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ABSTRACT
Mycobacterium tuberculosis is responsible for nearly three million human deaths
every year. Understanding the mechanisms and bacterial factors responsible for M.
tuberculosis’ ability to cause disease in humans is critical for the development of
improved treatment strategies.

Using negative staining and transmission electron

microscopy it was discovered that mycobacteria, including the human pathogen M.
tuberculosis, produce fine surface structures known as pili. Mass spectroscopy analysis
demonstrated that purified pili from M. tuberculosis are comprised of protein subunits
encoded by the predicted M. tuberculosis H37Rv ORF designated Rv3312A. These pili
termed M. tuberculosis pili, Mtp, are highly aggregative 2-5 nm diameter fibers and are
recognized by IgG antibodies contained within TB patient sera. These results indicate
that Mtp are produced during human infection. Mtp bind to the extracellualr matrix
protein laminin in vitro suggesting that Mtp are a newly identified adherence factor for
M. tuberculosis.
A second pili morphotype that appeared as rope-like bundles were observed for
M. tuberculosis and it was found that the M. tuberculosis chromosome contains a type
IVB pili gene cluster. The M. tuberculosis type IV pili belong to the Flp sub-family of
type IVB pili. RT-PCR analysis reveals that flp is expressed by M. tuberculosis and IF
microscopy with Flp-specific antibodies shows the Flp protein is secreted from the
bacteria. Evidence presented herein also demonstrates that an Flp-derived peptide is
capable of polymerizing into pili-like fibers in vitro over a pH range of 4.5-7.5. Further
studies show that the M. tuberculosis type IV pili are encoded by a novel 5-kb genomic
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island that contains the flp prepilin and putative biogenesis genes. The flp genomic island
is characterized by an increased G+C content of 70% (the mean G+C content of the M.
tuberculosis chromosome is 65%) and is flanked by multiple direct repeats.

The

identification of type IV pili in M. tuberculosis is the first report of any classical
virulence factor for the bacillus and the genetic characteristics of the locus strongly
suggest this chromosomal region was horizontally acquired.
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INTRODUCTION
Tuberculosis: the disease
Throughout history, tuberculosis (TB) has significantly impacted the morbitity
and mortality of humankind. Today, Mycobacterium tuberculosis, the etiological agent
responsible for the disease TB, remains the leading bacterial cause of human mortality
worldwide (45). There are nearly 3 million deaths caused by TB every year, and it has
been estimated that fully one-third of the world’s population, approximately 2 billion
people, are harbouring latent M. tuberculosis (45).

This potential reservoir for the

genesis of active TB cases and the large number of annual deaths attributed to TB, clearly
demonstrates that TB remains a very serious public health threat.
Currently, TB is treated with multiple antibiotics, given to patients for a minimum
of 6 months, and in most cases treatment lasts from 1-2 years (26). This is quite
remarkable in an age where bacterial infections are typically treated with antibiotics
given for only 10-14 days. This prolonged treatment of TB patients with antimicrobials
is necessary due to a number of complicating factors. The tubercle bacillus grows
extremely slow, therefore antibiotic therapy must be prolonged proportionately to
effectively destroy all of the bacteria in the host. This requirement is due to the fact that
one bacilli is sufficient to establish TB infection (13), unlike may other human pathogens
that require very high infectious doses to overcome the innate immune defenses against
foreign invaders. Since antibiotics only destroy actively replicating microorganisms, or
at the very least microorganisms that are synthesizing proteins, the fact that M.
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tuberculosis may reside in the host in an inactive dormant or latent state is a major
complicating factor that requires such prolonged treatments.
Patient adherence to antibiotic regimens is notoriously poor, and in TB with such
prolonged treatment, it is common for patients to have incomplete treatment.

This

ultimately results in drug-resistant M. tuberculosis strains circulating in the human
population. The frequency of these events is startling and has led to the dramatic surge in
multiple drug-resistant M. tuberculosis, or MDR-TB (46). In many cases MDR-TB is
impossible to treat successfully or occurs in places where the necessary treatment is
either unavailable, or too costly (46). Combined with these difficulties is the fact that the
only available TB vaccine is an attenuated strain of Mycobacterium bovis, (BCG) that is
not sufficient to elicit protective immunity against TB (2). Another ominous factor
responsible for the continued problem of TB management is HIV. HIV-AIDS patients
are exquisitely susceptible to TB infection due to the loss of effector T-cells. Because of
this there is more TB in the world today than ever before (134).

Therefore,

understanding the basic physiology and pathogenesis of M. tuberculosis is critical for the
development of new strategies for treatment. This requires the identification of rational
new or innovative mycobacterial targets for therapeutic intervention and vaccine
development to control the incidence of TB.
Tuberculosis: a historical perspective
Tuberculosis is an ancient disease. Tuberculous bones and chest lesions have
been found in Egyptian mummies that are over 3,000 years old (97, 151). A new world
mummy found in Peru from 700 A.D., had signs of pulmonary TB and was shown to
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contain acid-fast bacilli (12). The earliest Greek and Roman physicians Hippocrates,
Celsus, and Galen, clearly recognized TB disease by their convincing descriptions of the
affliction. They even noted that rest and fresh air were important for curing the disease, a
trend that continued well into the twentieth century.

TB was first described as a

contagious disease by Galen in the 3rd century and evidence for this was seen much later,
in the sixteenth century, when laws were enacted in Mediterranean countries to segregate
TB patients. During the industrial revolution, crowding and poverty led to a sharp
increase in TB deaths. By the nineteenth century, consumption, (or the “White Plague”)
had become the leading cause of death in the world.
In the later half of the nineteenth century a prominent German scientist, Robert
Koch, discovered the bacteria that cause TB and many other diseases. He noted in 1880:
“If the number of victims which a disease claims is the measure of its significance, then
all diseases, particularly the most dreaded infectious disease [plague], must rank far
behind tuberculosis.

Statistics teach that one-seventh of all human beings die of

tuberculosis, and that, if one considers only productive middle-age groups, tuberculosis
carried away one-third and often more of these..." Koch eventually discovered that the
tubercle bacillus was the microbe responsible for TB in 1882 (78). His evidence was
overwhelming, and posthumously became known as Koch’s postulates (78). By the
postulates the bacillus was isolated from diseased tissue and used to generate a pure
culture. The culture was then introduced into a healthy animal that eventually succumbed
to TB. Koch was again able to isolate the bacilli from the newly diseased animal thereby
proving his postulates. Despite the identification of M. tuberculosis as the cause of TB
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over a century ago, little progress has been made toward decreasing the global incidence
of TB.
General characteristics of mycobacteria
Mycobacteria (members of the genus Mycobacterium), are Gram-positive, rod
shaped, aerobic, non spore-forming, non-motile bacteria. Mycobacteria are part of a
group of bacteria known as Actinobacteria (25). The members of this group are part of a
clade defined as high G+C Gram-positive bacteria. Other Actinobacteria of note are the
industrially important Streptomyces, and the Corynebacterium. The later group’s most
infamous member is Corynebacterium diphtheriae, which is responsible for the important
human disease known as diphtheria. Other high G+C Actinobacteria members include
the Nocardia, Tropheryma, and Actinomyces. This diverse group of bacteria, including
the mycobacteria, all inhabit a wide range of biological niches such as soil, water, plants,
and animals.
The mycobacteria have a number of defining characteristics that separate them
from the other bacteria. The most prominent defining characteristic is the presence of a
lipid-rich cell wall that is impermeable to a number of stains, and requires a unique
method to stain the cell wall (78). This method, Ziehl-Neelson or acid-fast staining, can
reliably distinguish mycobacteria from all other bacteria (87). When a phenolic solution
of basic fuchsin (carbol fuchsin) is added to bacterial preparations in the presence of heat,
all bacterial cell wall lipids become stained (81). The caveat for mycobacteria is that
once the cell wall has been stained the stain cannot be removed with a solution of acidalcohol. Other bacteria become decolorized with acid-alcohol. Thus, mycobacteria can
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be distinguished from all other bacteria on the basis of this staining technique. In fact
acid-fast staining of sputum or tissue biopsies is the gold standard for confirming
suspected TB cases (87).
Mycobacterial cells grow very slowly compared to most other cellular
microorganisms. The slow growth of mycobacteria is a defining characteristic, and has
been used quite effectively to separate mycobacteria into two distinct groups; the fastgrowing and slow-growing mycobacteria (120).

The fast-growing mycobacteria are

generally considered to be mycobacteria that divide approximately every 2-5 h and can
produce isolated colonies on appropriate media in 3 days at 37°C. The fast-growers
contain a large number of saprophytes, such as Mycobacterium smegmatis and
Mycobacterium vaccae, and opportunistic pathogens such as Mycobacterium fortuitum
that produce non-tuberculosis mycobacterial (NTM) infections.

Fast-growing

mycobacteria are ubiquitous and are found as common inhabitants of soil and water.
Opportunistic infections associated with fast-growing mycobacteria are NTM respiratory
infections that occur from aerosols generated during showering, and NTM cutaneous
infections, arising from improperly sanitized equipment at foot spas and in other cosmetic
applications (135).
The slow-growing mycobacteria have an average generation time of 18-24 h and
produces colonies on appropriate media after incubation for 2-3 weeks at 37°C. This is
in stark contrast to the laboratory workhorse Escherichia coli that has a generation time
of 25 min and can produce colonies in as little as 14 h at 37°C. The slow-growing
mycobateria, in addition to M. tuberculosis, contain many other important pathogens with
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significant impact on humans. M. bovis causes TB in bovines and was, until recently
responsible for a significant number of human TB cases due to contaminated milk
products and remains a serious threat to the agricultural industry (54). Mycobacterium
marinum is a slow-growing mycobacteria that causes granulomatous disease in
amphibians and fish and is responsible for cutaneous infections of the extremities in
humans associated with aquariums (84).

The opportunistic slow-growing pathogen

Mycobacterium avium has become a serious problem with the rise of the AIDS epidemic
and disseminated M. avium infections are a common cause of death in these patients (66).
The closely related M. avium ssp. paratuberculosis takes 6-8 weeks to cultivate, causes
devastating losses in the cattle industry due to Johne’s disease, and is thought to be
responsible for Crohn’s disease in humans (31). Slow-growing Mycobacterium ulcerans
contains a plasmid-encoded macrolide toxin that causes large open lesions in human skin
known as the Buruli Ulcer (121). Mycobacterium leprae, the cause of human leprosy, is
another significant historical disease. It can only be cultured in the foot pads of mice or
in armadillos and has a greatly reduced genome, as compared to M. tuberculosis,
containing over 50% pseudogenes (38).
Physiology of the mycobacterial cell wall
As previously mentioned, mycobacteria have a unique, lipid-rich cell wall. The
mycobacterial cell wall has been extensively studied as it is thought to be the major factor
in M. tuberculosis inherent resistance to antimicrobial compounds (29). Gram-negative
bacterial cell envelopes have a permeability barrier due to their lipopolysaccharide-rich
outer membranes.

Mycobacteria have evolved a comparable permeability barrier
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containing branched fatty acids covalently linked to the petidoglycan core forming the
mycolyl-arabinogalactan-peptidoglycan complex (29).

These hydrocarbon mycolates

form a leaflet surrounding the cell, greatly resembling the outer membrane structure best
known in Gram-negative bacteria.

It is now established that the mycobacterial

permeability barrier is a lipid bilayer that can also contain free glycolipids and
phospholipids (43). Additionally the outer layer of the mycobacterial cell wall contains
carbohydrates, most notably lipoarabinomannan (LAM) (29).
The

mycobacterial

plasma

membrane

is

comprised

primarily

of

phosphotidylinositol mannosides (PIMs) (14, 29). These phospholipids form a bilayer
much like eukaryotic cell membranes. The plasma membrane PIMs also serve as the
lipid base for LAM (29). Despite the great deal of attention focused on the mycobacterial
cell wall lipids, very little is known of proteins contained within it. In fact, nearly all of
the literature regarding the cell wall is exclusively focused on the lipids that make up the
various outer layers of mycobacteria. Although the presence of an external permeability
barrier is well established, there are no reports of any non-lipid ultrastructural features
associated with the cell wall, such as pili or fimbriae. The topic of M. tuberculosis
ultrastructure is explored later in this dissertation.
Pathogenesis of Mycobacterium tuberculosis
M. tuberculosis is spread by aerosols generated by coughing from a person with
active TB. The bacterial aerosols are termed droplet nuclei, owing to their small size,
less than 5 µm in diameter (25). These droplet nuclei (often containing one bacilli) are
presumed to be responsible for the bacteria to be inhaled directly into the lung. They
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bypass the sterilizing turbinate motion of the airway and the ciliated respiratory
epithelium to reach deep into the alveolus of the lung where the microbe is thought to be
ingested by a resident macrophage. Thirty percent of people exposed to M. tuberculosis
aerosols will become infected (45).
Once infected, there are three major outcomes in human disease.

The first

possibility is that innate and acquired immune responses clear the bacilli from the body,
resulting in a purified protein derivative (PPD), or skin test positive, healthy individual
(25). The second and most likely outcome of inhaling the tubercle bacillus, is that the
bacterium sets up a latent infection (129). A latently infected individual shows no signs
of disease except positive PPD-reactivity (129).

Nearly 90% of latently infected

individuals maintain lifelong containment of the bacilli in a granuloma, however, the
remaining

10%

will

reactivate

to

have

(http://www.who.int/mediacentre/factsheets/fs104/en/).

active

TB

later

in

life

The third outcome of M.

tuberculosis infection is the development of primary TB (active disease) manifested by
coughing, bloody sputum, and weight loss (136). These primary TB cases are PPDpositive and once treated, also have the lifelong risk that the disease may reactivate to
post-primary TB later in life (51).
Macrophage entry and intracellular survival
Following inhalation into the alveolus it is believed that M. tuberculosis is
engulfed by alveolar macrophages (25). Further, the primary mechanism responsible for
M. tuberculosis to establish itself in the host is its ability to survive and replicate within
macrophages, the immune cell, whose main duty is to ingest and kill bacteria within the
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body (25). Many mechanisms have been described for the entry of M. tuberculosis into
macrophages.

The route of entry is deemed critical because it has been shown to

determine the resulting intracellular fate of the ingested microorgansim (88).
Complement receptor (CR) 3 is important for both opsonic and non-opsonic
uptake of M. tuberculosis by the macrophage (112). CR1 and CR4 have also been shown
to function similarly to CR3 with respect to M. tuberculosis uptake (111). The mannose
receptor (MR) is expressed on tissue macrophages and has been shown to bind the
terminal mannose residues on LAM (110). This suggests that MR-mediated uptake of M.
tuberculosis by macrophages may also be a significant route of entry into the phagocyte
(110).

Although there is less supporting evidence, M. tuberculosis entry into

macrophages can also be mediated by the scavenger receptor A (150) and surfactant
protein A receptor (55). Despite knowledge of the wide range of receptors employed by
M. tuberculosis to enter the macrophage, with the exception of LAM, little is known
regarding the actual mycobacterial ligands responsible for engaging these receptors.
Normal responses to bacterial infection involve phagocyte engulfment of the
invader into a vacuole known as a phagosome that normally fuses with lysosomal
vacuoles. This leads to concomitant degradation of the bacteria by acid hydrolases and
other enzymatic and chemical processes in an event generally referred to as phagosomelysosome (P-L) fusion. This generation of a phagolysosome results in the destruction of
the pathogen and the processing of bacterial antigens for presentation to immune effector
cells. M. tuberculosis has evolved mechanisms that allow it to survive and replicate in
the phagosome by preventing P-L fusion (10, 11, 130-132). This process has been
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extensively studied and intracellular survival and replication of M. tuberculosis within
macrophages represents the central paradigm for M. tuberculosis pathogenesis (130-132).
M. tuberculosis and epithelial cells
Although it has been known for over fifty years that M. tuberculosis possesses the
ability to infect cultured epithelial cells (114), this has been largely an under developed
area of mycobacterial research. This is in contrast to the many studies elucidating M.
tuberculosis interactions with macrophages. There are however, a number of recent
observations that have been published regarding the interaction between M. tuberculosis
and epithelial cells. The rationale for studying mycobacterial-epithelial cell interactions
besides the capacity for M. tuberculosis to infect these cell types, is the alveolus of the
lung contains over 95% pneumocytes [epithelial cells] (21). This makes it much more
likely that the first cell contacted in the lung by M. tuberculosis is the epithelial cell.
These M. tuberculosis-epithelial cell interactions may actually precede invasion of the
macrophage and could actually facilitate the recruitment of macrophages to the site of
infection.
The first report of mycobacterial invasion and replication within epithelial cells
was published in the 1950’s, when Dr. Shepard clearly demonstrated that M. tuberculosis
and various slow-growing virulent and avirulent strains of mycobacteria all possessed the
ability to become internalized and replicate within HeLa cells (114).

The rate of

replication and the ability of the intracellular mycobacteria to form parallel arrays, known
as cording, were correlated to the virulence of the strain used to infect the epithelial cells
(114). It is possible that these studies significance were overlooked due to the fact that
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HeLa cells are not of respiratory origin. Whatever the reason, these findings stood alone
until the late 1990’s, when a number of studies regarding M. tuberculosis interactions
with respiratory epithelial cells began to appear.
The first of these reports established the use of the immortalized human
respiratory cell line A549 as a suitable model for examining the interaction of M.
tuberculosis with the respiratory epithelium. This study demonstrated two key findings:
i) M. tuberculosis can associate with and invade respiratory epithelial cells with
cytotoxicity noted for virulent strains and ii) intracellular passage of M. tuberculosis
within macrophages enhances the association between M. tuberculosis and epithelial cells
(90). Further, when chloramphenicol was added to prevent de novo protein synthesis by
the bacteria within the macrophage culture, the intracellular passaged inoculum lost the
enhanced ability to associate with epithelial cells (90). This suggests that a bacterial
product or ligand is produced during intracellular growth that facilitates subsequent
interactions with other eukaryotic cells.
At the same time, Bermudez and Goodman published a more quantitative report
that showed the kinetics of M. tuberculosis association with A549 cells and measured the
intracellular replication of the bacteria within these cells (21). This report did not make
use of intracellular-passaged inoculum, none-the-less, efficient invasion of respiratory
epithelial cells and intracellular replication within these cells was observed (21). Studies
also supported this concept by comparing the intracellular replication of M. tuberculosis
in cultures of macrophages and epithelial cells (91).

This comparative experiment

demonstrated that M. tuberculosis more efficiently invades macrophages than epithelial
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cells, however the rate of intracellular replication was dramatically higher in epithelial
cells than in macrophages (91). A few years later, Barnes et al., reported that A549 cells
infected with M. tuberculosis produce monocyte chemotactic chemokine mRNA for
MCP-1 and IL-8 (86). The supernatants from these infections were also examined using
ELISA to detect the production of various cytokines and it was confirmed that M.
tuberculosis-infected epithelial cells produce increased levels of MCP-1 and IL-8 (86).
These findings suggested that alveolar epithelial cells contribute to the inflammatory
response in human TB by producing chemokines which attract monocytes and
lymphocytes (86).
It is known that destruction and disruption of the respiratory alveolar epithelium
occurs during the progression of TB and M. tuberculosis must gain passage back into the
airways through the epithelium for dissemination to a new host. Thus, a number of
studies were initiated to demonstrate the A549 model could be used to reproduce this
phenomenon in vitro.

M. tuberculosis was found to cause the permeation of epithelial

cells and virulent M. tuberculosis strains induced necrosis of A549 monolayers
irrespective of intracellular or extracellular growth (42). This necrosis required infection
with live bacteria, suggesting that a bacterial product(s) was responsible for the observed
cell toxicity (42). A rat alveolar epithelial cell monolayer was also employed to study the
bioelectric properties of the alveolar epithelium in response to M. tuberculosis infection
(149). It was found that M. tuberculosis invasion of epithelial cells led to the production
of the pro-inflammatory cytokine TNF- mRNA and protein by these cells. The effect of
TNF-

production was a decrease in the resistance and current across the epithelium
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(149). This effect was also observed in the absence of M. tuberculosis when recombinant
TNF- was added to the monolayers. The authors concluded that TNF- was produced
by epithelial cells in response to M. tuberculosis infection resulting in reduced transepithelium resistance and that this phenomenon may facilitate establishment of TB
infection in the lung (149).
The most complete in vitro model of an alveolar epithelium was devised recently
by Bermudez and Goodman (22). They assembled a polarized bilayer of epithelial and
endothelial cells and measured the ability of M. tuberculosis to cross the bilayer. Using
this model a number of previously observed findings were confirmed. Translocation of
M. tuberculosis across the bilayer was significantly enhanced when bacteria were
recovered from infected A549 cells or macrophages, again demonstrating that an invasive
phenotype emerges following intracellular passage (22). When infected and uninfected
monocytes were added to the bilayer, the infected monocytes translocate much more
efficiently than the uninfected ones (22). Infection of the A549 cells in the bilayer with
M. tuberculosis also increased monocyte translocation across the bilayer (22).

