was subtracted from test samples.

Flow Cytometry. Flow cytometry was used to detect the produc-
tion of Mtp and to measure binding of the mycobacteria to
ECMs. M. tuberculosis cells were harvested from 7H11 plates
into sterile PBS, vortexed, and allowed to settle. To avoid
clumping bacteria, the upper portion of the suspension was
removed and diluted to an optical density of 1.1, and 45-�l
aliquots were incubated with 25 �l of anti-Mtp peptide antibod-
ies by using dilutions of 1:1,000 for 1 h on ice. After three gentle
washes with PBS, the bacteria were resuspended in 25 �l of a
dilution of goat anti-rabbit IgG (H�L) Alexa Fluor conjugate
(Invitrogen, Carlsbad, CA). After 1-h incubation at 4°C, the
bacteria were gently washed three times with PBS and resus-
pended in 800-�l final volume of PBS. For the analysis, the
bacteria were labeled with 5 �l of a propidium iodide solution
(Sigma, St. Louis, MO). Propidium iodide was visualized
through a 42-nm band pass centered at 585. These experiments
were repeated in triplicate. The FITC fluorescence emission was
collected through a 30-nm band-pass filter centered at 530 in

which 50,000 events were measured. The samples were analyzed
at the ARL Biotechnology/ACCC Cytometry Core Facility at
the University of Arizona, by using a FACScan (Becton Dick-
inson, Franklin Lakes, NJ). For measuring the binding of
bacteria to ECMs, mycobacteria were incubated for 1 h at 4°C
with 0.125 �g of laminin, fibronectin, or type IV collagen. After
incubation, the cells were washed with PBS and incubated with
anti-ECM antibodies. Before analysis, the ECM-antibody com-
plexes were detected by using anti-rabbit or anti-mouse Alexa
Fluor conjugate (Invitrogen).

ECM Binding Assay. A sandwich ELISA was used to detect and
quantitate the binding affinity of MTP for ECM proteins by
using 1.5 �g of purified MTP immobilized onto ELISA plates as
described above. Serial dilutions of fibronectin, laminin, or type
IV collagen were added for 1 h, followed by incubation with
rabbit anti-fibronectin, rabbit anti-laminin, or mouse anti-type
IV collagen (Sigma). The sandwiched complex was detected by
using anti-rabbit or anti-mouse IgG peroxidase conjugate
(Sigma), developed and read as described above.

Construction of mtp Mutants by Specialized Transduction. Propaga-
tion and titering of mycobacteriophages, construction of allelic
exchange substrates, and specialized transduction of M. tuber-
culosis were performed essentially as described (31). Additional
details are provided as SI Materials and Methods.
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