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ABSTRACT OF DISSERTATION

EVALUATION AND CHARACTERIZATION OF TUBERCULOSIS

SERODIAGNOSTIC BIOMARKERS

Detection of the antibody response has the potential to provide early and
sensitive diagnosis of infection and disease, a critical element of tuberculosis control.
The objective of this study was to discover and evaluate Mycobacterium tuberculosis
antigens with protein microarray technology. Techniques were established for
separation of native M. tuberculosis cytosol and culture filtrate proteins, resulting in
960 protein fractions that were used to generate protein microarrays. Evaluation of
serological reactivity from 42 patients in three tuberculosis disease states and healthy
purified-protein-derivative positive individuals demonstrated distinct reactivity
profiles. Identification of antigens within the reactive fractions yielded eleven
products recognized by both cavitary and noncavitary TB patients, and four proteins
(HspX, MPT64, PstS1, and TrxC) specific to cavitary tuberculosis patients.
Moreover, this approach identified four novel B cell antigens (BfrB, LppZ, SodC, and
TrxC) of human tuberculosis, and the seroreactivity of these antigens was validated
with more conventional techniques.

SodC is one of two superoxide dismutases produced by M. tuberculosis and

was previously shown to contribute to virulence. SodC is also a putative lipoprotein
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and like other sec-translocated mycobacterial proteins it was suggested to be modified
with glycosyl residues. The objective of this study was to define the sites and extent
of SodC glycosylation. An approach was developed that combined site-directed
mutagenesis, lectin binding, and mass spectrometry. Six O-glycosylated residues
within a 13 amino acid region were identified near the N-terminus. Each residue was
modified with one to three hexosyl units, and the most dominant SodC glycoform was
modified with nine hexosyl units. In addition to O-glycosylation of threonine
residues, this study provides the first evidence of serine O-glycosylation in
mycobacteria. When combined with bioinformatic analyses, the clustering of O-
glycosylation appeared to occur in a region of SodC with a disordered structure and
not in regions important to the enzymatic activity of SodC. The use of recombinant
amino acid substitutions to alter glycosylation sites provided further evidence that
glycosylation influences proteolytic processing and ultimately positioning of cell wall

proteins.

Mark Jonathan Sartain
Department of Microbiology,
Immunology, and Pathology
Colorado State University
Fort Collins, CO 80523

Fall 2007
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Chapter I
Literature Review Part I:
Tuberculosis History, Pathogenesis, Host Response, Diagnosis, and
Protein Posttranslational Modifications

1.1 Tuberculosis: Past and present

Tuberculosis (TB) is an ancient disease, believed to have affected human
populations over a wide geographic distribution ever since the emergence of
Mycobacterium tuberculosis (Mtb) as a human pathogen, a speciation event estimated to
have occurred between 15,000 and 20,000 years ago (147, 272). Direct evidence for
human TB infection in ancient times was provided with numerous identifications of
mycobacterial DNA extracted from lung and bone lesions from exhumed, mummified
human remains (238, 286, 287, 325), with the oldest sample dating back to 5,400 years
ago (59). The Greek scholar Hippocrates (460 BC) provided some of the first medical
descriptions of TB-like symptoms (101); however, it was not until the nineteenth century,
in the midst of a major North American and European TB epidemic, that the French
surgeon Jean-Antoine Villemin provided evidence that TB was an infectious disease
(101). Yet widespread societal acceptance of the contagion theory did not begin until the
German bacteriologist Robert Koch in 1882 identified the TB bacterium as the causative
agent of the disease (101). This discovery coincided with the rapid decrease of disease
incidence in the Western World from 1840 to 1960, a decline attributed to numerous
factors including improved standards of living, segregation of patients, the pasteurization
of milk, changes in public healthy policies, and finally the arrival of the antibiotic era

(101).
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The antibiotic revolution, the observed decline of TB in the industrialized nations,
and advances in disease control such as the eradication of smallpox, prompted many
leading scientists and physicians in the 1960s and 1970s to predict the eradication of TB
by the year 2000 (101). However, this sense of optimism ended with the rapid
resurgence of TB in New York City and other urban areas in the 1980s to early1990s.
These isolated epidemics ultimately helped to bring attention to the global rise in TB
incidence (101). This harsh realization prompted The World Health Organization
(WHO) to declare TB a global health emergency in 1993, and to initiate the DOTS
(directly observed therapy, short-course) program that has brought considerable success
towards controlling TB in many countries (1). In fact, the most recent 2007 WHO report
suggests global TB may be on the threshold of decline, with incidence rates stable in
2004 and declining in some regions in 2005 (1). This progress is attributed to the WHO
Stop TB Strategy that includes the DOTS program, currently applied in 187 countries and
covering 89% of the world’s population (1).