These

studies also confirmed earlier work (86) by showing that MCP-1 neutralizing antibodies
significantly decreased monocyte translocation across the polarized bilayer (22). All of
these studies clearly show that M. tuberculosis interaction with respiratory epithelial cells
is a key component in TB pathogenesis. Very little is known regarding specific bacterial
products involved in these processes.
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M. tuberculosis adherence mechanisms
M. tuberculosis capacity to invade and replicate within cultured epithelial cells
and macrophages is well documented. A prerequisite for invasion of eukaryotic cells by
bacteria is adherence to host cell surfaces. For phagocytic cells it can be argued that the
invasion process is initiated by the phagocyte, however the bacterial cell must first bind
to the appropriate receptor to trigger phagocytosis.

Therefore, the need to define

bacterial surface molecules involved in the adherence of M. tuberculosis to eukaryotic
cells is critical for our understanding of the mechanisms by which the bacillus interacts
with host cells. Very little progress has been made toward elucidating specific bacterial
adhesins that may be involved in the complex interplay between M. tuberculosis and host
cells.
One of the first potential adhesins to be identified was the 30-kDa or alphaantigen (1, 106). This protein is a mycolyl-transferase enzyme that transfers long-chain
mycolic acids to trehalose derivatives at the bacterial cell surface (20). Early work
showed that this protein, also known as the fibronectin binding protein (Fbp) or antigen
85 complex can bind to the extracellular matrix (ECM) protein fibronectin in vitro (106).
More recent studies using a human organ culture model of mucosal infection, showed
that M. tuberculosis specifically adhered to the ECM only in areas of tissue damage (94,
95). Further, M. tuberculosis adherence to the ECM was inhibited by pre-incubating the
bacteria with fibronectin (95).

In another study, an fbpA mutant was found to be

attenuated for growth in macrophages (9).

However effects of this mutation on
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adherence were not noted and suggest that the major function of this protein is likely cell
wall biosynthesis. Its ability to bind fibronectin may be less important.
Analysis of the M. tuberculosis genome identified the presence of a protein
subfamily of acidic, glycine-rich proteins, called PE_PGRS that contains 67 members
(37).

Various groups have demonstrated by immunofluorescence and immuno-gold

electron microscopy that some PE_PGRS proteins are localized on the cell surface of M.
tuberculosis and M. bovis (15, 28, 40).

Brennan and associates constructed a specific

transposon insertion mutant in PE_PGRS gene Rv1818 in M. bovis BCG and found that
the mutant had altered surface properties that included less aggregation in liquid culture
and reduced ability to infect J774 macrophages (28).

Another study reported that the

PE_PGRS protein produced by the gene Rv1759c of M. tuberculosis, was a fibronectinbinding protein that could mediate mycobacterial attachment to host cells (47).
Although these reports are promising, the role of PE_PGRS proteins in M. tuberculosis
pathogenesis remains obscure.
The only definitive adhesin described for M. tuberculosis is heparin-binding
hemagglutinin (HBHA) (92, 93, 103). This is a surface-exposed protein that is involved
in binding of the microbe to epithelial cells but not to phagocytes (103). HBHA is a 22kDa protein containing a carboxyl-terminal domain that is lysine rich (92) and studies
have demonstrated that this region binds to heparin sulfate-containing moities that are
present on epithelial cells (104).

A M. tuberculosis HBHA-deficient mutant was

constructed and tested in an intranasal mouse infection model (103). It was observed that
the mutant colonized the lungs to levels equal to the wild-type parent, but it was
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significantly impaired in its ability to disseminate from the lungs to other regions of the
body (103). These results suggest that HBHA is important in extrapulmonary spread and
interactions with host epithelial cells.

Furthermore, antibody against the HBHA

carboxy-terminal domain blocks binding of the protein to heparin sulfate-containing
receptors on host cells and also impedes extrapulmonary spread of TB in the mouse
model (103). This suggests that the humoral immune response to HBHA and possibly to
other M. tuberculosis adhesins could potentially play a protective role in blocking TB
dissemination from the lungs.
Fine structures of M. tuberculosis
The focus of this dissertation revolves around ultrastructural observations and
hypotheses generated from these observations. It is appropriate to delve deeper into what
has been observed and reported in the past regarding specific ultrastructural features of
M. tuberculosis. The most important component of these observations is the timeline and
how the general body of bacteriological knowledge influences the conclusions drawn
from experimental observations. The majority of ultrastructural analyses reported herein
for M. tuberculosis were completed prior to the purification and characterization of
common pili for E. coli, the first organism reported to produce these adhesive structures
(62, 63, 67).
As mentioned above, the mycobacterial cell envelope consists of a cell wall
skeleton comprised of peptidoglycan as in other bacteria. Progressively moving away
from the cell skeleton is the plasma membrane, which is primarily comprised of PIMs,
and the outer layer of the envelope, comprised of mycolic acids and LAM. This outer
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layer also contains many long-chain diols, generally referred to as mycosidic waxes and
phenolic glycolipids (3, 4). Since it is known that the cell wall of mycobacteria is lipidrich and it has been described as wax-like, the majority of ultrastructural analyses
attempted to relate visible structure with known chemical entities contained within the
mycobacterial cell wall (17).
The observation of rope-like filaments on the surface of mycobacteria by electron
microscopy was first reported by Draper and Rees (44). Their studies reported that
Mycobacterium lepraemurium recovered from infected murine livers and spleens
produced paired fibrils attributed to bacterial cell wall material (44). The authors went on
to describe the appearance of the fibers as 7 nm in diameter and seemed similar in
morphology to isolated waxes or mycolic acids derived from the cell wall of
mycobacteria. A few years later, Barksdale published a series of papers describing the
superficial mycosidic integuments of mycobacteria (17, 19, 49, 73). He proposed that the
mycobacterial envelope is comprised of various layers termed L1–L3 , with L1 being the
outermost layer (17). His identification of the layers was based upon freeze-etching,
negative staining and electron microscopy. The L1 layer was concluded to be a mycoside
layer that extended outward from the bacteria as long filaments approximately 5 nm in
diameter (17). Underneath this mycosidic casement, laid arrays of ramified rope-like
structures which overlayed the cell wall peptidoglycan (17).
Barrow and Brennan isolated and analyzed superficial fibrillar material produced
by mycobacteria (18). They described the isolated fibers as 4 nm in diameter with a
curious transparent appearance. The isolated fibers were determined to be composed of
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lipids, predominantly polar peptidoglycolipids (18). The authors went on to ascribe the
isolated fibers as components of the L1 surface layer as described by Barksdale (17).
However no attempt was made to purify any non-lipid material. All of the isolated
material was extracted with organic solvents and material insoluble in these reagents was
discarded (18). In summary, there are numerous reports of 4-7 nm diameter fibers
produced by mycobacteria (17, 18, 44, 59).

In all cases the fibers observed were

attributed to C-mycosides or peptidoglycolipids derived from the cell envelope.
Pili
Bacteria pathogenic for mammalian and plant hosts have evolved virulenceassociated adherence appendages called pili that mediate directly or indirectly the
interaction of bacteria with specific host target cells (75, 123). Pili are proteinaceous
polymeric structures generally composed of a major repeating subunit or pilin and, in
some cases, a minor tip-associated adhesin subunit. The hydrophobic nature of pili
overcomes the repulsive forces between bacteria and eukaryotic cells. Due to their key
role in bacterial pathogenesis pili are viewed as virulence factors and therefore as
important targets for vaccine development (48).
Structurally, pili or fimbriae are straight or flexible filaments 5-7 nm wide and 2-3
µm long. Many genes are required for pili biogenesis and these encode the major pilin
subunit, prepilin peptidase, chaperone, minor subunit, proteins involved in membrane
translocation, nucleotide-binding proteins, channel-forming protein, among others (75,
123, 126). Pili have generally been associated with several biological activities such as
agglutination of human and animal erythrocytes, bacterial adherence, and colonization of
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mucosal surfaces (48, 123). It is important to mention that there are many types of pili,
and most microorganisms that produce them often have the capacity to produce more
than one pili type.
One prominent pili is the type IV pili family produced by many Gram-negative
bacterial pathogens (123). Type IV pili has been associated with virulence and other
biological properties. These include twitching motility, bacterial aggregation, biofilm
formation and development, colonization of host tissues, and DNA transformation (24,
116, 123). The type IV pili family shares in common a hydrophobic amino terminus and
a typical signal peptide (123). They are often observed under the electron microscope as
long bundles of filaments that resemble rope-like structures or wicks (123). They are
found in such diverse pathogenic bacteria as Pseudomonas aeruginosa, Neisseria
gonorrhoeae,

Dichelobacter

nodosus,

Vibrio

cholerae,

Pasteurella

multocida,

Aeromonas hydrophila, as well as enteropathogenic and enterotoxigenic E. coli (57, 58,
89, 123). Recent studies on the human respiratory pathogen Legionella pneumophila
have demonstrated the role of type IV pili in intracellular infection of human
macrophages and in virulence (85, 122).
Another pili-type are curli that are 2-5 nm wide, coiled, highly aggregative
adhesive fibers produced by commensal and some pathogenic E. coli isolates, and
Salmonella enterica var. Typhimurium (39, 101). Curli are remarkably stable and the
curli fibers are assembled using a nucleation pathway requiring only the major and minor
curlin subunits (61). Once polymerized, curli can only be dissociated using extreme
methods requiring concentrated formic acid treatment (32, 39).

They have been
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associated with persistence in poultry infections, internalization into epithelial cells, and
colonization of abiotic surfaces (36, 79, 133). Curli mediate development of biofilms by
binding to certain host proteins including ECM proteins, plasminogen, and major
histocompatibility complex class I molecules (23, 100, 101). They also induce cytokine
activation during human sepsis (23).
Pili have been identified, characterized, and implicated in pathogenesis for
numerous Gram-negative bacterial species. The number of Gram-positive organisms that
have been observed to possess pili are few and those that have been characterized at the
molecular and biochemical levels are even fewer. The closest phylogenetic relative
possessing pili to mycobacteria are members of the Corynebacterium genus. Pili were
observed on numerous pathogenic species of Corynebacterium by transmission electron
microcopy (TEM) and these pili were found to be comprised of three distinct serotypes
and to agglutinate trypsinized sheep erythrocytes (65, 140-142). Recently, C. diphtheriae
has been shown to possess a sortase-dependent pilus (127, 128). The function of this
pilus was not reported and it remains unclear if the characterized pilus is capable of
agglutinating erythrocytes or binding to host cells.
Another Gram-positive microbe that has been observed to have pili are the oral
Streptococcus ssp. These organisms are colonizers of the oral mucosa of humans and can
cause serious disease after entering the bloodstream.

One organism, Streptococcus

salivarius, has been observed to have pili but attempts at dissociating the pili into
subunits were unsuccessful using commonly used techniques (83). These pili presumably
play a role in the ability of S. salivarius to form biofilms, adhere to human oral mucosal
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surfaces, and to other microorganisms in dental plaque.

Viridans streptococci that

account for 60% of endocarditis cases in nonimmunocompromised people are also known
to produce pili. Streptococcus parasanguis uses a fimbria-associated adhesion, Fap1, to
from biofilms and another fimbrial adhesion FimA to colonize prosthetic and natural
heart valves (50, 74, 139).
A substantial body of work exists for pili found on Actinomyces naeslundii, one of
the Gram-positive organisms that cause actinomycosis, a chronic disease characterized by
suppurative abscesses and granulomas. Actinomyces exhibit two distinct fimbrial types,
type 1 mediates adherence to proline-rich proteins on tooth enamel (56), and type 2
possess a lectin activity and mediate adhesion to erythrocytes, epithelial cells, and PMNs
(27). These fimbrial types do not dissociate into subunits following SDS-PAGE and the
biochemical characterization and identification of the fimbrial subunit and genes was
only accomplished by expressing A. naeslundii genes in E. coli and detecting the
expressed protein using anti-fimbrial sera from immunized rabbits (143, 144). The two
pili types are immunologically and functionally distinct and share 34% amino acid
sequence identity (145).

More recently some genetic analyses conducted with A.

naeslundii has demonstrated the presence of six ORFs flanking the type 1 subunit gene
fimP, and disruption of the flanking genes altered the adherence properties of the
bacteria. This indicated represents the first identification of a pili gene cluster in a Grampositive organism (146).
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SIGNIFICANCE OF THE WORK
M. tuberculosis is the greatest cause of human deaths due to a bacterial infectious
disease. Because of the HIV-AIDS epidemic, there is more TB in the world today than
ever before.

The emergence of untreatable MDR-TB is a powerful call for the

development of new treatments and therapies to control the global incidence of TB.
There is a tremendous surge in TB research in recent years and there is great debate on
vaccination strategies and vaccine components that could be effective to produce
protective immunity in humans.

By understanding the physiology and molecular

mechanisms that govern M. tuberculosis-host cell interactions, specific bacterial
molecules or even specific stages of the infection process can be targeted for rational TB
treatment development and control strategies. The work presented in this dissertation
demonstrates that M. tuberculosis and other mycobacteria produce fine surface structures
known as pili. This study is focused on i) the ultrastructural analysis of mycobacterial
fine structures; ii) biochemical, molecular, and genetic characterization of M.
tuberculosis pili (Mtp); iii) the identification and genetic analysis of a type IV pili gene
cluster encoded within the M. tuberculosis genome.
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MATERIALS AND METHODS
Strains and culture conditions
M. tuberculosis H37Rv (virulent) and H37Ra (attenuated) are laboratory strains,
M. tuberculosis strain CDC1551 is a recent clinical isolate, and the saprophyte
Mycobacterium smegmatis mc2155 was utilized for cloning and propagation of
mycobacteriophages. Culture and manipulation of virulent strains were performed under
standard bio-safety level 3 (BSL-3) operating procedures. Cultures of M. tuberculosis
were propagated on Middlebrook 7H10 or 7H11 complete agar media (Difco) containing
10% OADC (oleic acid, albumin, dextrose, catalase) for 2-3 weeks at 37°C in a
humidified incubator containing 5% CO2 atmosphere. Liquid cultures of M. tuberculosis
were grown in Middlebrook 7H9 (Difco) containing 10% ADC (albumin dextrose
complex) and 0.05% Tween-80 (7H9-ADC-Tw). M. smegmatis was grown on 7H10 agar
or 7H9 broth containing dextrose (Sigma) and glycerol (Sigma). For 7H9, 2.50 ml 20%
Tween-80 per liter was added (7H9-Tw) prior to sterile filtering through a 0.22 µm pore
membrane (Corning). Escherichia coli HB101 was used for molecular cloning purposes
and was grown in Luria Bertani (LB) broth or on LB agar. LB broth for M. smegmatis
was modified by the addition 0.5% Tween-80 (LB Tw). Hygromycin (Roche) was added
where appropriate at 75 µg/ml for M. tuberculosis or 150 µg/ml for E. coli. For Mtp
preparation approximately 108 frozen M. tuberculosis H37Ra cells were thawed and
incubated in 7H9-ADC-Tw at 37°C with shaking for 48-72 h. The starter culture was
used to inoculate 7H11 agar plates modified by the exclusion of OADC and incubated for
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2 weeks as described above. For monitoring production of pili during growth in liquid
culture M. tuberculosis was propagated in 7H9 as described above or in glycerol alanine
salts (GAS) media on a roller apparatus until an O.D.600 nm reached 1.50 at which time,
the culture was incubated statically for 48 h. For production of pellicles, hsp60 driven
GFP-expressing M. tuberculosis H37Ra (pBEN) were seeded onto glass coverslips in 24
well tissue culture plates (Costar) at 108 bacteria in 1 ml GAS broth with 25 µg/ml
kanamycin and incubated for eight weeks in a humidified chamber containing 5% CO2.
Following prolonged static incubation the culture medium was gently aspirated from the
pellicle and replaced with 3% formaldehyde. All cultures were Gram and Ziehl-Neelson
stained to confirm the purity of bacterial preparations.
Electron Microscopy
Virulent M. tuberculosis strains were fixed in 4% paraformaldehyde (Ted Pella)
overnight at room temperature by directly suspending a loopful of plate grown bacteria
into the fixative. Broth grown cultures of virulent M. tuberculosis were fixed by the
addition of 30% formaldehyde to a final concentration of 3% v/v. In some instances
virulent M. tuberculosis cells were inactivated by heating at 80°C for 1 h.

M.

tuberculosis H37Ra was prepared from agar plates by suspending a loopful of growth
into sterile water or directly from liquid cultures. For transmission electron microscopy
(TEM) one drop (10 µl) of M. tuberculosis suspension or pili preparation was placed onto
a 200-mesh carbon formvar copper grid (Ted Pella) and removed after 5 min. The
sample was negatively stained with 1% phosphotungstic acid (pH 7.4) for 5 min and
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rinsed with one drop of sterile water. The dried samples were viewed using a Philips
CM12 electron microscope at 80 kV at the University of Arizona. For scanning electron
microscopy (SEM), fixed specimens were post-fixed in 1% osmium tetraoxide,
dehydrated in sequential ethanol concentrations, critically point dried, and coated with a
mixture of gold and palladium prior to being viewed with high-resolution SEM in the
microscopy core facility at Johns Hopkins University, Baltimore, Md.
Immuno-electron microscopy
For immunogold labelling experiments samples were prepared on copper grids as
described above. Following sample application, the grid was incubated with 10 µl of sera
diluted 1:10 in sterile PBS containing 10% fetal bovine serum (FCS). After incubation
with the primary antibodies the grid was washed 3 times with 10 µl PBS to remove
unbound antibodies. The sample was then incubated with 10 µl goat-anti rabbit IgG 10nm colloidal gold conjugate (BBL) diluted 1:10 in PBS containing 10% FCS. Unbound
conjugate was removed by washing the grid 3 times with 10 µl PBS. All incubations
were carried out for 1 h at room temperature in a humidified chamber to prevent
evaporation. Samples were negatively stained and viewed by TEM as described above.
Preparation of Mtp fibers
M. tuberculosis H37Ra from 100 7H11 agar plates was recovered using a sterile
glass spreader and suspended into a beaker containing 200 ml PBS. The suspension was
divided into 25 ml aliquots and pili were mechanically sheared from the surface of the
bacteria by vortexing the suspensions at full power for 5 min in 50 ml conical tubes
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(Corning) containing approximately 1 cc of sterile 3 mm glass beads. Following shearing
the suspensions were allowed to settle for 5 min at room temperature and the upper 15-20
ml was collected and pooled.

The recovered sheared bacterial suspensions were

centrifuged at 3,000 x g for 1 h and the supernatant was collected. Bacterial pellets were
washed with PBS and centrifuged again and the supernatants were pooled. The pooled
supernatants containing Mtp were centrifuged at 3,000 x g an additional two times for 1 h
to remove the bacterial cells. The supernatant fraction containing the pili was then
subjected to centrifugation at 18,000 x g for 10 min to completely remove bacterial cells
and debris. To remove contaminating lipids the resulting pili suspension was vigorously
mixed with an equal volume of chloroform:methanol (2:1) for 30-60 min. The suspension
was then transferred into 35 ml centrifuge tubes (Oak Ridge) and centrifuged at 18,000 x
g for 30 min to partition phases. The aqueous and interphase fractions were carefully
collected and were back extracted twice more as described and the material soluble in
organic solvents was discarded. The final aqueous and interphase fractions were applied
to polyallomar tubes (Beckman) and centrifuged at 120,000 x g for 3 h at 4°C in a Ti-56
fixed angle rotor (Beckman). The resulting Mtp-enriched pellets were resuspended in
PBS and analysed by TEM and 16% SDS-PAGE or Tricine-PAGE. Dilutions of the Mtp
preparation in PBS were quantified by comparison to bovine serum albumin (BSA)
standards (Pierce) at A320 and by the BCA protein assay (Pierce).
Biochemical analysis and tandem mass spectroscopy (MS/MS) of Mtp
SDS-PAGE (80) was performed under reducing and denaturing conditions using
16% polyacrylamide gels. Quadripole time-of-flight (QTOF) MS/MS was employed to
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identify the protein composition of the Mtp fibers. Dilute acid hydrolysis normally
hydrolyzes peptide bonds at either side of Asp and Asn to generate fragments. Ten
micrograms of purified Mtp was placed in a sealable tube to which 1.1 µl of concentrated
HCl (constant boiling quality) was added with 500 µl water. The tube was degassed and
nitrogen was added to protect the sample from oxidation. The sealed tube was subjected
to boiling at 108°C for 4 h, material reconstituted in 10-100 µl water, and the samples
analyzed by LC-MS/MS using a QTOF2 instrument (Waters, Milford). Masslynx 4.0
was used to generate pkl files from mass spectral data. These pkl files were submitted to
in-house MASCOT database searches allowing for 0.8 Da peptide mass tolerance and 0.2
Da fragment mass tolerance. MS/MS experiments were carried out by Sonja Hess at the
National Institute for Diabetes and Kidney Disease at the National Institutes of Health
mass spectroscopy core facility.
Antibody Production and Western blotting
An immunogenic portion of the pilin was selected from the deduced protein
sequence in the publicly available M. tuberculosis H37Rv Tuberculist genome database
(37). The following protein specific peptides were synthesized: Rv3312A amino acid
(aa) residues 60-79 (CHDDFHRDSDGPDHSRDYPG), and Rv3656c (Flp) aa residues
48-58 (CTGDSIVSALNR) [Zymed Laboratories]. The amino terminal cysteine residue
was used for a single point, site-directed conjugation to KLH to increase the
immunogenicity of the peptide. The resulting hapten-peptide immunogen was used to
immunize rabbits for the production of peptide-specific antisera. Pre-immune and post-
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immune sera from two rabbits per peptide were tested against the respective synthetic
peptides using ELISA to measure peptide specific IgG titers (Zymed Laboratories). For
Western blotting, 100 µg total protein were prepared in an equal volume of 2X Tricine
sample buffer and applied to a 16% polyacrylamide gel.

After one dimensional

electrophoresis in a Tris-tricine buffer system, the material in the gel was transferred with
high intensity to PVDF PSQ membrane (Millipore) in glycine transfer buffer without
methanol in a submerged cell (Bio-Rad) at 350 mA for 1 h according to the
manufacturer’s specifications. After transfer the membrane was stained with amido black
and blocked with 10% dry milk in TBS containing 0.05% Tween-20 (TTBS) overnight at
4°C on a rocking platform.

Blocked membranes were incubated with pre-bleed or

production bleed sera diluted 1:2,500 in TTBS for 1 h followed by three washes with
TTBS for 15 min each wash step. The membrane was then incubated with 1 mg/ml goat
anti-rabbit IgG horse radish peroxidase (HRP) conjugate (Pierce) diluted 1:20,000 in
TTBS for 1 h followed by washing with TTBS as described above.

The washed

membrane was then incubated with chemiluminescent substrate (Pierce) and used to
expose X-ray film (Pierce). All incubations were carried out at room temperature on an
orbital shaker unless noted otherwise.

Molecular weights were determined by

comparison to amido black stained peptide standards (Bio-Rad).
Immunofluorescent microscopy (IF)
For IF experiments, samples on 12 mm glass coverslips (Fisher) were fixed in 3-4%
paraformaldehyde for a minimum of 30 min at 4°C. Mtp were prepared for IF by drying
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50 µg of enriched fibers onto sterile glass coverslip prior to fixation. Fixed coverslips
were washed three times with PBS and incubated with TB patient sera or peptide antisera diluted 1:1,000 in PBS containing 10% fetal bovine serum (FCS) for 1 h. TB patient
sera (n = 36) were provided by Dr. Guillermo Caballero-Olin from the Instituto Seguro
Social, Monterrey, Mexico. Additonal sera (n = 5) were obtained from healthy donors at
the University of Arizona. Following incubation with the primary antibody, the samples
were washed three times with PBS and incubated with either goat anti-human IgG or goat
anti-rabbit IgG Alexa fluor 488 conjugate (Molecular Probes) for 1 h. All incubations
were carried out on an orbital shaker at room temperature. After incubation with the
green fluorescent conjugate samples were washed three times with PBS, air dried, and
then placed inverted onto a drop of 0.01% p-phenyldiamine (Sigma) glycerol mounting
media contained on a glass slide. When nuclear staining was desired samples were
incubated in propidium iodide (Molecular Probes) diluted 1:5,000 in PBS for 5 min prior
to washing and mounting. The coverslip edges were sealed with clear nail polish prior to
viewing on a Nikon TE 2000S fluorescent microscope. Images were obtained as TIFF
files using Metacam software and adjusted for consistent contrast using Photoshop 7.0
(Adobe).
Enzyme linked immuno-sorbant assays (ELISA)
ELISA was performed by coating flat-bottom ELISA plates (Grenier) with Mtp at
1.5 µg/well in carbonate buffer, pH 9.5 at 37°C overnight. The Mtp-coated plates were
washed 3X with PBS-Tween (PBST) and blocked for 30-60 min at room temperature
with PBS Superblock (Pierce). The wells were washed 3X with PBST and incubated with
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serial dilutions of human sera in PBS Superblock. After washing 3X with PBST, IgG
bound Mtp was detected using rabbit anti-human IgG peroxidase conjugate (Dako)
diluted 1:2,000 in PBS Superblock. All incubations were performed at room temperature
for 1 h. Following incubation with the secondary antibodies, the plate was washed three
times with PBST. The enzymatic reaction was developed with TMB single solution
substrate (Zymed) and stopped with 1 N HCl before reading absorbance at 450 nm using
a microtiter plate reader (Bio-Rad). Background absorbance from empty control wells
was subtracted from test samples.
Extracellular matrix (ECM) binding assays
A sandwich ELISA assay was employed to detect Mtp affinity for ECM proteins
using 1.5 µg of purified Mtp immobilized onto ELISA plates as described above. The
wells were washed 3X with PBST and incubated with varied concentrations of
fibronectin, laminin, or type IV collagen (Sigma). Following ECM incubation, the wells
were washed 3X with PBST and incubated with a 1:5,000 dilution of either rabbit antifibronectin, rabbit anti-laminin, or mouse anti-type IV collagen (Sigma) in PBS
Superblock. All incubations were carried out at room temperature for 1 h. Following
three washes with PBST the sandwiched complex was detected using anti-rabbit or antimouse IgG peroxidase conjugate (Sigma), developed and read as described above.
Cell culture and adherence assays
U937 cells, a human histiocytic cell line, and A549, a human type II alveolar cell
line, were obtained from ATCC. U937 cells were maintained in RPMI-1640 media
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(Sigma) containing 10% heat-inactivated FCS (Atlanta) and cells were passage every 3-4
days (138). A549 cells were maintained in complete RPMI-1640 containing 10% heatinactivated FCS, 1 mM sodium pyruvate (Invitrogen), 1X MEM non-essential amino
acids (Invitrogen), 1X L-glutamine (Invitrogen), and 5 µl -mercaptoethanol (Sigma).
A549 cells were passaged every 4 days by releasing attached cells with a solution of 1X
trypsin-EDTA (Invitrogen). Trypsinized cells were washed once with complete RPMI
1640 and the final cell pellet was resuspended in complete RPMI 1640 and subcultivated
at a 1:8 dilution in fresh complete RPMI 1640. Both cell lines were maintained as 25 ml
cultures at 37°C and 5% CO2 atmosphere in 75-cm2 tissue culture flasks (Falcon).
For M. tuberculosis adherence assays, U937 cells were transformed to an adherent
macrophage-like state by incubating the cells overnight with 0.4 µg/ml phorbal myristic
acetate (Sigma) as previously described (138). Macrophages were harvested with sterile
3 mm glass beads, washed with RPMI-1640 containing 10% heat-inactivated FCS and
seeded into 24 well tissue culture plates (Costar) at a density of 5 x 105 cells/well. A549
cells were released and washed as described above for subcultivation and were seeded
into 24 well plates and allowed to reach 80-90% confluency prior to infecting the
monolayer with mycobacteria. Some wells contained 12 mm sterile glass coverslips for
acid-fast and Giemsa staining or for IF. To determine the number of adherent cells, cells
were lysed and stained with 0.1% cetyltrimethylammonium bromide (CTAB) (Sigma),
0.1 M citric acid, pH 2.2, and 0.5 mg/ml amido black 10B (Baker Analyzed) and nuclei
were counted on a hemocytometer chamber at 200X magnification by phase contrast light
microscopy.
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To prepare bacterial inocula for infecting tissue culture cells, M. tuberculosis
H37Rv or CDC1551 was grown in 7H9 ADC Tw as a 200 ml roller culture at 37°C until
an O.D.600 nm of 1.0. Ten ml of bacterial culture were collected and centrifuged at 3,000 x
g for 10 min at room temperature. The supernatant was aspirated and the bacteria were
resuspended in 10 ml Hank’s balanced salt solution (Hbss) by vortexing. The cells were
washed and resuspended in 10 ml Hbss again as described and centrifuged at 1,000 x g
for 5 min at room temperature with no brake. To obtain a predominantly monodisperse
preparation of mycobacteria the upper 1 ml of the suspension was removed and the
O.D.600 nm was measured. Serial dilutions and plating for viable counts on 7H11 OADC
has consistently demonstrated that an O.D.600 nm of 1.0 represents 108 bacteria/ml (138).
The inocula was then diluted in either RPMI-1640 with 10% heat-inactivated FCS for
U937 macrophages or complete RPMI for A549 pneumocytes to a nominal multiplicity
of infection (MOI) of 50. One ml of inocula was added to each well and the plate was
incubated at 37°C with 5% CO2 until each time point. The monolayer was then washed
with 1 ml warmed Hbss and fixed by the addition of 3% paraformaldehyde.
DNA manipulations and PCR
DNA was extracted from M. tuberculosis H37Rv cells grown to an O.D.600nm of 1.0
in 7H9-ADC-Tw. Cells from 25 ml culture were collected by centrifugation at 2,500 x g
for 15 min at room temperature and washed with an equal volume of Tris-EDTA (TE)
buffer and centrifuged again as described. The supernatant was removed and the cell
pellet was frozen at -80° C for 18 h and then resuspended with 5 ml TE. An equal
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volume of 2:1 chloroform:methanol was added to the suspension and the tube was
inverted for 5 min and centrifuged at 2,500 x g for 20 min at room temperature to
separate phases. The aqueous and organic phases were removed and the uncapped tube
containing the delipidated cells from the interphase were incubated at 55°C for 15 min to
remove trace solvents. Following organic extraction, the cells were resuspended in 5 ml
TE and 0.1 volume of 1M Tris-HCl, pH 9.0. Lysozyme (Sigma) was added to a final
concentration of 100 µg/ml and the preparation was incubated for 18 h at 37°C.
Following lysozyme treatment, 0.1 volume 10% SDS and 0.01 volume 10 mg/ml
proteinase K (Sigma) was added and the lysate was incubated at 55°C for 3 h. The
sample was then extracted once with 25:24:1 phenol:chloroform:isoamyl alcohol and
then once with 24:1 chloroform:isoamyl alcohol, to remove traces of phenol.

The

aqueous phase was recovered after centrifugation at 12,000 x g for 20 min and nucleic
acids were precipitated by the addition of 0.1 volume 3 M NaOAc, pH 5.2 and 1 volume
of isopropanol at 4°C for 1 h. Nucleic acid was recovered by centrifugation and pellets
were washed with 70% ethanol, air dried and suspended in 10 mM Tris-HCl, pH 8.0.
PCR amplifications were carried out using an iCycler machine (Bio-Rad). Primers
used in these studies are described in Table 1. PCR reactions were carried out with 0.5
µg genomic DNA as template and Taq DNA polymerase PCR mixes were used according
to manufacturers recommendations (Roche), including 20 pmol of each primer
(Invitrogen). The PCR conditions consisted of one denaturation cycle at 95°C for 5 min,
followed by 30 cycles of denaturation (95°C, 1 min), annealing (62°C, 45 sec), primer
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extension (72°C, 1 min) and a final extension at 72°C for 5 min. All nucleic acid
manipulations were performed according to standard molecular biology techniques or to
the recommendations of the manufacturers.
All transformations were performed by electroporation using a Gene Pulser (BioRad).

Plasmids and cosmids were extracted from E. coli using the QIAprep Spin

Miniprep kit (Qiagen) and DNA fragments were purified from agarose gel slices using
the Perfect Prep gel extraction kit (Eppendorf). PCR products were purified using the
Wizard SV gel and PCR clean-up system (Promega).
RNA extraction and RT-PCR
M. tuberculosis H37Rv or CDC 1551 were grown to an O.D.600 nm of 1.0 in 7H9ADC-Tw at 37°C in a 2 L roller bottle. M. tuberculosis H37Ra was grown as a lawn on
7H11 OADC plates for 2 weeks at 37°C with 5% CO2. For cells grown in liquid media,
25 ml of culture was collected by centrifugation at 3,000 x g for 10 min at room
temperature. The supernatant was removed and the cells were resuspended with 1 ml
Trizol (Invitrogen) and the suspension was transferred to RNase-free 2.0 ml screw cap
tubes containing 0.5 ml acid-washed 0.1 mm zirconium beads and placed on ice for 1
min. Samples were disrupted in a Fast Prep reciprocating shaker (Bio 101) at maximum
settings for three cycles, placing the tubes on ice for 10 min between cycles. Samples
were centrifuged at 10,000 x g for 45 sec at room temperature and the supernatant was
removed to an RNase-free microcentrifuge tube containing 200 µl chloroform. The
samples were vigorously inverted for 2 min and the sample was then spun at 15,000 x g

49

for 5 min at room temperature. The aqueous layer was removed to a fresh RNase-free
tube and 0.5 ml isopropanol was added, mixed, and nucleic acid was precipitated at 20°C for 18 h. The precipitated material was recovered by centrifugation at 12,000 x g
for 10 min at 4°C. The pellets were washed with 75% ethanol, air dried, and resuspended
with 40 µl diethyl pyrocarbonate (DEPC)-treated dH2O. The RNA was further purified
using the RNA cleanup protocol with the RNeasy Mini kit (Qiagen). Following elution
with RNase free water, 10 µg of total RNA was treated with Turbo DNAfree (Ambion)
according to the manufacturer recommendations. RNA was extracted from plate grown
M. tuberculosis H37Ra using an RNeasy Mini kit including the optional on-column
RNase free DNaseI (Qiagen) digestion step. Quality and quantity of RNA was monitored
during and after purification steps by A260/A280 measurements. Samples that were PCR
negative for DNA contamination were used for RT-PCR reactions.
First strand synthesis of cDNA was accomplished using Superscript II Reverse
Transcriptase (RT) (Invitrogen) following the manufacturers protocol with the following
modifications. Five µg total RNA was mixed with 50 ng random hexamers prior to
cDNA synthesis. Reverse transcription was carried out at 45°C for 50 min. Mock
reactions were carried out in parallel with the exclusion of the RT enzyme. Amplification
of the target cDNA was performed using primers as listed in Table 1 and PCR conditions
as previously described. All target PCR amplifications were done using both RT + and
RT – reactions as templates.
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In vitro polymerization experiments
Peptides, as described for production of antibodies, were confirmed >90% full
length by MS/MS (Zymed Laboratories). One milligram of dried peptide was dissolved
with 100 µl 1% dimethylsulfoxide (DMSO) (Sigma) in a sterile 1.7 ml microcentrifuge
tube and diluted to 1 ml in one of the following sterile filtered aqueous solutions: 10 mM
L-Histidine (Sigma), pH 4.50; autoclaved dH2O, pH 6.50; PBS, pH 7.40; 10 mM TrisHCl, pH 8.50; and 150 mM ethanolamine (Sigma), pH 9.50. Peptide solutions were
incubated at 37°C and 10 µl of suspended peptide were analyzed by negative staining and
TEM after 1, 2, 4, 6, and 18 h post-incubation. Following the 18 h time point the peptide
solutions were suspended by gentle vortexing and applied onto a membrane with a
35,000 molecular weight cut-off (YM-35, Amicon) and centrifuged at 5000 x g for 30
min at room temperature or until the entire solution passed through the filter. Following
centrifugation, the retentate was recovered with 1 ml sterile PBS and analyzed by TEM
and immuno-electron microscopy as described above. One-tenth of the retentate was
subjected to protein sequencing by MS/MS at the University of Arizona Proteomics Core
facility at the College of Pharmacy.
Propagation and titering of mycobacteriophages
Propagation and titering of mycobacteriophages, construction of allelic exchange
substrates, and specialized transduction of M. tuberculosis were performed essentially as
described (16). For all phage infections a single colony of M. smegmatis mc2155 was
used to inoculate 5 ml of 7H9-Tw and the culture was incubated at 37°C with shaking
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until the O.D.600 nm reached 1.5. To propagate and titer the phage, ten-fold serial dilutions
(10-1–10-7) of phAE159 (Table 1) was prepared in 1 ml volumes of MP phage buffer
which contains: 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM MgSO4.7H2O, and 2
mM CaCl2. In a sterile disposable glass test tube, 200 µl of M. smegmatis was mixed
with 100 µl of phage dilutions and the phage-cell mix was incubated at 30°C for 30 min.
To each phage-cell mix, molten (56°C) top agar (0.6% Agar Noble [Difco] in distilled
water) was added, gently mixed, and poured onto a 7H10 agar plate. Once the top agar
had solidified, the plates were incubated at 30°C for 2-3 days until well separated plaques
were visible.
Generation of high-titer phage lysates
The mycobacteriophage phAE159 is a derivative of the conditionally replicating
mycobacteriophage PH101ts that replicates in mycobacteria at 30°C but not at 37°C (16).
To confirm temperature sensitivity, 25 plaques were selected and transferred onto
duplicate 7H10 plates containing solidified top agar that had been mixed with 200 µl M.
smegmatis. One duplicate plate was incubated at the permissive temperature (30°C) and
the other at the non-permissive temperature (37°C). A plaque was selected from a plate
grown at the permissive temperature that corresponded to a plaque that failed to grow at
the non-permissive temperature. The phage plaque was picked with a pre-cut P-1000
plastic pipet tip and the agar plug was soaked in 0.5 ml of MP buffer at 4°C overnight to
recover phage.
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To generate high titer phage stocks, 10-fold serial dilutions from the phage plug in
MP buffer were prepared in 2 ml volumes of MP buffer and 100 µl of the dilutions were
used to infect M. smegmatis as described above for titering the phage. The remainder of
the phage dilutions were stored at 4°C for later use. The plates were incubated at 30°C
until well-formed individual plaques appeared on high dilution plates. The dilution that
produced confluent lysis of the bacterial lawn was used to prepare ten additional phage
lysate plates as described.

After confluent lysis was reached, 4 ml of MP buffer was

added to each plate and the plates were incubated at 4°C for 2 h. The plates were then
transferred to room temperature and shaken gently on an orbital platform shaker for 1 h.
The phage buffer was recovered from the plate using a P-1000 pipet and sequentially
filtered through a 5.0 µm and 0.45 µm pore filter (Millipore). Phage lysates were
streaked onto 7H10 agar and incubated at 37°C to check for contamination with viable M.
smegmatis. The titer of the phage lysate was determined to be 1010 pfu/ml as described
above.
Preparation of mycobacteriophage DNA
Mycobacteriophage DNA was prepared by incubating 0.5 ml high titer phage lysate
with 2.5 µl of 1 mg/ml DNaseI (Sigma) and 5 µl 10 mg/ml RNaseA (Sigma) at 37°C for
30 min. Following digestion, 25 µl STE lysis buffer; 1% SDS, 50 mM Tris-HCl pH 8.0,
400 mM EDTA, and 10 µl of 10 mg/ml proteinase K (Sigma) was added and the mixture
was incubated at 56°C for 30 min. The preparation was extracted twice with 25:24:1
phenol:chloroform:isoamyl alcohol and then twice with 24:1 chloroform:isoamyl alcohol
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and the aqueous phase was removed to a new tube and 0.1 volume of 3 M NaOAc (pH
5.2) and 2.5 volumes of 95% ethanol were carefully added and mixed by gentle
inversion. The DNA was pelleted at 12,000 x g for 20 min in a microcentrifuge. The
pellet was washed with 70% ethanol and air dried. The DNA was resuspended in 100 µl
10 mM Tris-HCl, pH 8.0.
Construction of allelic exchange substrate
To generate Rv3312A deletion mutants in M. tuberculosis, PCR was used to
amplify 850 bp fragments upstream (left PCR, L) and downstream (right PCR, R) from
Rv3312A using primer pairs listed in Table 1 and M. tuberculosis H37Rv genomic DNA
as template (Fig. 1A). Flanking arms were directionally cloned into cosmid pYUB854
using 5’ primer extensions containing appropriate restriction sites (Fig. 1B) (16). For
Rv3312A the left PCR product containing an SpeI site generated by the sense forward
primer and an XhoI site from the antisense reverse primer was sequentially digested, gel
purified, and cloned into SpeI and XhoI digested, gel-purified pYUB854. The construct
was introduced into E. coli HB101 by heat shock to produce p3312-L recombinant
cosmid. Following purification from E. coli HB101, p3312-L was digested with the
enzymes AgeI and StuI, and ligated with Rv3312A right PCR containing a forward
primer-derived AgeI site and reverse primer StuI site, to create p3312-L+R as described
for the left PCR. The cosmid p3312-L+R was introduced into E. coli HB101 by heat
shock, extracted, and linearized with PacI for 2 h at 37°C. After digestion the reaction
was incubated at 65°C for 30 min to inactivate the enzyme.
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Figure 1. Graphic representation of allelic exchange substrate for generation of M.
tuberculosis mutants. (A) Flanking DNA surrounding the target gene is amplified by
PCR from M. tuberculosis H37Rv chromosomal DNA. The left and right PCR products
are sequentially cloned using 5’ restriction site extensions on the sense (s) forward primer
and the antisense (a) reverse primer as described in materials and methods. (B) The
directionally cloned flanking PCR products, in their original chromosomal orientation,
are separated by the hygromycin cassette in pYUB854 derivatives. Primers are indicated
as arrows and the target gene orientation is denoted in (A). The deletion in the M.
tuberculosis chromosome will occur between the 5’ end of the left PCR antisense primer
and the 5’ end of the right PCR sense primer following allelic exchange after introduction
of the recombinant cosmid via mycobacteriophage delivery (16).
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Shuttle phasmid DNA was prepared as mycobacteriophage DNA from the phage
lysate as described above. Head-to-tail concatamers were formed by self-ligating 7.5 µg
of purified phasmid DNA in a standard 50 µl reaction with T4 DNA ligase (NEB) for 30
min at room temperature. The reaction was terminated by incubation at 65°C for 30 min.
The oligomerized phage DNA was digested with PacI for 1 h at 37°C and the enzyme
was inactivated by heating the reaction as described.