Although preliminary signs of progress are encouraging, worldwide TB is at
epidemic proportions. The WHO estimates that there were 8.8 million new TB cases in
2005 (1). TB is responsible for nearly two million deaths annually, accounts for one in
four adult preventable deaths, and is second only to human immunodeficiency virus
(HIV) as the leading cause of death by an infectious disease
(http://www.wpro.who.int/media_centre/fact_sheets/fs 20060829.htm). The situation is
worsening in places like sub-Saharan Africa, where the spread of HIV results in increased
TB disease progression and mortality. In fact, TB is the leading opportunistic infection

of acquired immunodeficiency syndrome (AIDS) patients, and causes 13% of AIDS-
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related deaths globally (http://www.who.int/tb/challenges/hiv/faq/en/index.html). Further
threatening progress in TB control efforts is the emergence of multi-drug resistant (MDR)
-Mtb, accounting for 425,000 new TB cases in 2005
(http://www.who.int/mediacentre/news/releases/2006/pr24/en/), and especially
frightening are recent outbreaks of extensively-drug resistant (XDR) -TB, where the
global prevalence is not yet known (1, 49, 133). In light of these challenges, the
development of novel drugs, diagnostics, and effective vaccines will be required for
continued progress in controlling the TB crisis.
1.2 The bacillus

Mycobacterium spp. are aerobic, rod-shaped bacteria belonging to the family
Mycobacteriaceae of the order Actinomycetales. Mycobacterium spp. have a high DNA
G+C content (62-70%) and possess long chain mycolic acids in their cell wall that
provide resistance to acid decolorization in staining procedures and distinguish this genus
Mycobacterium as acid-fast. Mycobacterium spp. can be divided into fast-growing (one
to four hour doubling time) and slow-growing (12 to 24 hour doubling time) species. The
fast-growers, such as Mycobacterium smegmatis and Mycobacterium phlei, are found in
the environment and are generally considered nonpathogenic. Slow-growing species are
typically pathogenic and are well-adapted to mammalian hosts, and include
Mycobacterium leprae, the causative agent of leprosy, and members of the M
tuberculosis complex (MTBC). The MTBC is composed of Mtb, Mycobacterium
africanum, Mycobacterium canettii, Mycobacterium bovis, and Mycobacterium microti.
Each share identical 16S rRNA sequences (28). M. africanum, M canettii, and primarily

Mtbh cause TB in humans, while M. microti causes disease in voles. M. bovis causes
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disease in a wide variety of mammalian species including humans, and the live vaccine
strain bacille Calmette-Guerin (BCG) is an attenuated derivative of M. bovis. Recently,
comparative genomic analyses demonstrated that each member of the MTBC likely co-
evolved from a common ancestor, and contrary to previous dogma M. bovis evolved from
Mitb (35). The most widely-used laboratory strain of Mtb is H37, isolated in 1905, (6),
and further dissociated into the variants H37Ra and H37Rv in 1934 (274). In 1998 the
complete Mth H37Rv genome sequence was determined (51), and was soon followed by
the sequencing of several other Mycobacterium spp. genomes. This information has
made an enormous impact on TB research efforts in the last decade.

It is necessary to briefly address the unique physiology of the tubercle bacillus.
The cellular envelope has been a subject of intense investigation, and the molecular
structures of its components are well defined. In addition to providing an especially
effective physiological barrier, the diverse array of cell envelope molecules has been
demonstrated to contribute to pathogenesis in a variety of manners (63, 64), some of
which will be discussed later in this chapter.