The PacI-linearized cosmid

containing the allelic exchange substrate was ligated with the PacI digested phasmid. A
standard 20 µl reaction containing 100 ng of cosmid DNA and 1 µg phage DNA was
incubated for 18 h at 16°C to replace the resident cosmid with the allelic exchange
cosmid.
A commercial

packaging extract, GigaPack III XL (Stratagene), was used to in

vitro package the ligation mix into

phage heads following the manufacturer protocol.

Four microliters of the ligation mix was added to the packaging extract and the reaction
was incubated at room temperature for 2 h. After completion of the packaging reaction,
500 µl SM buffer (Stratagene) and 20 µl of chloroform were added, mixed, and the
supernatant containing the phage particles, was collected.

Fifty microliters of the

reaction product was used to transduce 25 µl E. coli HB101 following the manufacturers
protocol. Briefly, E. coli HB101 was cultured in LB broth supplemented with 10 mM
MgSO4 and 0.2% (w/v) maltose (Sigma) at 37°C until the O.D.600 nm reached 1.0. Cells
were harvested by centrifugation at 500 x g for 10 min and diluted to an O.D.600 nm of 0.5
with sterile 10 mM MgSO4. The diluted cells were mixed with the packaging reaction
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and 200 µl LB broth was added and the mixture was incubated at 37°C for 1 h prior to
plating on LB containing hygromycin. Plates were incubated at 37°C overnight and
individual HygR colonies were selected and grown in 3 ml LB broth containing
hygromycin for 16 h at 37°C with shaking. Phasmid DNA, representing recombinant
mycobacteriophages containing the allelic exchange substrate, was purified from the E.
coli HB101 cultures by alkaline lysis.
Generation of specialized mycobacteriophages
M. smegmatis mc2155 grown in LB-Tw was prepared for electroporation
according to standard techniques and all manipulations were carried out on ice or at 4°C.
To convert the recombinant shuttle phasmid into mycobacteriophage, 2 µl (1 µg) of
purified phasmid DNA was electroporated into 400 µl of freshly prepared M. smegmatis
mc2155 in a 0.2 cm electrode gap cuvette (Fisher) at 2.5 kV and 25 µF with the pulse
controller set at 1000

. Following electroporation, cells were suspended with 1 ml 7H9

broth without Tween-80, transferred to a sterile glass test tube, and incubated at 30°C for
30 min to permit phage infection. Following phage infection, 1 ml of the electroporated
cells were mixed with 3.5 ml molten top agar and poured onto a 7H10 agar plate. The
untransformed cells in the electroporation preparation served as a lawn for the
development of plaques. Once the top agar had solidified, the plates were incubated at
30°C for 3 days.

Twenty individual plaques were selected for confirmation of the

temperature sensitive phenotype as described above. One temperature sensitive plaque,
representing the recombinant mycobacteriophage ph3312, was selected and used to
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generate high-titer phage lysate as described.

The titer of the phage lysate was

determined to be 1010 pfu/ml.
Specialized transduction of M. tuberculosis for allelic exchange
M. tuberculosis strain H37Rv or CDC1551 was grown as a rolling culture in 200
ml 7H9-ADC-Tw contained in a 2 L plastic roller bottle (Corning) at 37°C. After the
culture reached an O.D.600

nm

of 1.0, 10 ml of cells were harvested for each phage

infection by centrifugation at 1,500 x g for 10 min at room temperature. The supernatant
was aspirated and the pellet was resuspended in 10 ml of 7H9-ADC without Tween-80
(phage adsorption buffer). The centrifugation and wash step was repeated one more time.
The washed cell pellet was resuspended in 10 ml of phage adsorption buffer and added to
15 ml phage adsorption buffer contained in a 125 ml plastic Erlenmeyer flask (Corning).
The cells were incubated standing at 37°C for 24 h to remove any residual traces of
Tween-80. The cells were collected by centrifugation at 1,500 x g for 10 min at room
temperature and the cells were resuspended in 1 ml phage adsorption buffer and
transferred to a 2 ml screw-cap tube (Fisher). Pre-warmed high titer phage lysate was
added to the cells by gentle pipeting to achieve an MOI of 10 and the cell-phage
suspension was incubated at 37-39°C for 6 h for phage adsorption. The cell-phage
suspension was transferred to 25 ml of pre-warmed 7H9-ADC-Tw and incubated with
gentle shaking at 50 rpm for 24 h at 37°C. After overnight incubation, the cells were
recovered by centrifugation at 1,500 x g for 10 min and resuspended with 1 ml 7H9ADC-Tw. The cells were plated (200 µl/plate) onto 7H11 OADC containing hygromycin
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and the plates were incubated at 37°C for three weeks to obtain M. tuberculosis H37Rv
3312A::hyg and homologous CDC 1551 3413::hyg deletion mutants. As a negative
control, mock infected cells were processed in parallel to determine lack of spontaneous
hygromycin resistance. Additionally, mock infected cells were serially diluted and plated
on 7H11 OADC without antibiotic to determine the cfu/ml present in the phage infection.
HygR colonies were selected and used to inoculate 5 ml 7H9-ADC-Tw containing
hygromycin and grown at 37°C with shaking for preparation of -80°C frozen stocks and
genomic DNA preparation. Allelic exchange was confirmed by locus-specific PCR.
DNA sequencing and sequence analysis
DNA sequences for designing PCR primers and for sequence analysis were
obtained using the available M. tuberculosis genome sequence database accessible at
(http://genolist.pasteur.fr/Tuberculist).

DNA and protein homology searches were done

using the National Center for Biotechnology Information BLAST server program.
Protein sequence alignments were aligned using CLUSTAL-X default settings and G+C
content was determined by scanning regions of M. tuberculosis H37Rv genome sequence
with a 40 base sliding-window using Vector NTI software Bio-Plot functions.
Additional G+C determinations were done using the Z curve database applications at
(http://tubic.tju.edu.cn/zcurve/). The Z curve application for measuring G+C content is a
windowless technique with high resolution (148). REPFIND (http://zlab.bu.edu/repfind/)
is a program to find clustered, exact repeats in nucleotide sequences. REPFIND was used
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with a P-value cut-off of 0.0001 to eliminate repeat sequences occuring by chance and
the statistical background was determined using the query sequence.
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Table 1. Primers and vectors used in this study.
Vector or
primer
Vector
pBEN
pYUB854
p3312-L+R
phAE159
ph3312

Description/sequencea
gfp driven by phsp60 from M. bovis BCG
cosmid vector for allelic exchange substrate
Rv3312A allelic exchange cosmid
temperature sensitive mycobacteriophage
Rv3312A specialized mycobacteriophage

Referenceb
(109)
(16)
(16)

Primerc
3312L-f
AAATACTAGTATCGGGTCGCCTTCGAATGC
3312L-r
AAATCTCGAGGAGAACTTGCTGATTACTCGCT
3312R-f
AAAATACCGGTGCCGTCCGATGACAGAAAAT
3312R-r
AAAAATAGGCCTAACAACGCACCGAATAGCCG
3312-f
ACCGTCATCATATGTACCGGTTCG
3312-r
CATCGGCTCGAGAGCGTAAATCTG
flp-f
ATGTTTCGTGTACTCGTGGCG
flp-r
CGCCGACACAATGGAATCCC
3657-f
GCGCATCGGCCACACCAGGG
3657-r
TCAGCACACCGGCCCGCTCG
3658-f
GTGTTGGCTGTGTCGCGGTTGGTGT
3658-r
GGATTGCCAATATGGCCGCACTG
3659-f
ACTCGGTGTGGGTGGACGACGGAAA
3659-r
ATTGAGCGCCGCCAACAGATCCAC
3660-f
AAGCTGCTGAATCGGCACGCGA
3660-r
ACGTGGCAGCACACCAAGTACCCGT
a
Primers are listed 5’ to 3’and 5’ extensions containing restriction sites are in bold.
b
Unless indicated, primers and vectors are from this work.
c
All primers are desalted, 3312R-f and 3312R-r are cartridge purified.
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CHAPTER I: NOVEL PILI OF MYCOBACTERIA
Introduction
M. tuberculosis ability to invade and parasitize cultured eukaryotic cells has been
well documented. The majority of molecular and cellular analyses have focused on M.
tuberculosis-host cell interactions, primarily the mechanisms that enable the
mycobacteria to replicate within phagocytes. Thus, a great deal is known about the
intracellular lifestyle of M. tuberculosis.

These studies have provided a wealth of

information regarding the phagosomal environment in which the bacillus resides, such as
cataloging macrophage-induced M. tuberculosis genes and identifying key metabolic
pathways operating during growth within the macrophage (108). Studies have also
identified mechanisms of resistance to reactive oxygen and nitrogen species and
decreased pH, likely encountered during the parasitism of the phagocyte (52, 53, 115).
There is however, relatively little known about the adherence mechanisms by which M.
tuberculosis initiates the infectious process with host cells, a critical requirement for
gaining access to the intracellular environment.
Most bacterial adhesins are assembled into polymeric surface structures. This
common bacterial feature has likely evolved for a number of reasons regardless of
specific function. Due to the spatial requirement for adherence, repulsive forces must be
overcome between the bacteria and the target surface. This is best accomplished by the
projection or production of a physical structure that can act as a link between two
surfaces. Additionally, the assembly of a polymer can be regulated and produced most
efficiently when it is made from a repeating subunit comprised of only one protein. The
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best evidence for this is the fact that many bacteria produce polymeric structures known
as pili, and some bacteria possess the capability to elaborate multiple kinds of pili. Each
pili type has a distinct function required for different aspects of the bacterium’s lifestyle.
The pilus structure is evolutionary conserved among prokaryotes and due to the great pili
diversity and their placement across nearly every eubacterial taxa, is evidence of
convergent evolution.
This study was initiated by using negative staining and TEM to examine the fine
structure of whole mycobacterial cells grown in vitro on a number of standard
mycobacteriological media.

Since pili range in diameter from 2-10 nm, electron

microscopy is the only method to directly view their fine structures. Negative staining
and TEM is widely used to identify surface structures on bacterial cells, and allows
physical characteristics such as size, shape, and morphology to be determined. TEM also
can provide insights regarding the placement or localization of the pili in relation to the
bacterial cell, such as polar or peritricous arrangements. In some instances, negative
staining and TEM can also provide clues regarding the nature of the fiber strand, such as
helical twisting and potential packing arrangement of the subunits that comprise the
polymer. Using these methods in the present study, mycobacteria were observed to
produce fine surface structures known as pili.

Mycobacterial pili appeared to be

manifested in a number of distinct morphotypes, sometimes associated with differences
used in the in vitro growth conditions. After careful scrutinization of M. tuberculosis
cells, it also became readily apparent that the tubercle bacillus possessed the capability to
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produce at least two distinct pili morphotypes as observed by both TEM and SEM
analysis of the cultured bacteria.
Results
TEM analysis of mycobacterial cells
Negative staining and TEM were used to examine several mycobacteria. For
initial studies, the fast-growing M. smegmatis mc2155, M. vaccae, and M. fortuitum were
grown in 7H9 broth at 37°C with gentle shaking for 3 days. Slow-growing M.
tuberculosis strains H37Rv, H37Ra, CDC1551, and M. bovis BCG were grown as a lawn
on 7H11 agar plates containing OADC for three weeks at 37°C.

All of these species,

with the exception of M. vaccae, were able to produce thin, flexible, coiled, pili under
these growth conditions (Fig. 2).
M. tuberculosis cells propagated on solid agar produced thin (2-5 nm-wide),
aggregative, flexible hair-like appendages that protruded several microns away from the
bacterial cell surface (Fig. 2A-C). The fine fibrillar structures tended to aggregate to each
other forming a meshwork of variable dimensions that appeared associated with the
bacteria or loosened in the supernatants. These fibrillar structures are morphologically
reminiscent of the well-characterized curli structures produced by some enteric pathogens
(39, 101). Under these growth conditions, ~10% of the bacterial cells present in the
culture samples analyzed by TEM possessed these pili. A similar result was obtained
when M. bovis BCG cells were examined (Fig. 2D).

There were no qualitative
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differences observed by negative staining and TEM between the various M. tuberculosis
strains grown under these same conditions.
Interestingly, M. smegmatis and M. fortuitum produced pili regardless of the
growth temperature (either at 25o or 37oC). Both species seemed to produce more pili
when the cultures were incubated statically for at least 18 h at room temperature
following logarithmic growth as a shaking culture at 37°C (Fig. 2E and F). The pili
produced by M. smegmatis range from 4-10 nm in diameter and appear to be flexible and
laterally aggregate as they extend 2-5 µm from the cell surface (Fig. 2E). In contrast, the
pili produced by M. fortuitum are thinner, 3-5 nm in diameter, and appear to associate
loosely such that their appearance resembles a web-like structure extending a short
distance from the cell surface (Fig. 2F). For both fast-growing mycobacteria, the pili
appear to extend from the sides of the bacterial cells with little polarity (Fig. 2E, F).
In initial electron microscopy experiments, controls were employed to show that
the pili structures observed were bacterial in nature and not artifacts present in the
bacterial growth media employed. Electron microscopy grids were prepared with fresh
liquid medium, mock inoculated media, or with a drop of water obtained from a solid
agar plate prior to negative staining. These samples lacked any fibrillar structures in
these samples, indicating that the structures seen in mycobacterial cultures were of
bacterial origin.
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Figure 2. Mycobacterium species produce pili. Electron micrographs of negatively
stained; (A) M. tuberculosis H37Ra, (B) M. tuberculosis H37Rv, (C) M. tuberculosis
CDC1551, (D) M. bovis BCG, (E) M. smegmatis mc2155, and (F) M. fortuitum.
Individual filaments are indicated with arrows. Original magnifications are 25,000X.

Qualitative analysis of M. tuberculosis pili by TEM
Since M. tuberculosis is an important human pathogen, further examination of
cultured cells grown under different growth conditions were done to qualitatively
determine the level of pili production by negative staining and TEM. The effect of
culture conditions on pili production was noted for M. tuberculosis H37Ra, H37Rv, and
CDC 1551 strains in a panel of liquid and solid media (Table 2). M. tuberculosis strains
were plated as a lawn and grown for a period of 3 weeks at 37°C in a 5% CO2
atmosphere. M. tuberculosis 7H9 broth cultures were grown for 2 to 3 weeks. GAS broth
cultures were grown for 5 weeks until they reached an O.D. 650 nm of 1.50.

Strain

H37Ra

7H11+ 3%
OADC Sheep
Blood
Agar
+
++

7H10 agar 7H11 agar 7H10 agar 7H9+ glycerol* +
+
ADCglycerol* glucose*
Tw

GAS
-Tw

+

++

+

-

-

H37Rv

+

++

+

+

+

+++

+++

CDC1551

+

++

+2

+2

+2

+++

++

Table 2. M. tuberculosis pili production on various media as observed by TEM. All
plate grown cultures in the table were incubated at 37°C in a 5% CO2 atmosphere; 2Very
limited growth was observed under these conditions; *Refers to the carbon source. +++
10 to 25% of M. tuberculosis contain pili, ++ 5 to 10% of bacteria contain pili, + less than
5% bacteria contain pili, - undetectable levels of pili.

67

These data, summarized in Table 2, indicates that pili produced by M.
tuberculosis are likely controlled by environmental stimuli since the level of pili
production varied depending on the growth media used. Qualitative analysis
demonstrates that the attenuated strain of M. tuberculosis, H37Ra, has a diminished
capacity to produce pili as compared to strains H37Rv and CDC1551 in liquid (7H9 and
GAS) cultures. In broth, M. tuberculosis H37Ra produces nearly undetectable levels of
pili, while M. tuberculosis H37Rv and the clinical isolate CDC1551 produced the highest
level of pili under these culture conditions. Ten to 25% of M. tuberculosis H37Rv and
CDC1551 grown in either 7H9-ADC-Tw or GAS supplemented with 0.05% Tween-80
contained pili as observed by TEM (Table 2).
It was also observed that some of the M. tuberculosis cells within the cultures
produced a second pilus morphotype denoted by the presence of rope-like structures
composed of many laterally aggregated pilus filaments (Fig. 3A). The appearance of
these structures is reminiscent of the morphology of type IV pili produced by many
Gram-negative pathogens (57, 123).

These long twisted filaments are distinct in

architecture from the pili observed for plate-grown M. tuberculosis. The long, rope-like
pili have a diameter of 5-7 nm and laterally aggregate (Fig. 3A). This is in contrast to the
2-5 nm diameter fibers that coil together in a dense meshwork, similar in appearance to
curli (101), observed for plate grown cells (Fig. 3B).
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Figure 3. M. tuberculosis produces multiple pili architectures. TEM analysis of
negatively stained (A) M. tuberculosis H37Rv grown in 7H9-ADC-Tw shows the
production of rope-like, laterally aggregated pili. (B) M. tuberculosis CDC1551 grown
on 7H11-OADC solid media demonstrates the elaboration of fine, coiled fibers that
aggregate into a densely staining aggregate.
SEM analysis of statically grown M. tuberculosis H37Ra
A common technique used to cultivate M. tuberculosis is static growth in liquid
media. After incubation for 6-8 weeks under these conditions the majority of the bacteria
form a large mass or surface pellicle at the air-liquid interphase (Fig. 4A). By culturing
M. tuberculosis H37Ra in GAS-Tw on glass coverslips contained within a 24-well tissue
culture plate it was possible to recover the bacterial growth for high-resolution SEM
analysis. Using SEM it was found that the bacteria within the static culture (Fig. 4B)
produced numerous pili (Fig. 4C and D).
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Similar to the findings obtained using TEM, the pili observed by SEM during
static growth appeared in two distinct morphologies. Mycobacteria that were adhered to
the glass substratum produced a thick fiber structure that appeared to tether the bacteria to
the coverslip or to one another (Fig. 4C). These thick fibers also appear to be comprised
of laterally aggregated filaments. In some instances it is possible to observe a filament
that appears to be unwinding at the distal end (Fig. 4C, arrow).

The other pili

morphotype observed using SEM was a less ordered meshwork of finer filaments (Fig.
4D, arrows). These pili appeared to tightly trap the mycobacteria together in a mass of
web-like fibers, and seem reminiscent of the pili produced by M. tuberculosis cultured on
agar media as observed by TEM (Fig. 3B). Interestingly, since the strain used to produce
the static cultures was transformed with a plasmid constitutively expressing GFP (pBEN),
it was possible to examine the coverslip recovered from the well using laser scanning
confocal microscopy. By reconstructing the a through z stacked images, it was observed
that the mycobacteria produced a large community of bacteria with areas of different cell
densities as indicated by variations in fluorescent intensity (Fig. 4B).
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Figure 4. Microscopic characterization of static M. tuberculosis H37Ra cultures.
(A) Surface pellicle cultivated by seeding 108 GFP-expressing M. tuberculosis H37Ra in
1 ml GAS-Tw on glass coverslips in 24 well plates. Cultures were incubated for 8 weeks
at 37°C in a humidified chamber with 5% CO2 atmosphere. (B) a-z vertical
reconstruction of stacked laser scanning confocal microscopy images, the lower portion
of the image represents the glass substratum (white bar). Magnification 200X. (C) High
resolution SEM of mycobacteria adhered to the glass coverslip. Magnification 30,000X.
(D) High resolution SEM of mycobacteria contained within the surface pellicle. Arrows
in (C and D) indicate pili. Magnification 25,000X.
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Discussion
Studies were initiated to examine the fine surface structures of various
mycobacterial cells cultured in a variety of conditions by negative staining and TEM. It
was found that the fast-growers, M. smegmatis and opportunistic pathogen M. fortuitum,
produced pili during growth in common mycobacteriological media. The pili produced
by M. smegmatis were long, flexible fibers that seemed to form parallel arrays as they
extended from the mycobacterial cell wall (Fig. 2E). Although M. fortuitum produced
pili under the same growth conditions, their morphology was distinct from the pili
produced by M. smegmatis.