The Mtb envelope begins with the plasma membrane (PM), a typical bacterial
phospholipid bilayer uniquely possessing tuberculostearic acid and phosphatidylinositol
mannosides (PIMs).  Extending outward from the PM is the mycolic acid-
arabinogalactan-peptidoglycan complex (mAGP), composed of peptidoglycan (PG) that
is covalently linked to arabinogalactan (AG), which is itself esterified to mycolic acids
(MA) (57). The PG is thought to be relatively thin, and is of the Aly type (247),
analogous to Escherichia coli PG.  However, the PG is unusual in that it contains a

mixture of N-glycolylated and N-acetylated muramic acids (175), and the peptide
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carboxylic acids are often amidated (149). AG is covalently attached to PG via an a-
Rha-(1—3)-a-GlcNAc-(1—P) disaccharide linker unit through a phosphodiester bond at
the C6 position of muramic acid residues (182). AG is a tripartite structure consisting of
the linker region, an alternating 1—5,1—6 B-D-galactofuran, and a branched D-
arabinofuran (62). Attached to a portion of the terminal arabinosyl residues are the MA.
MA are a-alkyl, B-hydroxy fatty acids 70 to 90 carbons in length and are the longest fatty
acids found in nature (57). MA are thought to run perpendicular to the PM and form a
lipid barrier likely responsible for the low permeability to many molecules, thereby
contributing to drug resistance. However, the spatial arrangement of these structures is a
matter of speculation, and is largely inferred from electron microscopy using freeze-
substitution methods (57).

The structurally related PIMs, lipomannan (LM), and lipoarabinomannan (LAM)
are acylated polysaccharides noncovalently associated with the cell wall (57). PIMs 1 to
6 are phosphatidylinositol molecules modified with one to six mannose residues, with
PIM2 and PIM6 being the most abundant (202). PIMs can additionally be acylated at the
3-position of the inositol and at the 6-position of the 2-linked single mannose (107).
PIM4 can be thought of as the building block upon which the mannan core is elongated,
as PIM6 contains two a(1—2)-linked mannoses not found in the backbone of LM or
LAM (148). LM basically consists of PIM4 modified with a o(1—6)-linked mannan
containing branching o(1—2)-linked mannose residues (45). LAM consists of LM with
an arabinan chain attached to the mannan backbone at an unknown position. Every fifth
arabinosyl residue is in turn modified with a side chain of approximately seven

arabinosyl residues, which can then be further arabinosylated or capped with mannosyl
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residues to form ManLAM in slow-growing Mjycobacterium spp. (57). Specifically,
mannose caps are attached through an a(1—35) linkage to the terminal arabinosyl residue,
and consist of a single mannose, or dimannosides or trimannosides containing a(1—2)
linkages (46). In Mrb LAM variably contains a single 5-deoxy-5-methylthio-o-
xylofuranose or 5-deoxy-5-methylsulfoxy-oa-xylofuranose residue attached to the
terminal mannosyl cap residue via an a(1—4) linkage (144, 292, 295). In M. smegmatis
a small fraction of LAM is capped with inositol phosphate (PILAM) (148), and in M.
chelonae the arabinosyl termini are not modified (AraLAM) (114).

Peripheral cell wall components are loosely bound to the exterior of the cell
envelope. Similar to LAM and PIMs, the noncovalently linked cell envelope lipids may
associate or even intercalate with the mycolic acids through hydrophic interactions.
These include phthiocerol dimycocerosates (PDIM), the related phenolic glycolipid,
trehalose-6,6’-dimycolate (TDM or cord factor), trehalose-6,6’-monomycolate (TMM),
sulfolipids, and other acylated trehalose molecules. The “outer layer” described by
electron microscopy studies consists primarily of surface polysaccharides (205). These
include arabinan, structurally similar to LAM except for loss of the lipid anchor, and
glucan, composed of repeating units of a(1—4)-linked glucosyl units (164).

1.3  Pathogenesis

Although Mrb is able to initiate disease in multiple organs, 80 to 90% of cases
involve the lungs and are termed pulmonary TB (102). Transmission results from
inhalation of small aerosol droplets, each typically containing one to ten bacilli and
generated by an infected individual through coughing or speaking (229). Once inhaled

and deposited in the alveolar space, the bacilli enter macrophages and other resident cells
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through receptor-mediated phagocytosis. Infected macrophages release chemokines that
recruit activated monocytes and lymphocytes into the lung. The host remodels the site of
infection into a cellular mass termed the granuloma, consisting of macrophages, giant
cells, T cells, B cells, and fibroblasts (94). In the containment phase a fibrous cutoff
composed of collagen and other extracellular matrix components forms the periphery of
the granuloma, and serves to physically wall off and effectively sequester the bacterium.
In later stages of disease, the fibrous sheath thickens and blood vessel supply decreases.
This dense structural architecture is thought to produce a hypoxic environment, as
demonstrated through histological studies (293). Mrb has clearly evolved strategies to
persist in this environment, although the replication and physical state of the bacterium
remains under speculation. The cycle of transmission begins again if the immune
response of the host weakens, causing caseation and rupture of the granuloma. When this
occurs viable, infectious bacilli are released or pushed into the airways resulting in a
productive cough (235).
1.3.1 Interactions with the macrophage

Mtb enters the macrophage through receptor-mediated phagocytosis, and this
event is believed to occur both upon initial encounter and repeatedly throughout the
course of infection. Multiple host cell receptors have been demonstrated to bind various
mycobacterial surface molecules. Macrophage receptors include the complement
receptors (CR) CR1, CR3, and CR4 (132, 250, 280), the membrane-associated
macrophage mannose receptor (MMR) (248), and scavenger receptors (218, 324). Also
mediating attachment are the soluble pulmonary surfactant proteins (PSP) —A (211) and

PSP-D (89). Specifically, CR3 may bind heparin-binding hemagglutinin
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(HBHA/Rv0475) (197) or B-glucan (60), the MMR binds LAM (251) and PIMs (134),
PSP-A binds LM, LAM, (262, 263) and the mannosylated 45-kDa protein
(Apa/DPEP/ModD/MPT32/Rv1860) (223). Performing a separate function from the
macrophage, dendritic cells recognize and take up mycobacteria through the DC-specific
intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN), a receptor found to
bind ManLAM (105, 174). A complete understanding of the phagocyte receptors, uptake
mechanisms, and the mycobacterial ligands involved has not yet been reached. However,
this is a subject of intense interest because the nature of the receptor-ligand interaction
can influence the intensity and type of host cell response and can ultimately decide the
fate of the bacterium (249).

Normally phagocytosis leads to fusion of the phagosome with the lysosome, a
dynamic process with multiple events termed the endocytic pathway. If formed properly,
the combined actions of lysosomal acid hydrolases and the acidic environment (pH 4.5-
5.0) of a phagolysosome would normally kill the microorganism (94). However, Mtb is
able to arrest this maturation at a fairly defined point, as ascertained by several molecular
features of the mycobacteria-containing phagosome. These vacuoles retain the GTPase
Rab5 but exclude Rab7, molecules required for early and late endosomal interaction
events (304). However, mycobacterial phagosomes do acquire the late
endosomal/lysosomal marker LAMP-1 (48, 281), suggesting these vacuoles may fuse
with other vesicles in a non-traditional, selective manner (234). Mycobacteria-containing
phagosomes partially exclude the vacuolar ATPase from other endosomal compartments,
explaining the relative lack of acidification (58, 281). Intérestingly, the host tryptophan

aspartate-containing coat protein (TACO) is retained, providing a mechanistic block for
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fusion with lysosomes (90). Defining the mechanism(s) for inhibition of phagosome-
lysosome fusion is currently a subject of intense investigation. Inhibition has long been
known to be an active process, since the seminal studies of D’ Arcy Hart and colleagues
demonstrated that live but not dead Mb bacilli could inhibit fusion (14, 120). Recent
studies have identified several mycobacterial molecules proposed to interfere with
phagosomal maturation, including LAM (99, 301), TDM (139), sulfolipids (112), the
serine/threonine kinase PknG/Rv0410c (308), and the acid phosphatase SapM/Rv3310
(302).

A powerful bactericidal mechanism employed by macrophages is the production
of reactive oxygen intermediates (ROI) and reactive nitrogen intermediates (RNI). Toxic
RNIs are produced through nitric oxide synthase 2 (NOS2)-dependent pathways (172).
The primary product of this pathway is nitric oxide which can be converted to other
reactive species in a biological setting, yet the RNI responsible for microbial control
remains unclear. The role of RNIs in host defense against Mib is well established. Mice
with impaired NOS2 pathways are more susceptible to Mtb (43, 173, 246), and increased
NOS?2 activity has been identified in macrophages isolated from TB patients (200, 228).
Increased NO levels can even be detected in the exhaled air of TB patients (310),
although the protective effect of NO in humans remains to be proven.