M. fortuitum produced fine, loosely aggregated fibers

manifested as web-like material stretching away from the bacterial surface (Fig. 2F).
Interestingly, another fast-growing mycobacteria, M. vaccae, did not produce any
structures under the exact same growth conditions.

This suggested that not all

mycobacteria produce pili or that the expression of such surface structures in
mycobacteria is regulated in response to different environmental cues.
The slow-growing mycobacteria also were observed to produce pili under
standard growth conditions (Fig. 2A-D). The pili produced by these bacteria on solid
agar were physically distinct from the pili observed upon examination of the fast-growing
mycobacteria. Two important findings were established: i) the attenuated M. bovis BCG
strain that has been in used as a TB vaccine for many decades, produces curli-like pili
(Fig. 2D); and ii) M. tuberculosis produces at least two morphologically distinct pili types
(Fig 3). The only correlation noted between M. tuberculosis strain virulence and pili
production was observed for M. tuberculosis grown as liquid cultures. Under this growth
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condition the avirulent M. tuberculosis H37Ra had a diminished capacity to produce pili
(Table 2). In all cases the number of cells producing pili in the culture, whether on a
solid substrate or in a liquid media, varied between 0 and 25% (Table 2). The average
proportion of cells expressing pili was generally around 10%. This suggests that the in
vitro environment probably lacks the necessary signal(s) required by M. tuberculosis to
maximally express pili. Additionally, studies using SEM to analyze static cultures of M.
tuberculosis H37Ra (Fig. 4) not only confirmed the presence of two distinct M.
tuberculosis pili morphotypes, but also suggest that pili may be used by M. tuberculosis
to form inter-bacterial connections.
Very little is known regarding the adherence capabilities of mycobacteria. This is
a startling omission since adherence is a requisite for subsequent invasion. It is well
established that M. tuberculosis invades eukaryotic cells and is thought to reside almost
exclusively in an intracellular state. This study is the first report that mycobacteria,
including the important human pathogen M. tuberculosis, produce surface structures
known as pili (Fig. 2, 3, and 4). Most bacterial adhesins are polymeric surface structures.
The discovery that mycobacteria produce pili is a significant advance in our
understanding of mycobacterial physiology.

Further studies may reveal that the

mycobacteria pili fibers may function similar to those ascribed to the numerous pili that
have been characterized in other microorganisms.
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CHAPTER II: MYCOBACTERIUM TUBERCULOSIS PILI (MTP)
Introduction
M. tuberculosis is an important pathogen of humans, yet our understanding of the
pathogenic mechanisms that allow the bacillus to efficiently infect its host are limited.
Therefore, the remainder of this dissertation will be focused exclusively on M.
tuberculosis. In chapter I it was demonstrated that M. tuberculosis produces at least two
physically distinct pili types, curli and bundled. This chapter presents the isolation,
biochemical and molecular characterization of the curli-like pili produced by M.
tuberculosis grown on solid media (Fig. 3B). The physical characteristics of the fine
fiber structures produced by M. tuberculosis and the remarkable resemblance to curli and
thin aggregative fimbriae is consistent with the hypothesis that the structures are pili.
Hence the fibers produced by M. tuberculosis on solid agar were named Mycobacterium
tuberculosis pili or Mtp.
The purification of pili generally relies upon the large molecular mass of the
polymer for the efficient separation of the pili from other bacterial proteins. Pili are first
removed from the bacterial cells using shear forces generated by mechanical means. This
can be accomplished by using sonication, homogenization, or physical shaking. Once the
pili have been sheared from the bacterial cell wall, differential centrifugation is often
employed to separate the sheared pili from the bacteria and cell membranes.
Ultracentrifugation and isopycnic separation in a density gradient usually represents the
final steps of the pili purification process. The purified pili can then be subjected to
various biochemical, biological, and molecular analyses.

This general strategy was
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applied to M. tuberculosis and sufficient Mtp were isolated for a number of important
experiments.
Results
Purification and biochemical analysis of Mtp
Studies were undertaken to purify and identify the nature of the pili structures
observed in M. tuberculosis cultures. For safety reasons, namely working under nonBSL-3 conditions, avirulent M. tuberculosis H37Ra was used for Mtp purification.
H37Ra was grown at 37°C in a 5% CO2 atmosphere for three weeks on one hundred
7H11 agar plates lacking OADC. The OADC supplement was omitted from the media to
prevent contamination of the samples with albumin that was found to interfere with the
biochemical analysis of Mtp in initial Mtp purification experiments.

Additionally,

cultures were Gram-stained and acid-fast stained to confirm purity of the bacterial
preparations.
The heavy bacterial lawn was harvested from plates into PBS and the pili were
mechanically sheared from the surface of the bacteria using vortexing with glass beads.
The bacteria were separated by repeated low speed centrifugation and the supernatant,
containing pili, was extracted multiple times with 2:1 choloroform:methanol to remove
lipids. The upper aqueous phase and interphase that contained pili fibers was recovered.
This fraction was centrifuged at 18,000 x g to remove bacteria, membranes, and debris.
The supernatant fraction containing the pili was then recovered and concentrated by
ultracentrifugation (120,000 x g) for several hours at 4°C.

The pelleted pili were
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resuspended in PBS and dialyzed to remove any salts. This preparation was further
analyzed by TEM, which revealed the presence of abundant pili aggregates (Fig. 5),
morphologically very similar to those observed associated with the bacteria (Fig. 3B).

Figure 5. Electron micrograph of purified Mtp. Mtp were isolated and purified from
M. tuberculosis H37Ra grown on 7H11 plates by mechanical shearing, differential
centrifugation, and ultracentrifugation. The purified Mtp is morphologically very similar
to the fibrillar material produced by the bacteria as shown in Figure 3B. Magnification is
30,000X.
Generally, pilin monomers are low molecular weight proteins that usually migrate
in SDS-PAGE as 6 to 25-kDa molecules. Some bacterial pili types require special
chemical treatments such as acidification with HCl (pH 1.5) and boiling, as in the case of
the common E. coli type I pili (63), or denaturation with formic acid, as in the case of the
Salmonella and E. coli curli fibers (32, 39).

Characterization of purified Mtp
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preparations was first done using 16% SDS-polyacrylamide gels under reducing
denaturation conditions. After repeated efforts employing Coomassie blue and silver
staining techniques, an absence of stained polypeptide bands in the Mtp samples in the
range of 6 to 25-kDa was noted. Yet the same samples contained abundant pili as
demonstrated by TEM. The absence of other high MW polypeptide bands and TEM
analysis indicated that our pili preparations were relatively pure (Fig. 6). Both the BCA
protein assay and ultraviolet spectroscopy indicated that the Mtp preparation contained
14 mg total protein. Yet no protein bands were visible by SDS-PAGE. It was then
inferred that the sample represented a pure preparation of Mtp.
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Figure 6. SDS-PAGE analysis of purified Mtp. Successive amounts of purified Mtp
were subjected to standard SDS-PAGE under reducing conditions and visualized by (A)
Coomassie R-250 and (B) silver staining. Lane 1, molecular weight standards; lane 2, 10
µg Mtp; lane 3, 100 µg Mtp; lane 4, 1 mg Mtp. Lanes are indicated at top and molecular
weights (kDa) are shown on the left.
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Further efforts employed several different chemical, physical and enzymatic
treatments in attempts to allow dissociation of the pili aggregates followed by
denaturation of the pilin proteins by SDS-PAGE were all unsuccessful. Isolated Mtp
fibers were treated with various chemical reagents that have been used by other groups to
resolve pili into their pilin monomers. Formic acid treatment was used in the manner
described by Collinson et al. (39). Approximately 0.10 mg of the pili preparation was
dried using speed-vacuum centrifugation, resuspended in 95% formic acid, and
immediately frozen at –70oC. After 1 h, the sample was dried by heating for 96 h to
remove all traces of acid. Pili were also incubated in the presence of 0.1% to 10% SDS at
37oC for 18 h. Attempts were also made to dissolve the fibers in 2 to 8 M urea or
saturated guanidine-HCl for 18 h at 37oC. The purified pili preparations were also
incubated in 0.1, 1, and 10% Triton X-100 at 37°C for 18 h. The pili fibers were also
treated with 0.5%, 1%, and 5% sodium deoxycholate and incubated at 37oC for 18 h.
After the above treatments, samples were prepared for separation by SDS-PAGE and for
viewing by TEM. After electrophoresis of all above treated Mtp pili samples, material
were occasionally observed in the stacking gel but no visible protein bands were detected
in the resolving gel following either Coomasie Blue or silver staining methods.
Further, Mtp from M. tuberculosis were treated with a variety of enzymes to
determine their biochemical nature. Pepsin, trypsin, pronase, or proteinase K treatment
under the appropriate enzymatic conditions and concentrations, as observed by SDSPAGE analysis and TEM, did not degrade the pili. Treatment of Mtp with the enzyme
cellulase had no effect, demonstrating that the pili are not composed of cellulose
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polymers. The pili were also incubated at 37oC for 18 h with lysozyme (10 mg/ml)
without effect, indicating the fibers are not polymers of peptidoglycan. During the
purification of Mtp, the preparation was repeatedly extracted with chloroform and
methanol and material soluble in the organic solvents was discarded.

Thus, it is

extremely unlikely that the purified Mtp fibers are non-polar lipids from the
mycobacterial cell wall.

Identification of Rv3312A
Due to the difficulty encountered using traditional biochemical techniques to
resolve the composition of the purified Mtp, a more direct approach was employed
involving chemical manipulation followed by analysis using liquid chromatography and
tandem mass spectroscopy (LC-MS/MS). Early attempts at dissociation of the fibers
suggested that the pili are highly resistant to dissociation.

Also, due to the large

molecular mass of intact fibers; the purified pili were unable to enter gel matrices during
electrophoretic separation. To surmount this difficulty, our collaborator Sonja Hess,
Ph.D., Mass Spectrometry Facility, NIH/NIDDK, analyzed the purified Mtp from M.
tuberculosis.
Upon examination of the LC-MS/MS results, it was found that acid hydrolysis of
purified Mtp from M. tuberculosis H37Ra, H37Rv, and CDC1551 consistently produced
the same peptide fragment having a monoisotopic mass (Mr) of 1086.55 Da and a
sequence of PGAAPPPPAAGGGA (Fig. 7A and B). This sequence corresponds to the
carboxy-terminus (aa 101-114) of a 10.5-kDa predicted protein encoded by M.
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tuberculosis H37Rv ORF Rv3312A (Fig. 7C) (37).

The Mascot program uses a

probability based score and in all cases, the identification of the fragment 101-114 was
considered statistically significant, indicating a true identification. Furthermore, three
independantly purified Mtp samples produced only this peptide following acid hydrolysis
indicating the relative purity of the analyte. This data suggests that the Mtp subunit is
likely encoded by Rv3312A.

A

B

C

MLARSLSYRHRMYRFACRTLMLAACILATGVAGLGVGAQSAAQTAPVPDYY
WCPGQPFDPAWGPNWDPYTCHDDFHRDSDGPDHSRDYPGPILEGPVLDD
PGAAPPPPAAGGGA-COOH

Figure 7. Identification of M. tuberculosis H37Rv predicted ORF designated
Rv3312A by MS/MS. Purified Mtp was subjected to acid hydrolysis to generate
peptides and analyzed by MS/MS. (A) Mass spectra and (B) corresponding peptide
sequence produced by acid hydrolysates of Mtp. (C) Predicted amino acid sequence of
Rv3312A. The peptide fragment identified by MS/MS is shown in bold and underlined,
the peptide synthesized for generation of Rv3312A specific antibodies is in bold font.
Although identification of Rv3312A protein in the purified Mtp preparation
suggested that Rv3312A encodes the Mtp pilin, it still remained possible that Rv3312A
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protein co-purified with the Mtp fibers, accounting for the MS/MS result. Therefore, an
Rv3312A-specific amino acid sequence was selected for the synthesis of a peptide
immunogen for the generation of Rv3312A peptide-specific antibodies in rabbits (Fig.
7C). The anti-Rv3312A peptide antibodies were used in studies to determine if the
product of Rv3312A is in fact the Mtp subunit.

Figure 8. Anti-Rv3312A peptide antibodies label purified Mtp in immuno-electron
microscopy experiments. (A) Rv3312A peptide derived rabbit antibodies label purified
Mtp fibers when detected by 10 nm colloidal gold anti-rabbit IgG conjugate as shown by
arrows. (B) Pre-immune sera was unable to label the purified Mtp fibers in parallel
experiments. Original magnifications are 25,000X.
When purified Mtp fibers were incubated with the anti-Rv3312A peptide serum in
immunogold labeling experiments, nearly all of the 10-nm gold particles were associated
with the pili (Fig. 8A). Nearly all of the visible 10 nm colloidal gold particles localized
along the Mtp filaments (arrows in Fig. 8A). There were very few gold particles present
in areas unoccupied by Mtp. In parallel experiments, antibodies in the pre-immune
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serum from the same rabbit failed to react to the pili (Fig. 8B). This demonstrates that
the anti-Rv3312A peptide antibodies bind to purified Mtp and provides compelling
evidence that the identified M. tuberculosis protein, Rv3312A, is the major Mtp repeating
subunit.
Because the anti-Rv3312A peptide sera were capable of detecting the purified
Mtp fibers, the antibodies were used in immuno-blot studies. Due to the increased
sensitivity of protein detection in chemiluminescent Western blot analysis in comparison
to protein staining, it was reasonable to attempt to detect material separated by SDSPAGE with the anti-Rv3312A specific-antibodies. Since the predicted protein encoded
by Rv3312A is low molecular weight, SDS-PAGE was employed using a Tris-tricine
buffer system (Tricine-PAGE) that more efficiently separates low molecular weight
proteins and peptides than traditional SDS-PAGE.
Tricine-PAGE

A

Western blot

B

C
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Figure 9. Analysis of purified Mtp using Western blotting. Purified Mtp (100 µg)
was applied to SDS-PAGE in a Tris-tricine buffer system and (A) stained with
Coomassie G-250 or transferred to a PVDF membrane and reacted with (B) pre-immune
or (C) anti-Rv3312A peptide sera. Note the presence of an Rv3312A-specific 4-kDa
band in (C) not detectable by Coomassie staining or by pre-immune Western blotting.
Peptide standard molecular weights (kDa) are indicated in (A).
The Rv3312A Western blot clearly demonstrates that the peptide-specific
antibodies detect a 4-kDa product separated by Tricine-PAGE from purified Mtp (Fig.
9C). It is notable that the 4-kDa band is not detectable by Coomasie staining (Fig. 9A).
Additionally, pre-immune sera from the same rabbit failed to detect the 4-kDa product in
Western blots (Fig. 9B), demonstrating that the reaction is specific for the Rv3312A
encoded protein. The Western blot results serve to independently confirm the MS/MS
analysis of purified Mtp with the identification of Rv3312A as a component of Mtp. The
immuno-electron microscopy results provide further evidence that Rv3312A encodes the
Mtp subunit.
The M. tuberculosis H37Rv ORF, designated Rv3312A, is predicted to encode a
10.5 kDa protein (Fig. 7C). However, the anti-Rv3312A peptide antibodies only detected
a 4-kDa product. Attempts were made to determine if the antibodies could recognize a
larger molecular weight product by probing whole cell lysates prepared from
mycobacteria in Western blots.

While it was demonstrated that the whole cell lystates

contained the expected pattern of multiple protein bands by Coomassie staining (Fig.
10A), it was not possible to detect any product other than the 4-kDa band in the Rv3312A
Western blot (Fig. 10B).

This suggests that either the Rv3312A gene is annotated

incorrectly or the 10.5-kDa species is proteolytically processed immediately following
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translation. The later scenario is possible since the Rv3312A-specific antibodies were
raised against only a small portion of the predicted protein, and may be unable to detect
any molecule lacking the peptide sequence. Thus, the peptide antibodies would only
detect the 4-kDa product and not the remaining 6-kDa portion of the molecule.
Interestingly, no reactive product was detected in whole cell lysate prepared from M.
smegmatis (Fig. 10B, lane 5).
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Figure 10. Tricine-PAGE and anti-Rv3312A Western blot analysis of mycobacterial
whole cell lysates. Whole cell lysates (WCL) were prepared from mycobacteria and 100
µg total protein was applied to Tricine-PAGE and subjected to (A) Coomassie staining or
(B) transferred to PVDF membrane and reacted with anti-Rv3312A peptide antibodies in
Western blot analysis. Lane 1, peptide molecular weight standards; 2, M. tuberculosis
H37Ra WCL; 3, M. tuberculosis H37Rv WCL; 4, M. tuberculosis CDC1551 WCL; 5, M.
smegmatis mc2155 WCL.
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In summary, purified Mtp analyzed by MS/MS, immuno-electron microscopy,
and by Western blotting experiments all demonstrate that the predicted M. tuberculosis
H37Rv ORF designated Rv3312A, encodes the putative Mtp subunit. The Rv3312Aspecific 4 kDa product detected in Western blot analysis provides evidence that the
protein is proteolytically processed, a common event that occurs during the assembly of
pili at the bacterial surface. Lastly, it was demonstrated that the fast-growing saprophyte
M. smegmatis that produces pili morphologically distinct from Mtp (Fig. 2E), does not
produce a protein detectable with anti-Rv3312A antibodies in Western blots.
Genomic organization of Rv3312A and BLAST analysis

Figure 11. Genomic organization of the Rv3312A region in M. tuberculosis H37Rv.
Chromosomal context of Rv3312A (black arrow) in M. tuberculosis reveals lack of
typical pili biogenesis genes. Rv3312A is situated between genes involved in
intermediary metabolism (yellow) and conserved mycobacterial genes of unknown
function (brown). Graphic display obtained at http://genolist.pasteur.fr/Tuberculist.
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The putative mtpA gene is one of three conserved hypothetical proteins
surrounded by intermediary metabolic genes in the M. tuberculosis H37Rv genome [Fig.
11] (37). The Rv3312A gene is annotated to be associated with the cell wall (37). It is
not clear from the M. tuberculosis genome database why this ORF is predicted to be
involved in cell wall processes, because of the lack of homology of Rv3312A to any
known proteins.

However, Hidden Markov Modeling results contained within the

database indicate a possible membrane spanning region for the N-terminal portion of the
predicted protein (37). The Rv3312A ORF annotation also indicates that unpublished Nterminal sequencing of a protein separated by 2D gel electrophoresis that reacted with
pooled TB patient sera produced the sequence YYWCPGQPFDPAWG [arrowhead in
Fig. 7C] (37). This N-terminal sequence does not match the predicted amino-terminus of
Rv3312A, but does match an internal portion of the predicted molecule (Fig. 7C). This is
consistent with the Western blot results presented in Figure 9C and 10B. Additionally,
there are no obvious pili biogenesis genes flanking Rv3312A (Fig. 11). Because most
pili characterized belong to Gram-negative bacteria it is not surprising that the genomic
organization of mtpA in M. tuberculosis H37Rv does not resemble classic pili biogenesis
operons.
Mtp reactivity with TB patient sera
Since M. tuberculosis is found only in humans and does not survive in the
environment outside of the bacteriology laboratory, it was desirable to determine if Mtp
are produced by the tubercle bacilli in vivo.

During TB infection, M. tuberculosis

specific molecules are recognized as antigens by the host immune system and induce the
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production of antibodies directed against them. 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 should be possible to
detect anti-Mtp antibodies in sera collected from TB patients.

Therefore the Mtp-

reactivity of a number of TB patient sera were evaluated by experiments using both IF
microscopy and ELISA.

Figure 12. Mtp reacts with TB patient sera in immunofluorescent microscopy
experiments. (A-C) Purified Mtp was fixed onto glass coverslips and incubated with
TB patient sera (n = 36) demonstrated a distinctive fibrous pattern of fluorescence as
detected by the anti-human IgG fluorescent conjugate. (D) Sera from healthy donors (n =
5) did not produce any visible reactivity. Approximately 60% of TB patient sera tested
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were positive for Mtp reactivity by IF, while none of the healthy controls demonstrated
Mtp reactivity. Original magnifications are 1,000X.
The results of the IF microscopy experiments clearly demonstrate an Mtp-specific
reaction, when Mtp bound human IgG was detected using a green fluorescent conjugate
(Fig. 12A-C).