The primary ROl is the superoxide anion (O,-) generated by the NADPH oxidase
complex in a reaction known as the “respiratory burst” (98). In contrast to the role of
RNIs, the contribution of ROIs in defense against Mtb remains controversial. Early
experiments with ROI-deficient macrophage cell lines suggested ROIs do not add to the

antimycobacterial properties (44). Yet NADPH oxidase gene knockouts do exhibit
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modest increases in susceptibility to Mtb infection in the mouse model (4, 53). Further
supporting a role for ROIs is the finding that chronic granulomatous disease patients with
impaired NADPH oxidase systems are more susceptible to TB (158).

Mtb possesses multiple defense strategies to protect against the actions of ROIs
and RNIs. ROIs and RNIs can act in synergy, resulting in the particularly destructive
peroxynitrite anion formed from the reaction- between NO and O,;-. The Mrb
peroxiredoxin alkylhydroperoxide reductase subunit C (AhpC/Rv2428) has been shown
to detoxify this product (37). The Mtb gene products of noxRI and noxR3 are able to
confer protection against ROI and RNI when expressed in Salmonella and M. smegmatis,
although the mechanisms are unknown (85, 233). The peptide MsrA/Rv0137c¢ is an
antioxidant repair enzyme that likely repairs proteins by reducing oxidized methionine
residues (83, 273). Recently, a transposon-based mutagenesis screen identified several
proteasomal genes in Mrb whose loss resulted in hypersensitivity to RNIs. Based on this
finding, it was hypothesized that the Mtb proteasome serves to degrade or even repair
proteins damaged by the action of RNIs (70). More specific to ROI defense, two Mrb
superoxide dismutases (SOD) are able to convert O;- into molecular oxygen and H;O;.
The Mn,Fe-dependent SodA/Rv3846 is a major Mtb extracellular protein (322) and is
secreted outside of the cell in a unique SecA2-dependent manner (33). The copper-
dependent SodC/Rv0432 is a membrane-associated lipoprotein (61) whose activity may
protect the bacterial surface against extracellular-generated O,-. Both SodA and SodC
likely contribute to defense against the oxidative burst in vivo, as gene knockout studies
demonstrate a SodC mutant is readily killed in activated macrophages (219), and a SodA

mutant is markedly attenuated in the mouse model (84). The product of the SOD
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reaction, H,O,, is mildly toxic and is converted to water and molecular oxygen via the
sole Mtb catalase-peroxidase KatG/Rv1908c, an enzyme also required for activation of
isoniazid (166, 176). It should be noted that, in addition to these antioxidant enzymes,
Mtb LAM and M. leprae phenolicglycolipid I (PGL-I) have been shown to scavenge
oxygen radicals (41, 42).
1.3.2 The immune response

The immune response mounted against Mtb is complex and multifaceted. Bacilli
replicate until a critical threshold is reached where the adaptive immune response is
initiated, halting replication. Once initiated, the immune response can be described as
generally successful in containing, though not eliminating the bacterium. Thus, 90% of
infected individuals will not develop clinical disease in their lifetime. However, the
remaining 10% will either present with progressive disease within three years of
infection, or will develop disease later in life typically when immunity becomes
compromised (94). Protective immunity to TB is primarily cellular-based in nature,
formally demonstrated through adoptive transfer experiments where splenocytes of BCG-
or Mtb-sensitized mice conferred protection upon irradiated recipient mice (162, 204).
Although a strong antibody response is generated by infected hosts, the prevailing view is
that B cells and antibodies do not contribute to protective immunity, a notion that
continues to be challenged (108).

The adaptive immune response to Mth infection is thought to be primarily
mediated by the CD4+ T cell phenotype. Central to immunity is the recognition of
major-histocompatibility complex (MHC) class II-presented antigen by CD4+ T cells that

secrete interferon-y (IFN-y) to activate the infected macrophages. The key role of IFN-y
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was revealed by the uncontrolled bacterial replication in and early death of IFN-y knock-
out mice (96). Another crucial cytokine is interleukin-12 (IL-12), produced by the
macrophage following phagocytosis with the function of driving the Type 1 T cell
response and IFN-y production (94). IFN-y activates macrophages resulting in induced
NOS2 expression and production of ROIs and RNIs in the bacteria-containing
phagosomes. The cytokine tumor necrosis factor o (TNF-a) acts in synergy with IFN-y
to further increase macrophage activation. In addition to RNI and ROI production,
macrophage activation results in increased intracellular bacterial killing by partially
reversing the inhibition of phagosome-lysosome fusion (94). Furthermore, IFN-y, IL-12
and TNF-a are inflammatory cytokines, and production of these cytokines is necessary
for granuloma formation (95).

Recent years have demonstrated an important role for the CD8+ T cell subset in
Mtb immunity. CD8+ T cells recognize antigen presented by MHC class I molecules.
This normally results from processing of antigens by the proteasome in the cytoplasm
and loading of the peptides on MHC class I molecules in the endoplasmic reticulum.
Interestingly, these activities are contrary to the location of vacuole-localized Mrb. Thus,
mechanisms by which mycobacterial antigens gain access to the MHC class I
presentation pathway have been proposed, including phagosomal permeability (180,
288), cross-presentation of exogenous antigen (137), alternative MHC class I processing
pathways (39), or simply Mtb escape into the cytosol (298). There are two major effector
functions of CD8+ T cells. The first is the production of the cytokines IFN-y and TNF-a,
able to activate macrophages in the same manner as, and augmenting the function of,

CD4+ T cells. The second is a cytotoxic function, where CD8+ T cells can lyse target
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cells through the actions of perforin and granulysin (277, 278) or through Fas/FasL
interactions (278, 296). Recent work suggests the effector functions of CD4+ and CD8+
T cells dominate in the acute phase and persistent phase of infection, respectively (159).

A third T cell subset, the CDl-restricted T cell, is able to recognize Mth
nonpeptide antigens in the context of the CD1 molecule (192-195, 264). CDla-d are
antigen-presenting molecules that share homology with MHC class I molecules, yet are
distinguished by the ability to bind lipids, glycolipids, and lipoopeptides through a deep
hydrophobic binding groove (321). The role of CDIl-restricted cells in the immune
response to Mtb remains to be determined, but both IFN-y production and cytotoxic
activity have been demonstrated for this cell type (94).

The role of innate immunity in TB disease has recently received much attention.
Mtb interactions with the various macrophage receptors described in section 1.3.1 can
influence the host effector response. An example of this is the ManLAM-MR interaction
which stimulates antinflammatory cytokines, while AralLAM cannot interact with the MR
and behaves like lipopolysaccharide inducing proinflammatory mediators (249).
Recently, Toll-like receptor (TLR) proteins have been suggested to play an important
regulatory role in the innate immune response against Mtb infection. TLRs are pattern
recognition receptors (PRRs) expressed on the macrophage and dendritic cell surface that
are able to recognize a variety of ligands. TLR2 is the most common receptor involved
in Mtb recognition, and the list of mycobacterial proteins and glycolipids recognized is
continuously expanding, yet the nature of the receptor-ligand interactions remains to be
determined (143). TLR engagement results in the regulation of hundreds of host genes

including the induction of proinflammatory cytokines. Triggering of the TLR pathway
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thus leads to inflammation and granuloma formation; however, the ultimate impact of
TLR recognition on the control of Mtb infection is not completely understood (34, 143).
In contrast to TLRs, nucleotide binding oligomerization domain (NOD)-like receptors
(NLRs) are PRRs that recognize bacterial products released into the cytosol (74). The
mycobacterial PG component muramyl dipeptide was shown to serve as a ligand for
NOD?2, and NOD?2 activation had a strong synergistic effect on proinflammatory cytokine
production induced by TLR2 engagement with the 19-kDa lipoprotein (91). However,
the contribution of NLRs in Mtb control in vivo remains to be established, as NOD2-
deficient mice were no more susceptible to Mtb infection than wild-type mice (100).
1.4  Immune-based diagnosis