In a positive reaction a characteristic fibrous meshwork of intense

fluorescence was observed indicating binding of human IgG to Mtp (Fig. 12A-C).
Among the 36 individual TB patient sera screened by IF microscopy 60% produced a
positive reaction, while all of the control sera tested (n = 5) were negative (Fig. 12D).
Fluorescent fibers were not observed when the purified Mtp were incubated with goat
anti-human IgG Alexa Fluor conjugate in the absence of human sera.
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Figure 13. Mtp reacts with TB patient sera by ELISA. 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 presented were obtained at sera diluted 1:3,200. Values given are averaged from
triplicate experiments. The arbitrary horizontal line represents the cut-off value of two
times the average ELISA reading of healthy control sera.
To confirm the IF results and to better define the antibody reactivity of human
sera to purified Mtp the titer of anti-Mtp IgG present in the same panel of TB patient and
healthy sera were determined using ELISA. Individual TB patient sera that reacted to
Mtp by IF should also demonstrate significant anti-Mtp titers by ELISA. Using ELISA
to detect human IgG bound to immobilized Mtp, it was observed that 60% (n = 36) had
anti-Mtp IgG titers greater than 3,200.

Healthy control sera (n = 5) did not react

significantly with purified Mtp (Fig. 13). Nearly all of the human sera that had positive
reactivity to Mtp by IF microscopy also had anti-Mtp IgG titers of 3,200 or greater. The
finding that antibodies present in human convalescent sera obtained from TB patients
react to Mtp by IF and ELISA provides compelling evidence that Mtp are immunogenic
and are produced by M. tuberculosis during infection of the human host.

Mtp and adherence
Pili are adherence factors that confer various desirable properties for pathogens
such as mediating close contact between bacteria and host cells (48, 75). Many bacterial
pathogens use pili to bind to the extracellular matrix (ECM) to initiate infection or
promote colonization. Previous studies have shown that M. tuberculosis preferentially
attaches and invades damaged areas of human respiratory mucosa in an organ culture
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system (95). Damage to tissue can occur due to the inflammatory response associated
with a bacterial infection. In the case of TB, a dramatic inflammatory response is
generated by the host in an attempt to contain the TB infection. In these instances of
tissue damage, ECM proteins may be exposed to a greater extent in damaged sites than in
healthy tissue. Therefore, purified Mtp were tested for its ability to interact with ECM
proteins using an ELISA-based assay.

Figure 14. Mtp binds to the extracellular matrix protein laminin. An ELISA-based
assay was used to measure the binding of increasing concentrations of fibronectin,
laminin, and collagen type IV to Mtp-coated plates. Binding was detected using rabbit
anti-fibronectin, anti-laminin, or mouse anti-collagen type IV. The complex was detected
using either goat anti-rabbit or anti-mouse peroxidase conjugate. Results are presented as
means +/- standard error from three independent experiments run in triplicate.
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It was found that Mtp has a strong affinity for the ECM protein laminin and a
significantly weaker affinity for fibronectin (Fig. 14). No significant absorbance readings
were obtained with type IV collagen-coated wells (Fig. 14) or uncoated wells. These
results indicate that Mtp could be an adhesin utilized by M. tuberculosis to bind laminin
and this affinity could facilitate the interaction between M. tuberculosis and the host
epithelium during the establishment of TB infection in the lung or other tissue sites.
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Figure 15. Immunofluorescent microscopy of M. tuberculosis H37Rv epithelial cell
adherence assay using anti-Rv3312A peptide sera.
M. tuberculosis H37Rv was
incubated with A549 human epithelial cells for various times prior to IF microscopy
experiments using (A) pre-immune or (B-D) anti-Rv3312A peptide antibodies. (A, B) 1
h, (C) 4 h, and (D) 6 h post-infection. Nuclei were stained with propidium iodide (red)
and anti-Rv3312A antibodies were detected with anti-rabbit IgG Alexa fluor 488
conjugate (green). Phase contrast light microscopy and fluorescence were merged to
show bacterial (white arrows) and eukaryotic cells. These data show that the Rv3312A
gene product (Mtp) is detectable during M. tuberculosis infection of human epithelial
cells as green fluorescence in B, C, and D. Magnifications are 1,000X.

92

To determine if this Mtp-mediated interaction could potentially occur with host
cells, M. tuberculosis bound to A549 human epithelial respiratory cells were analyzed
using an in vitro adherence assay and IF microscopy with anti-Rv3312A peptide
antibodies used for detection of Mtp. Phase contrast microscopy clearly shows the
presence of numerous bacilli intimately associated with the A549 epithelial cell
monolayer (Fig. 15). At 1 h post-infection, approximately 20% of the A549 cells have
M. tuberculosis H37Rv adhering to them (Fig. 15A and B). As the infection of the
monolayer progresses for 4-6 h anti-3312A antibody reactivity remains detectable (Fig.
15C and D). Examination of the infection process with anti-Rv3312A peptide antibodies
in IF microscopy experiments revealed that most of the bacteria associated with the A549
cells were expressing Mtp protein (Fig. 15B-D). Controls using pre-immune sera failed
to produce any green fluorescence (Fig 15A) demonstrating the specificity of the IF
reaction.

Identical results were obtained using M. tuberculosis CDC1551 and no

qualitative difference in the kinetics of bacterial association with eukaryotic cells or antiRv3312A reactivity were noted. These results provide evidence that Mtp are expressed
by M. tuberculosis during bacterial association with human respiratory epithelial cells.
These results also suggest that Mtp could function as an adhesive structure for the
bacteria analogous to the function of pili for many other bacterial pathogens.

Generation of Rv3312A and MT3413 deletion mutants in M. tuberculosis
For future studies to determine the role of Mtp in M. tuberculosis pathogenesis, an
Mtp-deficient mutant in M. tuberculosis will be critical. The mutant could then be
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complemented by introduction of the wild-type allele. The parental, mutant, and mutantcomplemented M. tuberculosis strains can then be used in various cell culture and animal
models to define the contribution of Mtp for M. tuberculosis ability to cause disease. To
initiate these important studies an Rv3312A deletion mutant,
constructed in M. tuberculosis H37Rv.

Rv3312A::hyg, was

Since the genome annotation of the M.

tuberculosis CDC1551 clinical isolate contains different gene nomenclature and
numbering the same deletion mutant in this strain will be called MT3413::hyg. These
mutants were constructed using a new method of gene inactivation recently reported for
M. tuberculosis, termed specialized transduction (16).
The success of this technique relies upon the use of mycobacteriophages to
efficiently deliver DNA into the M. tuberculosis cell. To create the allelic exchange
substrate, PCR primers are used to amplify upstream and downstream regions of
approximately 1000 bp flanking Rv3312A (Fig. 1A).

The separate PCR products,

designated left (L) for the upstream flank and right (R) for the downsteam flank, were
directionally cloned into MCSs flanking the hygromycin cassette located on the cosmid
pYUB854 to produce an Rv3312A allelic exchange substrate (Fig. 1B). This construct,
p3312-L+R, contains the upstream and downstream regions from Rv3312A in their
original genomic organization separated by a hyg cassette. The recombinant cosmid
p3312 was introduced into the conditionally-replicating phasmid vector phAE159, and in
vitro packaged into

heads. The recombinant shuttle cosmids were then purified from E.

coli transductants isolated on LB-Hyg plates. The purified mycobacteriophage DNA
containing the allelic exchange substrate was then used to transfect M. smegmatis cells at
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the permissive temperature of 30°C and a ts-plaque was selected.

The

mycobacteriophage ph3312 was then used to infect either M. tuberculosis strain H37Rv
or CDC1551 at the non-permissive temperature of 37°C and the reactions were plated
onto media containing hygromycin.
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Figure 16. PCR analysis of Rv3312A::hyg and MT3413::hyg M. tuberculosis
mutants. Genomic DNA isolated from M. tuberculosis H37Rv mutant (lanes 2 and 3)
and parental (lanes 4 and 5) and CDC 1551 mutant (lanes 6 and 7) and parental (lanes 8
and 9) strains were used as templates for PCR reactions using Rv3312A locus specific
primers. PCR products in lanes 2, 4, 6, 8, and 10 were produced using Rv3312L-f and
Rv3312R-r flanking primers and reactions in lanes 3, 5, 7, 9, and 11 were performed
using Rv3312A gene specific primers. Lanes 1 and 13 are standards with sizes in base
pairs indicated by arrows. Lanes 10 and 11 are ph3312 recombinant mycobacteriophage
DNA and lane 12 is a no template control using the flanking primers. Note the absence
of the 355 bp Rv3312A gene-specific PCR product in the M. tuberculosis
Rv3312A::hyg strains (lanes 3 and 7). The allelic exchange is shown by the replacement
of Rv3312A with the hyg allele resulting in a larger PCR product (3.9 kb) in the
amplifications from DNA isolated from the mutant strains (lanes 2 and 6) in comparison
to the parental strain PCR products using the flanking primers (2.1 kb).
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A subset of hygromycin-resistant clones were selected and grown in
7H9+ADC+Tw for the purification of genomic DNA. Genomic DNA was analyzed by
locus-specific PCR to confirm the deletion of Rv3312A or MT3413, respectively.
Flanking primers were used to confirm the presence of the hygromycin cassette within
the mutant M. tuberculosis chromosome. The PCR results clearly show that the mutant
M. tuberculosis strains lack the Rv3312A or MT3413 gene as evidenced by the absence
of a PCR product (Fig. 16, lanes 3 and 7). The wild-type M. tuberculosis genomic DNA
had the appropriate 355 bp PCR product under the same conditions (Fig. 16, lanes 5 and
9). PCR analysis was done with flanking primers that were used for cloning the allelic
exchange substrate. These PCR results clearly demonstrate the replacement of Rv3312A
and MT3413 with the hygromycin cassette as evidenced by the presence of the larger
3.9-kb PCR products (Fig. 16, lanes 2 and 6) obtained with the mutant strains. The
smaller 2.1-kb amplicons were obtained from the PCR of parental M. tuberculosis strains
(Fig. 16, lanes 4 and 8). Additionally, the ph3312 mycobacteriophage DNA was unable
to produce an Rv3312A-specific PCR product (Fig. 16, lane 11) and produced the larger
flanking PCR products identical in size to the 3.9 kb fragment amplified from the mutant
M. tuberculosis strains (Fig. 16, lane 10). The PCR results demonstrate that allelic
exchange has successfully occurred resulting in the creation of M. tuberculosis H37Rv
Rv3312A::hyg and CDC1551 MT3413::hyg mutant strains.
Discussion
In the Chapter I evidence was presented that M. tuberculosis produced multiple
pili morphotypes (Fig. 3). One morphotype, termed Mtp, appeared predominantly on
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bacteria grown on solid substrates (Fig. 3B). Mtp pili appeared remarkably similar to
curli and thin aggregative fimbriae present in a number of enterobacteria (39, 101, 107).
Mtp was purified from plate-grown M. tuberculosis H37Ra and the fibers observed by
TEM (Fig. 5) were extremely similar to the Mtp elaborated by the plate-grown M.
tuberculosis (Fig. 3B). SDS-PAGE analysis of Mtp preparations demonstrated that they
were relatively pure due to the abundance of pili by TEM and the absence of protein
bands detectable by Coomassie blue or silver staining (Fig. 6). This was observed despite
spectrophotometric measurements indicating an abundance of total protein.
These results support a number of conclusions. The ability of protein staining to
detect protein is highly dependent on the composition of the molecule, not all protein will
visualize equally with a given stain. It is possible that some amount of the Mtp material
was entering gels during SDS-PAGE but the stains used were unable to detetct the
protein. It is also possible that Mtp was non-dissociable under the standard reducing and
denaturing conditions of SDS-PAGE, thus no protein was detected within the gel.
Another possible reason could be that the Mtp fibers are not protein. However,
carbohydrates and lipids from M. tuberculosis can be observed by SDS-PAGE and silver
staining. Extraction of Mtp with organic solvents was performed during the purification
and material soluble in methanol and chloroform was discarded. This demonstrates that
Mtp are not lipid fibers as other have observed from cell preparations (17, 18, 44). The
eventual detection of the Rv3312A product in Western blots (Fig. 9) suggests that some
amount of Mtp subunit does enter the gel either in a quantity beyond the detection range
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of protein staining or the Mtp protein is not stained by Coomassie or silver staining
techniques.
Because of the difficulties in detecting Mtp in gels, it is difficult to interpret the
perceived stability of Mtp to a variety of chemical and enzymatic reagents. The majority
of these results were obtained before MS identification of Rv3312A and the production
of the anti-Rv3312A peptide antibodies.

Therefore it remains possible that these

treatments dissociated or degraded Mtp and the resulting product was undetectable in the
gels. Qualitative TEM analysis indicated that following various treatments the fibers
were still present in comparable amounts.

Another complicating factor for the

interpretation of these results is the fact that following the identification of Rv3312A, a
Tris-tricine buffer system was used for SDS-PAGE that allowed for greater resolution of
low molecular weight material (Fig. 9). This system was not employed during the initial
dissociation experiments. Given these factors, it is notable that an absence of any protein
bands were still observed in Tris-tricine run gels (Fig. 9A), while the Rv3312A product
was readily detectible by Western blot analysis (Fig. 9C). This again suggests that Mtp is
not amenable to staining or reflects the increased sensitivity of the chemiluminescent
Western blot procedure.
The extreme stability of purified Mtp is not unique and has been reported for the
pili of the Gram-positive bacterium S. salivarius and also for the pili of Actinomyces
species (83, 143, 144). The Actinomyces fibers do not dissociate into subunits after SDSPAGE and the biochemical characterization and identification of the fibril subunit and
gene was only accomplished by expressing A. naeslundii genes in E. coli and detecting

98

their expression using anti-fimbrial sera (143, 144). The Gram-negative bacteria that
produce curli also require extraordinary denaturation methods to dissociate and visualize
the curlin subunit by SDS-PAGE (32, 39).
Because of the initial difficulties in detecting Mtp by SDS-PAGE, MS/MS was
employed to analyze acid hydrolysates generated from three independently prepared Mtp
samples.

The MS/MS results were striking, and only produced one peptide that

corresponded to the extreme carboxy terminus of the predicted M. tuberculosis ORF
Rv3312A (Fig. 7). Rv3312A-specific antibodies were capable of detecting a 4-kDa
product in Western blots of Mtp preparations indicating that Rv3312A encodes a
component of Mtp (Fig. 9C). Identical results were obtained when whole cell lysate from
various M. tuberculosis strains were probed with the antibodies. In contrast, the nonpathogenic M. smegmatis did not appear to produce the Rv3312A product. This suggests
that Mtp may be involved in the pathogenic lifestyle of M. tuberculosis.
The most compelling evidence that Rv3312A encodes the Mtp subunit was
obtained in immuno-electron microscopy experiments.

The anti-Rv3312A peptide

antibodies were capable of binding to the Mtp fibers as visualized by the co-localization
of the gold conjugate (Fig. 8A). Pre-immune sera from the same rabbit failed to produce
the reaction showing that the labeling of Mtp was Rv3312A-specific (Fig. 8B). The
genomic organization of the Mtp subunit did not present any obvious evidence of nearby
pili-biogenesis genes (Fig. 11). Clustering of pili genes is not always seen, so it is not
unusual that the Mtp subunit is isolated on the chromosome. The proximity of Rv3312A
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to intermediary metabolism genes (Fig. 11) does suggest that the Mtp subunit would be
protected from major deletions or other deleterious gene inactivation events.
The role of Mtp for M. tuberculosis pathogenesis was evaluated indirectly using a
number of experiments. It was demonstrated that antibodies contained within TB patient
sera were capable of recognizing the purified Mtp antigen by both ELISA (Fig. 13) and
IF microscopy (Fig. 12).

This provided compelling evidence that M. tuberculosis

produces Mtp during infection of the human host. This supports the annotation of
Rv3312A as a secreted antigen in the M. tuberculosis H37Rv genome database (37).
Pooled TB patient sera were found to recognize the Rv3312A-encoded protein in studies
described in a patent of the Corixa Corporation (30).
Since most pili function as bacterial adhesins, the adhesive capability of Mtp for
ECM was evaluated by ELISA. It was found that Mtp bound to laminin (Fig. 14). This
demonstrates that M. tuberculosis could function as an adhesive factor for M.
tuberculosis. It has been shown that M. tuberculosis specifically adheres to human tissue
at areas of tissue damage (95). Tissue damage occurs in the human host in response to
the dramatic inflammation generated by the TB infection. These damaged areas would
have ECM exposed. Therefore, it seems likely that Mtp’s laminin binding property could
be involved in the interactions between M. tuberculosis and the human host. This was
further supported by the IF microscopy analysis of A549 epithelial cells with adherent M.
tuberculosis. Positive reactivity was observed when the infection was labeled with antiRv3312A peptide antibodies, suggesting that Mtp is expressed during interactions with
eukaryotic cells (Fig. 15). Binding to ECM and epithelial cells are well known properties
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of pili and thus provides further evidence that Mtp functions as an adhesive structure as
seen with other bacterial pathogens.

The Rv3312A (and MT3413) mutants in M.

tuberculosis (Fig. 16) will allow for phenotypic characterization of Mtp in various
models of infection to define the role of the pili in M. tuberculosis pathogenesis.
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CHAPTER III: TYPE IV PILI OF MYCOBACTERIUM TUBERCULOSIS
Introduction
Type IV pili perform a variety of functions in a large number of bacteria (123).
Type IV pili are classified by the amino acid sequence similarities in the pilin
polypeptides.

Prepilins belonging to this class are usually 14-25 kDa proteins that

contain an invariantly conserved glycine that immediately precedes the cleavage site of
the leader peptide (123). The cleavage of the prepilin occurs via the proteolytic activity
of a protein, termed the prepilin peptidase, as the monomer is assembled into the polymer
(123). The amino termini of type IV pilins are hydrophobic, highly conserved and are
therefore known as the constant region (123).

The hydrophobicity of the pilin is

interrupted by a glutamate residue that is always located five amino acid residues from
the mature pilin amino terminus (123).
The type IV pilins have been further separated into two groups known as type
IVA and IVB sub-families (123). The most notable type IVB pilins are TcpA of V.
cholerae and BfpA and Longus of E. coli (57, 124, 125). Type IVB pilins differ from
type IVA pilins in that the amino terminal residue of the mature polypeptide does not
begin with a methyl-phenylalanine (123). The amino terminal residue for TcpA is a
methionine and for BfpA a leucine is present (57, 125). The carboxyl termini of type IV
pilin polypeptides are less conserved and presumably contain antigenic epitopes. The
carboxy terminus of the pilin also contains either cysteine residues for inter-chain
disulfide formation or tyrosine residues that may facilitate subunit-subunit interactions
within the polymer (123). Thus, the carboxy terminus of the mature pilin likely is
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important not only for antigenicity but also for assembly and stability of protein-protein
interactions within the pili structure. Both group A and B type IV pili are visible by TEM
as long bundles composed of fibers 5-7 nm in diameter and group B pili fibers also have
the propensity to laterally aggregate (123).
Type IV pili are key pathogenic traits for a large number of Gram-negative
bacteria. The most common role of type IV pili for pathogens is adherence to eukaryotic
cells. This contribution to virulence is mainly observed to be attachment to various
receptors during tissue colonization or pili-mediated interactions with phagocytic cells
(48, 75, 123). Attachment and invasion of epithelial cells and parasitism of macrophages
are documented mechanisms of pathogenesis for M. tuberculosis.

Therefore, it is

reasonable to hunt for genes associated with type IV pili within the M. tuberculosis
chromosome using the annotated genome database.