There were an estimated 8.8 million new cases of TB in 2005 (1). Ninety % of
these cases occurred in developing countries, where diagnosis relies primarily on
identification of acid-fast bacilli (AFB) in sputum samples using conventional light
microscopy. However, the sensitivity of this test is estimated to range from 20 to 80 %
(276), and is even poorer for diagnosis of pediatric-, extrapulomonary-, and HIV-
associated-TB (213, 260). Low sensitivities most often result in delayed diagnosis,
enabling disease progression and increasing potential for disease transmission (20). In
developed countries, active TB cases are diagnosed with multiple methods, including
advanced microscopy methods to detect AFB, and bacteriologic culture paired with
nucleic acid amplification tests. Despite these advanced techniques, diagnosis can take
several weeks. Developed countries also spend considerable resources on monitoring
latent TB infection, identified through skin reactivity to purified protein derivative (PPD),

a crude mixture of greater than 200 mycobacterial antigens. However, the PPD test gives
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a false-negative reaction in 20 to 30% of TB patients, and fails to distinguish between
active disease, prior infection with Mtb, BCG vaccination, and exposure to environmental
mycobacteria. Thus, for both developing and developed countries alike, a new rapid,
sensitive, and specific test is needed to diagnose TB in all of its disease manifestations.
The development of such a test has proven to be one of the greatest challenges in TB
research. Although molecular biological diagnostic methods display significant potential,
especially in identifying drug-resistant TB infections, immune-based methods seem to
hold the most promise for a universal diagnostic test and will be the subject of this
section.
1.4.1 Identification of diagnostic antigens

Mtb proteins capable of stimulating a T-cell response have been a major research
focus due to their potential use in vaccine and diagnostic test development. Although TB
disease is effectively controlled through cellular- rather than humoral-based immunity,
researchers have maintained an interest in the antibody response elicited against Mrb-
specific proteins for its potential in serodiagnosis. Thus, the identification of B- and T-
cell antigens progressed simultaneously, and the strategies developed for their discovery
have coevolved. Initially, single protein antigens were targeted based on 1) their in-vitro
abundance in the culture filtrate (CF), 2) their ease of biochemical purification, or 3) their
immunodominance in animals upon immunization with in vitro-grown bacterial
preparations (155). These studies resulted in identification of the 14/16-kDa antigen (o-
crystallin/Acr/HspX/Rv2031c), the 19-kDa lipoprotein (LpqH/Rv3763), the 38-kDa
antigen (antigen5/PstS1/Rv0934), Ag85A  (FbpA/P32/Rv3804c), and Ag85B

(FopB/Rv1886¢) as serodiagnostic targets (32, 66, 69, 130, 236), and resulted in
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identification of the 19-kDa lipoprotein, the Ag85 complex, DnaK/Rv0350,
GroES/Rv3418c, the 45-kDa protein, MPT46/TrxC, MPT53/Rv2878¢c, MPT63/Rv1926¢,
and the 38-kDa antigen as T-cell antigens (7, 198, 315). These studies also brought
about the revelation that B-cell antigens are often potent T-cell antigens, an observation
that continues to hold true.

More refined biochemical approaches led to the discovery of additional antigens.
Again, the CF protein pool was primarily targeted for analysis based on the hypothesis
that secreted proteins are more available to the immune system. Two dimensional (2D)
sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) followed by
immunoblotting with patients’ sera resulted in identification of MPT32, MPT51
(FbpD/Rv3803c), and Ag85c (FbpC/ Rv0129c) as serodiagnostic targets (240). This
study was greatly facilitated with preadsorption of the human sera with E. coli lysate to
deplete cross-reactive antibodies, and this technique was also key in identifying the
antigen GlcB (81/88-kDa protein/Mtb81/Rv1837¢c) (154). Multiple studies developed
strategies to analyze protein fractions separated by SDS-PAGE in cellular-based assays
(3, 9, 10, 29, 115, 220, 316), notably leading to the discovery of ESAT-6/Rv3875 as a
potent T-cell antigen (270). More extensive protein separation strategies were used to
identify six novel T-cell antigens by Welding ef al. (311). Covert et al. took an even
larger-scale proteomics approach to screen separated cytosolic and CF protein fractions
for IFN-y responses from mouse splenocytes infected with Mtb (55). Liquid
chromatography (LC) electrospray-ionization (ESI) tandem mass spectrometry (MS/MS)