Evidence presented within this

dissertation (Chapter I and II) indicates that M. tuberculosis produces multiple pili
architectures and therefore it is possible that M. tuberculosis contains pili-associated
genes unrelated to the production of Mtp as outlined in Chapter II. In Chapter III, using
various genetic and molecular techniques it was found that M. tuberculosis contains a
type IVB pili locus and that the genes within this locus are expressed as determined by
RT-PCR. This represents the first report of type IV pili produced in a high G+C Grampositive microorganism.
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Results
Identification of type IVB pili genes in M. tuberculosis
The X-proteobacterial type IV pili cluster, the tad-flp locus of Actinobacillus
actinomycetmcomitans, is present in a broad range of Gram-negative and even some
Gram-positive bacteria (70). The bundled pili comprised of Flp monomers in A.
actinomycetmcomitans are necessary for autoaggregation and tight adherence [tad] (69,
70). These pili are virulence factors that likely contribute to the microbes’ ability to
colonize human tissues. Disruption of the flp1 pilin gene in A. actinomycetmcomitans
resulted in loss of fiber formation and the flp mutant was unable to colonize or persist in a
rat model (113). Phylogenetic analysis has shown that Flp prepilins form a distinct subfamily within the type IVB pili group (70, 71). Flp prepilins, in addition to the conserved
features of type IVB pili, also contain an invariantly conserved tyrosine residue paired
with a glutamate residue that is always positioned five amino acids from the glycine
immediately preceding the site of leader peptide cleavage (71). Flp prepilins also appear
to contain another feature that groups them into a distinct Flp sub-family, all Flp prepilins
are predicted to be very low molecular weight polypeptides with an apparent molecular
mass of approximately 6-kDa (71).
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Figure 17.
Comparison of flp gene cluster between Actinobacillus
actinomycetmcomitans and M. tuberculosis. Schematic of the tight adherence (tad)
locus in A. actinomycetmcomitans (Aa) and M. tuberculosis (Mt).
A.
actinomycetmcomitans genes without homologous genes in M. tuberculosis are shown in
black. M. tuberculosis genes without homologous genes in A. actinomycetmcomitans are
shown in grey. Pilin encoding genes are indicated in red.
Interestingly, approximately one half of the tad genes, including the pilin gene
flp1, are clustered in a group of similar ORFs in the genome of M. tuberculosis H37Rv
(Fig. 17). The genes in M. tuberculosis that are similar to tad genes include a putative
ATPase homologous to TadA, as well as transmembrane and the integral membrane
proteins TadB and TadD. The annotation of the M. tuberculosis H37Rv genome also
suggests that two of the genes in this putative tad-flp cluster are possible pilus assembly
proteins (37).

The shaded genes showing no homology to genes in the tad locus, do

have predicted features such as membrane spanning domains (Fig. 17).
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Figure 18. Multiple sequence alignment of Flp type IVB prepilins. M. tuberculosis
H37Rv ORF Rv3656c (arrow) encodes a type IVB prepilin. The invariably conserved
glycine preceding the putative site of leader peptide cleavage and the conserved
glutamate exactly five amino acid residues from the amino terminus of the mature
peptide are shaded in red. All predicted Flp pilins have an invariant tyrosine residue
paired with the conserved glutamate, also shown shaded in red.
A conserved Flp pilin amino acid sequence is present in M. tuberculosis that
contains the characteristic Flp motif including an invariant glycine residue preceding the
putative leader peptide cleavage site, and a hydrophobic region which contains an
invariant glutamate-tyrosine pair of amino acids (Fig. 18). Multiple sequence alignment
of known and predicted Flp prepilins clearly shows the highly conserved characteristic
Flp features outlined above (Fig. 18). The predicted ORF in M. tuberculosis H37Rv is
annotated as Rv3656c and encodes a polypeptide of 68 amino acids that has a calculated
molecular mass of 6-kDa (Fig. 19) (37). Interestingly, unlike the other Flp pilins, the
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amino terminus of the mature Flp polypeptide of M. tuberculosis is predicted to contain a
methionine residue as found for the V. cholerae type IVB pilin TcpA (125).

MLVITMFRVLVARMTALAVDESGMSTVEYAIGTIAAAAFGAILYTVVTGDSIVSALNRIIGRALSTKV-COOH

Figure 19. Predicted protein sequence of M. tuberculosis H37Rv Flp homolog.
Predicted protein sequence of the M. tuberculosis H37Rv Flp prepilin with conserved
type IV pilin residues shown in red. The putative site for cleavage of the leader peptide is
denoted with an arrow. The amino acid sequence utilized for the generation of a
synthetic peptide for antibody production and polymerization experiments is underlined.
The genetic and bioinformatic analyses of the M. tuberculosis H37Rv putative Flp
prepilin clearly demonstrate that the bacillus contains a chromosomal type IVB prepilin
gene. Like in A. actinomycetmcomitans, the flp gene of M. tuberculosis is associated
with pili-related tight adherence (tad) genes that presumably function as pili biogenesis or
accessory factors (Fig. 17). The putative Flp prepilin encoded by M. tuberculosis H37Rv
ORF Rv3656c is also very similar in general character and molecular mass as other Flp
prepilins [Fig. 18 and 19] (71). This is somewhat surprising since all but one Flp prepilin
polypeptide sequences in the multiple sequence alignment are derived from Gramnegative bacteria that are phylogenetically very distant from M. tuberculosis. (Fig. 18).

Expression of flp by M. tuberculosis
The evidence that M. tuberculosis contains a type IVB pili locus and Flp prepilin
is very strong as shown above. However, it is possible that these genes are not functional
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or inactive and are unrelated to M. tuberculosis physiology or pathogenesis. RT-PCR
using flp-specific primers and IF microscopy with Flp-peptide antisera were employed to
determine if the type IV pili genes within the M. tuberculosis chromosome are expressed
and the Flp protein is produced by the bacillus. The gene-specific primers used for the
RT-PCR analysis are given in Table 1 and the sequence of the Flp-specific peptide used
to generate antibodies against the putative pilin is shown in Figure 19.
If the M. tuberculosis flp gene is expressed then it will be possible to detect flp
cDNA produced during first-strand synthesis reverse transcriptase (RT) reactions. Total
RNA was isolated from mid-logarithmic phase M. tuberculosis H37Rv cultured in
7H9+ADC+Tw using standard techniques. The resulting RNA preparation was digested
with DNaseI until contaminating chromosomal DNA was completely removed as
determined by the absence of a flp PCR product when the RNA sample was amplified
using Taq DNA polymerase and flp-specific primers. The DNA-free RNA preparation
was subsequently used as template in first strand synthesis reactions using RT and
random hexamer primers to generate a population of cDNA representing the RNA
species that were expressed by mid-logarithmic phase M. tuberculosis H37Rv cells. The
cDNA representing flp and related genes were then detected using gene-specific primers
in standard PCR reactions.
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Figure 20. RT-PCR analysis of flp gene cluster in M. tuberculosis H37Rv. (A)
Schematic of the flp gene cluster (red) in M. tuberculosis H37Rv. Internal gene-specific
primer pairs are represented by numbers (1-7) below the graphic. (B) RNA isolated from
mid-log phase M. tuberculosis H37Rv was used in first strand synthesis reactions to
produce cDNA for subsequent gene-specific PCR analysis. The presence or absence of
reverse transcriptase (RT) in the first strand reaction is denoted and the numbers above
the lanes correspond to the primer pairs as indicated in (A). Only three of the flp genes
were expressed under these growth conditions; flp (3), Rv3657c (4), and Rv3660c (7).
Both Rv3657c and Rv3660c primer pairs produced PCR products approximately 100 bp
smaller than expected. Molecular weight standards in base pairs are indicated at the left.
The RT-PCR results provide evidence that flp is expressed by M. tuberculosis
under these culture conditions (Fig. 20, sample 3+). The lack of a PCR product when the
RT minus template was used in the PCR reaction shows that the flp-specific product is
representative of flp mRNA and not contaminating DNA from the chromosome (Fig. 20,
sample 3-). Unexpectedly, it was not possible to detect all of the genes within the
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putative flp locus using RT-PCR from RNA isolated under these growth conditions.
Only three of the genes were detected, flp, Rv3657c, and Rv3660c (Fig. 20 samples 3, 4,
and 7). The Rv3657c and Rv3660c PCR products were 100 bp smaller than expected.
These RT-PCR data demonstrate that M. tuberculosis H37Rv possesses the capacity to
express the type IVB pilin gene and suggests that the flp gene is functional. However, the
results from the analysis of the other ORFs in the locus were less conclusive, and suggest
they are not expressed well under the conditions examined in these experiments.
Additional evidence for the expression of flp by M. tuberculosis was gathered
doing IF microscopy experiments. M. tuberculosis CDC1551 stationary phase culture
was analyzed using Flp-peptide antibodies. Since flp is expressed by M. tuberculosis in
vitro and Flp is predicted to be a pilin it should be possible to detect Flp protein secretion
using IF microscopy. The results of these experiments clearly show that the Flp-peptide
antibodies detects a surface-exposed secreted molecule (Fig. 21B).

The result also

demonstrates that the putative Flp protein is not exclusively associated with the cell wall
of the bacteria: the pattern of fluorescence obtained with the Flp-peptide antibodies does
not outline the bacillus (Fig. 21B). The observed reaction was also determined to be Flpspecific since pre-immune sera from the same rabbit failed to produce any visible
reaction (Fig. 21A).
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Figure 21. Immunofluorescent microscopy of M. tuberculosis CDC1551 with antiFlp peptide antibodies. Aliquots of stationary phase M. tuberculosis CDC1551 grown
in 7H9-ADC-Tw media were prepared for IF microscopy experiments by fomalin
fixation onto glass coverslips prior to being incubated with (A) pre-immune or (B) antiFlp peptide sera. Antibody was detected by Alexa Fluor 488 anti-rabbit IgG conjugate
(green). Samples were briefly incubated in propidium iodide to label the bacterial cells
(red). Note the Flp-specific reaction is observed only with samples incubated with antiFlp peptide antisera (B) and not with pre-immune sera (A) from the same rabbit.
Magnifications are 1,000X.
Taken together, the RT-PCR and IF microscopy data clearly demonstrate that the
flp gene is expressed and Flp protein is produced by M. tuberculosis cultured in vitro.
The implications these results have for M. tuberculosis pathogenesis are significant.
They suggest that, like other bacterial pathogens that produce type IV pili as virulence
factors. The tubercle bacillus could use type IV pili to adhere to eukaryotic cells. These
data also demonstrate that these organelles are not exclusively produced by Gramnegative bacteria. This is the first report that a type IV pilin is expressed by a Grampositive organism and the first description of any classical virulence factor possessed by
M. tuberculosis.
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In vitro polymerization of Flp-peptide
Pili are proteinaceous polymers comprised of a repeating structural subunit
termed the pilin. Pilus assembly in vivo usually requires the controlled synthesis of
subunits, post-translational modifications, and eventual assembly into a functional
organelle. Thus, the biogenesis of pili requires various accessory factors. It has been
shown that portions of pilin polypeptides can self-assemble in vitro (64).

This

phenomenon is not limited to pilins. Other proteins such as cell division proteins involved
in septum formation, and eukaryotic actin monomers can also polymerize in vitro given
the proper concentration of subunits in the appropriate biochemical conditions that favor
protein-protein interactions (96, 137). Experiments were done to determine if the Flppeptide, (underlined in Fig. 19), could polymerize into pili-like fibers in vitro.
The results of the in vitro polymerization experiments dramatically demonstrated
that the Flp-derived peptide is capable of assembling into a filamentous structure as
observed by negative staining and TEM (Fig. 22A and B).

As soon as 1 h post-

incubation at pH 4.5, the appearance of fiber aggregates were observed (Fig. 22A).
These dense aggregated fibers had an average length of 5 µm and an approximate
diameter of 7 nm. The aggregates diminished in a time-dependent manner concomitant
with the appearance of longer 7 nm diameter fibers remarkably similar to pili produced
by bacteria in vivo (Fig. 22B).

An identical time-dependent pattern of Flp-peptide

polymerization was observed at pH 6.5 and pH 7.4. No fiber formation was observed at
pH 8.5 and pH 9.5, suggesting that acidic to neutral pH is important for facilitating interpeptide polymerization interactions.
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Figure 22. Flp peptide polymerizes in vitro. One milligram of dried Flp-peptide was
reconstituted in buffers of various pH and incubated for 18 h at 37°C. Samples were
taken at various time points and analyzed by negative staining and TEM. (A) At 2 h
post-incubation short fibers are visible in densely staining aggregates. (B) After 18 h
incubation, the fibers appear longer and are more loosely associated than at earlier time
points. Following the 18 h incubation, the samples were recovered and passed through a
35,000 molecular weight cut-off filter. The material retained by the filter was
resuspended in an equal volume of PBS prior to immuno-electron microscopy
experiments with either (C) pre-immune or (D) anti-Flp peptide sera. Note the
localization of the 10 nm colloidal gold particles with the fibers occurs only in the
presence of anti-Flp peptide antisera. This indicates that the fibers observed are made
from Flp-peptide. The fibers were not observed in any buffer having a pH greater than
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7.4. The experiments shown were obtained by incubation at a pH of 4.5. Original
magnifications 25,000X.
If the Flp-peptide is polymerized into the observed fibers, then it should be
possible to label the fibers in immunogold electron microscopy experiments using the
anti-Flp-peptide antibodies. These immunogold-labelling experiments clearly show that
the anti-Flp-peptide antibodies bind to the fibers as observed by the co-localization of the
10 nm colloidal gold particle conjugate (Fig. 22D). The gold particles are present only in
areas containing the fibers and little gold is observable in areas lacking fibers (Fig. 22D).
The specificity of the immunogold reaction is Flp-specific since pre-immune sera from
the same rabbit failed to produce significant gold co-localization with the fibers (Fig.
22C).

Further evidence of the specificity of the observed reaction lies with the

observation that the Rv3312A-peptide, representing a portion of Mtp, failed to produce
any structures under the exact same incubation conditions.
The fibers that formed in these studies (18 h incubation) were analyzed by
MS/MS to verify they were of Flp-peptide origin. The resulting mass spectra produced
two major peaks representing two species of peptide. Further examination of the peaks
revealed that >60% of the solution contained the amino acid sequence CTGDSIVSALN
while approximately 30% of the material analyzed represented the amino acid sequence
CTGDSIVSALNR.

These MS data show that the material retained by the 35,000

molecular weight cut-off filter was comprised mostly of the expected Flp-peptide
truncated at the carboxyl terminus by one amino acid. The remaining portion of the
material was full-length Flp-peptide.
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The MS sequence analysis and immuno-electron microscopy experiments provide
compelling evidence that the fibers observed following incubation of the peptide are
comprised of Flp-peptide. The polymerization experiments provide indirect evidence
that the M. tuberculosis Flp homolog is a type IV pilin capable of being assembled into a
fibrous organelle. It is notable that while the initial Flp-peptide preparation obtained
commercially was >90% full length, the material in the fiber solutions was found to be
predominantly truncated by one amino acid suggesting that the arginine residue may be
inhibitory for the observed reaction. The pH requirement for the Flp-peptide
polymerization reaction could have implications regarding the potential role of Flp pili
for M. tuberculosis pathogenesis due to the fact that an important signal the bacteria
encounters in the host is the acidic pH of the phagosomal vacuole (108).

Similar

experiments with the Rv3312A (Mtp)-peptide were undertaken. No polymerization of
Rv3312A-peptide was observed.
Flp is detectable during M. tuberculosis interaction with eukaryotic cells
It is well established that type IV pili are virulence factors that facilitate microbial
attachment to host cells and tissue surfaces during infection (48, 75, 123). This suggests
that M. tuberculosis may also express the Flp type IV pili in the context of eukaryotic
cells. To determine if Flp is present during M. tuberculosis contact with host cells,
macrophage and epithelial cell adherence assays were probed with Flp-peptide antibodies
in IF microscopy experiments. For these experiments M. tuberculosis H37Rv were used
to infect U937 human macrophages or A549 respiratory epithelial cells at a nominal MOI
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of 50:1. The eukaryotic cells adhered to glass coverslips were recovered at various times
post-infection and examined as previously described for the production of Mtp.

Figure 23. Immunofluorescent microscopy of M. tuberculosis H37Rv macrophage
adherence assay using anti-Flp peptide antibodies. M. tuberculosis H37Rv was
incubated with U937 human macrophages in the absence of human sera for various times
prior to IF microscopy experiments using (A) pre-immune or (B) anti-Flp peptide
antibodies. (A, B) 2 h post-infection. Nuclei were stained with propidium iodide (red)
and anti-Flp peptide antibodies were detected with anti-rabbit IgG Alexa fluor 488
conjugate (green). Phase contrast light microscopy and fluorescence were merged to
show bacterial and eukaryotic cells as well as Flp production. These data show that Flp
is detectable on the surface of M. tuberculosis (B) prior to parasitism of the macrophage.
No reaction was observed at time points beyond 2 h, presumably because the majority of
the bacteria had become internalized. Magnifications are 1,000X. Arrows indicate
bacteria.
IF microscopy was used to test the possibility that M. tuberculosis type IV pili,
Flp, are expressed during infection of the macrophage. M. tuberculosis was incubated
with U937 cells in the absence of human sera. After various times post-infection the
samples were analyzed with Flp-peptide antibodies. It was found that M. tuberculosis
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became associated with the macrophages as soon as 1 h post-infection, with
approximately 25% of the eukaryotic cells having at least one associated acid-fast
bacteria. After 2 h of infection, 50% of the human macrophages had associated M.
tuberculosis bacilli. Nearly all of the macrophage-associated M. tuberculosis H37Rv
demonstrated the presence of the Flp protein by IF microscopy (Fig. 23B, green). The
pattern of fluorescence observed was tightly wrapped around the bacteria and seemed to
be concentrated at the interface between the bacteria and the host cell (Fig. 23B). Again,
the specificity of the reaction was shown by the lack of reactivity observed when preimmune sera from the same rabbit were substituted for the Flp-peptide antibodies (Fig.
23A). No reactivity was also seen at times beyond 2 h post-infection. This lack of
reactivity could be due to the loss of Flp expression by the bacteria, or the majority of the
M. tuberculosis cells had become internalized by the phagocytes.
The IF microscopy results from the A549 epithelial cell adherence assay, showed
that M. tuberculosis Flp is detectable using Flp-peptide antibodies during interactions
with this cell type (Fig. 24B-D). As seen with the U937 cells, nearly all of the A549 cellassociated bacteria, were positive for Flp as detected by IF microscopy. The pre-immune
sera failed to produce any visible reaction (Fig. 24A). These results provide evidence
that M. tuberculosis Flp is expressed upon interaction with eukaryotic cells, and suggest
that type IV pili could function to promote attachment to host cells during TB infection as
seen with other bacterial pathogens that manifest this family of organelles (48, 75, 123).

117

Figure 24. Immunofluorescent microscopy of M. tuberculosis H37Rv epithelial cell
adherence assay using anti-Flp peptide antibodies. M. tuberculosis H37Rv (arrows)
were incubated with A549 human epithelial cells for various times prior to IF microscopy
experiments using (A) pre-immune or (B-D) anti-Flp peptide antibodies. (A, B) 1 h, (C)
4 h, and (D) 6 h post-infection. Nuclei were stained with propidium iodide (red) and antiFlp antibodies were detected with anti-rabbit IgG Alexa fluor 488 conjugate (green).
Phase contrast light microscopy and fluorescence were merged to show bacterial and
eukaryotic cells. These data show the presence of Flp during M. tuberculosis
colonization
of
human
epithelial
cells.
Magnifications
are
1,000X.
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M. tuberculosis type IV pili locus represents a genomic island
Type IV pili are thought to be exclusively produced by Gram-negative bacteria.
The only type IV pili-related genes described in Gram-positive bacteria are the com genes
of Bacillus subtilis that are involved in DNA uptake (34). A recent review of these genes
reported that although the com genes are related to type IV pili genes, there is no
detectable pilin gene, nor does B. subtilis express any observable pilus structure (33). It
was concluded that B. subtilis uses type IV pili-related genes to take up DNA and the
com genes are not used to assemble any structural organelle. A considerable portion of
this chapter described the presence of a type IV pili locus in M. tuberculosis. This locus
contains an flp prepilin encoding gene and related pilus assembly genes. These flp genes
represent a type IVB sub-family of pili that is widespread in Gram-negative bacteria (70,
71, 105). However, there is little evidence of flp genes being present in Gram-positive
bacteria (105). Since M. tuberculosis is a Gram-positive microorganism, the question
arises as to the origins of the type IV pili genes contained within its chromosome.
Bacterial evolution is shaped by a variety of events. One major force acting on
bacterial evolution is the acquisition of DNA segments from a foreign source. The
evolutionary force is termed horizontal gene transfer (68). Many traits associated with
pathogenesis are horizontally acquired by bacterial pathogens from sources that are
distantly related (60). These traits include but are not limited to the production of toxins,
antimicrobial resistance genes, adherence factors, iron uptake systems, and various types
of secretion systems (60, 99). The ability to acquire foreign genes greatly enhances the
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fitness of bacteria by adding to the repertoire of mechanisms that allow it to survive and
replicate within a particular niche (99).
Horizontally-acquired genes can be located within plasmids or on the bacterial
chromosome (60). Because the horizontally acquired DNA arises from a foreign source
and must be incorporated into the recipient genetic material, various hallmarks of gene
transfer are readily identifiable. The most commonly used measure of horizontal gene
transfer is a difference in G+C content between the acquired and the native DNA (60).
This is due to the fact that the acquired DNA often times originates from another
microorganism which has a different G+C profile than the recipient. Another indication
of gene transfer is the presence of direct repeats (DR) flanking the horizontally acquired
DNA (60). This presence of flanking direct repeats is a consequence of the insertion
event itself. Direct repeats are generated from the target-site DNA during insertion of a
mobile element. These characteristics, among others, have been successfully utilized to
identify many examples of horizontal gene transfer among prokaryotes and have
identified many mobile elements within eukaryotic DNA as well (60).
Because the Flp prepilins are present in a diverse array of Gram-negative bacteria
and they do not follow the phylogeny of the organisms that contain flp genes, it has been
proposed that the ability to produce Flp pili is associated with the presence of a
widespread colonization island (105).

Therefore, the hallmarks of gene transfer as

outlined above were used to determine if M. tuberculosis Flp pili are encoded on a
segment of DNA that was horizontally acquired. If M. tuberculosis horizontally acquired
type IV pili genes than it should be possible to detect a difference in G+C content
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between the flp locus and the surrounding M. tuberculosis chromosome. Additionally,
hallmarks of an insertion event should also be present in the form of direct repeats
flanking the putatively transferred DNA.

Figure 25. G+C content of M. tuberculosis H37Rv chromosomal region surrounding
flp genes. The G+C content of the M. tuberculosis H37Rv chromosome was calculated
using a window size of 40 bp. The result for the 22 kb region surrounding the flp genes is
shown and the boundaries of the type IV pili locus are denoted by arrows. The flp genes
are located in a DNA sequence containing a higher G+C content (70%) than the mean
G+C content of the M. tuberculosis H37Rv chromosome (65%). Note that the G+C
content of the flp region is remarkably stable as compared to the surrounding regions.
The first method used to identify a difference is G+C content was a slidingwindow technique. This has been the traditional method for identifying regions of DNA
containing varied G+C content. The DNA sequence is analyzed by a algorithm that
allows the G+C content to be plotted as a visual output. The output can then be scanned
using a window size of arbitrary dimensions, usually 40-50 bp. Using this technique it
has been possible to locate DNA regions that have a mean G+C content that is different
from the mean G+C content of the entire organismal chromosome or plasmid. Using a
window size of 40 bp it was determined that M. tuberculosis contained a DNA segment
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that had a G+C content of 70% that corresponded to the exact location of the flp locus
(Fig. 25). This is significant because although M. tuberculosis has a relatively high G+C
content of 65%, the identified region had a constant G+C content of 70% (Fig. 25,
arrows). This analysis indicates that the flp genes could have been obtained from a
foreign source.
There are inherent difficulties in assessing changes in G+C content using slidingwindows because the window-scanning method requires a defined window size or
resolution (148). As a result the mean G+C content output is an average across the size
of the window. For higher resolution of DNA sequences a small window size must be
used. However, this leads to large statistical fluctuations in G+C content (148). Large
window sizes also lack resolution to accurately define DNA segments of different G+C
character.

This is best seen in Figure 25. In the absence of knowing the precise

chromosomal location of the flp locus, the region containing the type IV pili genes (Fig.
25, arrows) would not adequately stand out from the surrounding DNA context using the
window-scanning technique despite the 5% G+C content difference between the entire flp
locus and the M. tuberculosis chromosome.
Because of the steadily increasing number of available genomic sequences, a
graphic tool was developed to visualize genomes in a readily perceivable format (148).
This freely-available tool is termed the Z curve and represents a unique three-dimensional
curve for a given DNA sequence. The Z curve is a series of nodes whose coordinates xn,
yn and zn are uniquely determined by the following Z-Transform of DNA sequence. In
the following Z-Transform (n = 0, 1, 2, …, N, where N is the length of the DNA
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sequence) and An, Cn, Gn, and Tn are the cumulative occurrence numbers of the bases A,
C, G, and T in the sequence.

(148)

Since this section is describing G+C content only the necessary portions of the ZTransform will be discussed. The z-component of a Z curve, zn, displays the distribution
of strong-H bond/weak-H bond bases along the sequence. Thus, the Z curve can be used
to calculate G+C content using a windowless technique with resolution to a single base.
The Z curve output that displays the distribution of G+C content is termed the z’n curve
or Z’ component and is defined as (z’n = zn – k × n) where k is the average slope of the zn
curve. Based on the z’n curve the G+C content of a given sequence can be displayed and
calculated using the following equation.

(148)
When the Z’ component is plotted as a function of the length of the DNA
sequence a horizontal line would represent a constant G+C character along the given
sequence. A rise in the z’n curve indicates an A+T rich region and a drop indicates a
G+C rich region in the DNA sequence. Therefore, a sudden change in the z’n curve or Z’
component might imply the horizontal transfer of foreign DNA sequences from an
unrelated source.

This technique was successfully used to precisely identify the
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boundaries of the A+T rich integron island within the small chromosome of V. cholerae
(147).

Figure 26. Z’ curve analysis of M. tuberculosis H37Rv chromosomal region
surrounding flp genes. The windowless technique to calculate G+C content was
developed to define chromosomal regions containing abrupt changes in G+C content with
high resolution. The Z’ curve for M. tuberculosis H37Rv is shown for the 45 kb region
surrounding the flp locus. Arrows denote the boundaries of the flp locus in M.
tuberculosis H37Rv. A sudden drop in the Z’ curve indicates an increase in G+C content
along the DNA sequence, while a sudden rise in the Z’ curve indicates an A+T-rich
region. The flp locus is contained on a chromosomal segment that is higher in G+C
content than the surrounding DNA sequences. This change in G+C content suggests that
the flp locus has been acquired from a foreign source. The numbers along the x-axis refer
to the input DNA sequence in kilo-base pairs.
The Z curve Z’ component for the DNA sequence representing 45 kb of M.
tuberculosis H37Rv genomic DNA surrounding the flp locus was analyzed to determine
the G+C content using this windowless technique. The resulting Z’ component for this
portion of the M. tuberculosis genome clearly shows a sudden drop in the curve (Fig. 26).
This dramatic plunge represents an abrupt increase in the G+C content along the DNA
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sequence. The boundary of the observed downward spike precisely corresponds with the
location of the flp locus in the M. tuberculosis H37Rv chromosome (Fig. 26, arrows).
The Z’ component for this region provides convincing evidence that M. tuberculosis
horizontally acquired type IV pili genes from another microorganism.
Another hallmark of horizontal gene transfer is the presence of direct repeats in
the sequence flanking the acquired DNA or genomic island (60).

This is a direct

consequence of an insertion event. Many genomic islands are sometimes referred to as
pathogenicity islands because often times the traits encoded within the foreign DNA
segment are involved in pathogenesis (60).

Most of the recognized genomic or

pathogenicity islands have direct repeats that have been identified (60).

In some

instances bacteriophage-mediated events leads to horizontal transfer of genes. Thus these
islands are often associated with tRNA genes since tRNA encoding sequences are
sometimes found to be phage insertion sites (60).
In order to more confidently demonstrate that M. tuberculosis contains a genomic
island encoding type IV pili the flanking DNA sequences surrounding the flp locus were
examined for either the presence of tRNA genes or direct repeats. The genome database
for M. tuberculosis H37Rv which contains the locations of all the tRNA encoded genes
within the chromosome was first examined (37). When those locations were compared to
the location of the flp genes, an absence of tRNA genes were found within 10 kb of the
type IV pili locus. However, when the flp locus containing 3 kb of upstream and
downstream flanking sequences were analyzed using a computer program designed to
identify direct repeats, it was found that there are at least three exact direct repeats (DR)
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in the immediate vicinity of the flp locus (Fig. 27A and B). These DR elements ranged
from 8–11 bp in length (Fig. 27B) and all three DRs were located within 1 kb of the flp
locus. Taken together, the different G+C content of the flp locus and the presence of
multiple direct repeats fulfill the requirements necessary to demonstrate that M.
tuberculosis harbors a genomic island that encodes type IV pili.

A
DR3
DR2

B

flp

Rv3658c
Rv3657c

Rv3660c

Rv3659c

DR1

DR2

DR3
DR1

DR1
4095027 gccctagc 4095035
4100504 gccctagc 4100512
DR2
4094109 gccgggctgtt 4094120
4101135 gccgggctgtt 4101146

DR3
4094115 ctgttcgg 4094123
4099594 ctgttcgg 4099602
Figure 27. Chromosomal location and nucleotide sequence alignment of direct
repeats flanking flp gene cluster in M. tuberculosis H37Rv. (A) Schematic of the
8,000 bp region containing the type IV pili locus (red) and surrounding genes (yellow) in
M. tuberculosis H37Rv. Location of direct repeats (DR) in relation to flp related genes
are indicated. (B) The sequences of the flp direct repeats and corresponding M.
tuberculosis H37Rv chromosomal coordinates. The presence of multiple direct repeats
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surrounding the flp genes in M. tuberculosis suggests that a lateral gene transfer event
occurred resulting in the acquisition of type IV pili genes by M. tuberculosis.
Discussion
The prevailing theme presented throughout this dissertation is that M. tuberculosis
produces fine surface structures known as pili.

Therefore, an obvious resource to

investigate for the presence of known pili genes is the available M. tuberculosis H37Rv
genome database (37).

Since there are many known pilins present in a variety of

bacterial species, this task was slow to yield useful information.

A powerful hint

presented itself buried within a publication that claimed to have identified a novel family
of pili, known as Flp, that appear to be widespread in a number of diverse bacteria (70).
This paper identified key features of Flp prepillins and even suggested that M.
tuberculosis contained an Flp prepilin homolog within its genome (70). Although these
data were mainly focused on the tight adherence phenotype of A. actinomycetmcomitans,
the evidence presented that the Flp prepilin were present in a number of Gram-negative
bacteria was convincing (70). These initial findings were used as to investigate whether
any fine structures observed for M. tuberculosis could be related to the presence of
chromosomal type IV pili genes.
It was found that M. tuberculosis contains genes similar to the flp-tad locus of A.
actinomycetmcomitans, including the flp prepilin (Fig. 17). The Flp prepilin contained
conserved features of type IVB prepilins including the invariantly conserved glycine
preceding the predicted site of signal peptide cleavage and the conserved glutamate
residue exactly five positions from the conserved glycine (Fig. 18 and 19). All Flp
prepilins including the M. tuberculosis Flp homolog, contain a tyrosine paired with the
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conserved glutamate, indicating that M. tuberculosis type IVB pili belongs to this Flp
sub-family (Fig. 18).
RT-PCR and IF microscopy experiments demonstrated that the flp gene is
expressed (Fig. 20B) and the Flp protein is likely secreted from the bacteria as would be
expected for a pilin (Fig. 21B). These data clearly provide evidence that not only does
the M. tuberculosis genome contain type IVB pili genes, but that the type IVB pili locus
is expressed and Flp protein is produced.
Polymerization experiments using the Flp-specific peptide (Fig. 19, underlined)
demonstrated that approximately one-third of the mature pilin possessed the capability to
polymerize into pili-like fibers in vitro over a pH range of 4.5 to 7.4 (Fig. 22). The Flppeptide antibodies labelled the in vitro polymerized fibers in immuno-electron
microscopy (Fig. 22D) and were capable of producing Flp-specific reactivity in IF
microscopy analysis of M. tuberculosis adhered to both macrophages (Fig. 23) and
epithelial cells (Fig. 24).

These results suggest that Flp can polymerize to form a

structural organelle and that the Flp pili may be involved in M. tuberculosis adherence to
eukaryotic cells, a well known function of type IV pili in bacterial pathogens.
Evidence was also presented that M. tuberculosis horizontally acquired these type
IVB pili genes. It was found that the M. tuberculosis flp locus had a mean G+C content
of 70% (Fig. 25), in contrast to the 65% G+C content of the chromosome. This evidence
of divergent G+C content was further strengthened by Z’ component analysis
demonstrating that the increase in G+C content precisely corresponds to the boundary of
the type IVB pili genes (Fig. 26). The flp locus was further analyzed for the presence of
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genetic signatures of foreign DNA insertion and was found to contain multiple direct
repeats immediately flanking the pili genes (Fig. 27). In its entirety, these results present
substantial evidence that M. tuberculosis contains a novel genomic island that encodes a
functional type IVB pili gene cluster. Both findings are unique for M. tuberculosis.
Dogma holds that this Gram-positive microbe does not produce pili.
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CONCLUSION
Using negative staining and TEM, it was found that a number of fast and slowgrowing mycobacteria produce fine fibrous surface structures termed pili.

These

structural organelles appeared in a variety of morphotypes among the various
mycobacteria examined. It was shown by TEM and SEM that the human pathogen M.
tuberculosis possessed the capacity to elaborate at least two physically distinct pili-types.
The appearance of multiple pili morphotypes produced by M. tuberculosis seemed to
coincide with different growth conditions. This suggests that the expression of pili by the
bacillus may be influenced by nutritional or other signals in its environment. It was also
observed that when the attenuated M. tuberculosis H37Ra was grown in broth culture it
had a diminished capacity to produce pili as compared to the virulent H37Rv and clinical
isolate CDC1551 strains. Because pili play a key role in the pathogenesis of many
bacterial pathogens and they are expressed on the bacterial surface, pili represent
attractive targets for vaccine and therapeutic development. This is the first report that M.
tuberculosis produces pili, and thus represents a significant advance in the understanding
of the basic physiology of the bacteria, and has important implications regarding its
pathogenesis.
One pili type of M. tuberculosis, Mtp, was found to be produced most efficiently
on solid agar substrates. It was shown that purified Mtp is comprised of 4-kDa protein
subunits encoded by the M. tuberculosis H37Rv predicted ORF designated Rv3312A.
This ORF is not organized in an operon or clustered with genes that are associated with
pili biogenesis. Thus, it is possible that Mtp biogenesis genes are distantly located away
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from Rv3312A on the M. tuberculosis chromosome. Because M. tuberculosis has a
unique cell wall architecture, it also remains possible that the Mtp assembly factors are
not similar to known pili assembly genes, and further studies screening M. tuberculosis
mutants for the loss of Mtp expression could reveal the factors required to assemble the
Mtp structures.

Recently, pili have been identified in Gram-positive Group B

Streptococcus and C. diphtheriae (82, 127, 128). These pili are associated with sortase
genes, implicating that they are assembled by covalent linkage to the cell wall
peptidoglycan (82, 127, 128). Since it has been shown that M. tuberculosis lacks any
identifiable sortase-encoding genes it seems unlikely that Mtp are assembled in a sortasedependant manner (102). This also suggests Mtp may be assembled utilizing a unique
process.
Mtp were found to be recognized by IgG antibodies in TB patient sera, showing
that Mtp is produced during infection of the human host. Experiments demonstrated that
Mtp bound to the ECM laminin and was demonstrated to be produced during adherence
to epithelial cells. These results suggest that Mtp could mediate interactions between the
bacteria and host cells (48, 75, 123). This intriguing hypothesis could have significant
ramifications regarding M. tuberculosis pathogenesis because very little is known
regarding how the bacteria initiates invasion of eukaryotic cells. Mtp may facilitate
initial attachment to host cells resulting in a favorable position for subsequent parasitism
of the host cells.
Since it was observed by SEM that M. tuberculosis pili are present during longterm static culture, it is also possible that Mtp are involved in the maintenance of
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persistence (latency) within the granuloma or elsewhere in the human body. Because
persistence and dormancy are established, but poorly understood features of TB, future
studies investigating these phenomena may uncover Mtp’s role in long-term or lifelong
TB infection. For uropathogenic E. coli it has been proposed that intracellular biofilm
communities represent a reservoir for recurrent infections in humans (5-7). Since it is
known that type 1 pili are required for biofilm production in these bacteria (7), it can be
speculated that M. tuberculosis persistence could involve a similar pili-mediated
mechanism of persistence within the human host.
Type IV pili represent a large group of bacterial adhesins produced by many
bacterial pathogens (123). Type IV pili are required for efficient attachment of bacteria
to host cells (123). It was found that M. tuberculosis harbors a type IVB pili locus within
its chromosome. The prepilin encoded by this locus represents a member of the Flp pili
family. The low molecular weight molecule contains absolutely conserved features
characterized by the glycine residue preceding the site of signal peptide cleavage and the
glutamate-tyrosine pair located five positions from the conserved glycine. Interestingly,
the M. tuberculosis H37Rv genome is annotated to contain two Flp family prepilin
peptidases distant from the flp locus (37). These predicted proteins are encoded by the
ORFs Rv0990c and Rv2551c. Future studies involving gene-specific knock-outs in M.
tuberculosis would determine if these putative Flp prepilin peptidase proteins are indeed
involved in the secretion or cleavage of the Flp prepilin substrate.
Because type IV pili are thought to be exclusively produced by Gram-negative
bacteria, the question arises as to how M. tuberculosis came to possess a type IVB pili
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locus.

The genetic analysis presented here demonstrates that it is possible that M.

tuberculosis acquired these genes in a horizontal gene transfer event. The flp locus in M.
tuberculosis has a G+C content of 70%, significantly higher than the mean chromosomal
G+C content of the chromosome (65%). There are two Gram-negative bacteria that
possess Flp pili genes that have chromosomal G+C contents higher than M. tuberculosis
(105). Caulobacter cresentens and P. aeruginosa have mean G+C contents of 70% and
68%, repectively. Although BLAST analysis seems to indicate that these Flp pili are
distantly related, it is possible that the events leading to the acquisition of these genes by
M. tuberculosis occurred some time ago. As the bacillus evolved, the synteny with these
Gram-negative flp genes was lost. The presence of multiple direct repeats flanking the
flp genes in M. tuberculosis is further evidence of the insertion of foreign DNA into its
chromosome and is consistent with the hypothesis that M. tuberculosis encodes type IV
pili on a genomic island.
The presence of Flp pili are required for the ability of the periodontal pathogen A.
actinomycetmcomitans to adhere to surfaces, a key feature of its pathogenic capability
(69, 70). Furthermore, Haemophilus ducreyi, the causative agent of human chanchroid
disease, requires flp for adherence to human fibroblasts and for virulence in humans (98,
119). Thus, Flp could play a similar role for M. tuberculosis attachment to host cells.
Although the role of flp in H. ducreyi pathogenesis is clear, no associated pili structures
have been observed (98, 119). Although the present studies report the presence of
laterally aggregated fibers produced by M. tuberculosis in broth culture that are
reminiscent of type IV pili, studies have been unable to show that these fibers are Flp pili
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using immuno-electron microscopy with anti-Flp peptide antibodies. It is possible that
the epitopes recognized by the anti-Flp peptide antibodies are buried within the
assembled structure. This is supported by the Flp-peptide polymerization experiments,
suggesting that the Flp-peptide is involved in the polymerization of Flp. If the mature Flp
molecules polymerization is mediated by this domain than it would be expected that the
anti-Flp antibody binding sites would not be accessible.
The ability of M. tuberculosis to survive within phagocytic cells is well
documented and represents the central paradigm of its pathogenesis (10, 11, 41, 108, 130132). However, relatively little is known about the mechanisms responsible for the actual
adherence and invasion of the macrophage. Type IV pili have been shown to play an
important role for the human respiratory pathogens P. aeruginosa and L. pneumophila
capacity to become internalized by macrophages. P. aeruginosa type IV pili are key
targets recognized by phagocytic cells because pili are required for nonopsonic
phagocytosis by human neutrophils and monocyte-derived macrophages (117, 118).
Fibronectin-stimulated macrophages phagocytize P. aeruginosa grown in conditions that
promote piliation. When the same strains grown under conditions where pili are not
produced, the bacteria were not taken up (72, 76, 77).

Like M. tuberculosis, L.

pneumophila is a facultative intracellular pathogen that survives and replicates within
phagocytes during human infection. For L. pneumophila, type IV pili were demonstrated
to be required for the efficient invasion of macrophages and protozoa (35, 85). The loss
of type IV pili in Legionella, did affect its ability to survive and replicate within the host
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cells (8). These studies suggest that M. tuberculosis type IV pili may also play an
important role in the bacteria’s ability to parasitize phagocytic cells.
This is the first report that M. tuberculosis produces pili. These findings represent
a significant advance in our understanding of M. tuberculosis basic physiology. Since the
M. tuberculosis habitat is the human body, and it is transmitted directly from person to
person, it is likely that pili play an important role in some aspect of human TB infection.
It is well documented that M. tuberculosis adheres to and invades macrophages and
epithelial cells, however the bacterial factors involved in these processes are largely
unknown.

From the knowledge of pili functions in other bacterial pathogens and the

initial studies presented here, it is plausible that M. tuberculosis utilizes structural
organelles known as pili to facilitate colonization of the human host. Future studies with
Mtp and Flp pili-deficient mutants in M. tuberculosis in various cell culture and animal
models will determine their role in M. tuberculosis pathogenesis.
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