analyses of the reactive fractions resulted in the identification of 17 novel antigens (55).
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Strategies for antigen identification have shifted in focus since the sequence of the
Mtb genome was published (51). Mtb is known to alter gene expression patterns to adapt
to different envir(;nments, and differing protein expression patterns are expected in both
the different microenvironments encountered and through the stages of disease
progression (181, 214), Therefore, the in vitro abundance of Mtb proteins may not be
relevant to the consortium of proteins expressed and available to the immune system in
vivo. With this in mind, expression screening approaches were developed, whereby
randomly sheared Mtb genomic libraries are expressed in E. coli and immune responses
against all of the ~4000 open reading frames (ORFs) can theoretically be evaluated.
Screening these polypeptides with patients’ sera or rabbit antisera led to the identification
of Mtb81, Mtb48, CFP10/Rv3874, PirG/Rv3810, PTRP, and MtrA/Rv3246¢ (78, 126,
138, 168, 268). Scientists at Corixa Corp. have continually improved expression
strategies to screen against CD4" T cell responses, resulting in roughly 100 T-cell
antigens (5, 78, 79, 269). Additionally, multiple members of the PE/PPE protein
families, including PPES5/Rv3347c, PPE18/Mtb39a/Rv1196, and PE-PGRS51/Rv3367,
were identified as B- and T-cell antigens with these expression screening strategies (79,
267, 268). These protein families are weakly expressed in vitro and have rarely been
found in proteomics studies (22), thus highlighting the effectiveness of these
identification approaches. The Mrb genome sequence also allowed for bioinformatics-
based antigen identification approaches, whereby T-cell epitope and signal peptide

prediction programs have targeted ORFs for immunological characterization (73, 110).
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1.4.2 Cellular based diagnosis

Both CD4" and CD8" T-cell subsets are involved in the cellular immune response
against Mtb infection; however, cellular-based diagnosis has largely focused on
evaluating the CD4" T-cell recall response due to the simpler, more routine methodology
as well as the ability of CD4" to recognize a broader repertoire of antigens. These assays
typically measure IFN-y responses or proliferation of purified peripheral blood
mononuclear cells (PBMC) stimulated ir vitro with antigen. When crude mixtures, such
as PPD and culture filtrate proteins (CFP), are used as the antigen very high sensitivities
are achieved; however, the specificities are poor. The converse is observed for single,
defined protein antigens. Thus, efforts are focused on finding an antigen or antigen
combination that yields the best sensitivity. By far the most extensively evaluated T-cell
antigens are the ESAT-6 and CFP10 proteins (155). Initial interest in these antigens was
primarily due to the absence of their genes in the vaccine strain M. bovis BCG compared
to Mtb (21, 118). Indeed, these antigens have been reported to be highly sensitive and
specific in distinguishing TB patients from noninfected individuals, as well as Mrb-
infected from BCG-vaccinated and M. avium-complex-infected individuals (13, 163,
299). Furthermore, a report suggests ESAT-6 recognition by healthy household contacts
correlates well with development of active TB, an attractive attribute of a diagnostic test
(82). The ESAT-6 and CFP-10 antigens are the basis for the recently developed,
commercially available T-SPOT.TB and QuantiFERON®-TB Gold tests (156).

Cellular-based diagnosis studies have also focused on antigens that can elicit a
delayed-type hypersensitivity (DTH) response, in hopes of improving on the current PPD

skin test. Again, antigens restricted to Mtb not found in BCG were targeted for
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evaluation. CFP-10, ESAT-6, and MPT64/Rv1980c could distinguish Mrb-infected from
BCG- and M. avium- infected guinea pigs (50, 86). However, the performance of CFP-
10 and ESAT-6 in human clinical trials remains to be validated, while MPT64 produced
disappointing results in humans (155, 312) . An especially promising DTH antigen is
DPPD/Rv3663c. A protein limited to the MTBC, this antigen has provided superior
responses to PPD in both guinea pigs (52) and humans (38). Furthermore, DPPD
provides a clearer distinction between a positive and negative skin reaction than PPD, and
in a large-scale study produced a positive reaction in a percentage of healthy, infected
individuals that was close to the estimated prevalence (38). However, the ability of
DPPD to distinguish from BCG vaccination has not been determined.
1.4.3 Serodiagnosis

Although a clear role for antibody-mediated immunity in protection against Mtb
infection remains to be established, exposure to Mtb elicits production of antibodies that
can be used as markers of TB infection. Efforts to develop a diagnostic test based on
antibody-detection for active TB have been underway for decades, and dozens of such
tests are currently marketed in developing countries (155, 275). However, a recent
systematic review of the performance of these commercial tests concluded that none
function well enough to replace sputum smear microscopy (275). Most of these
commercial tests are based on the 38-kDa antigen, an antigen that has been touted as the
“gold standard” because it gave the best sensitivity among the single candidate antigens
identified in initial studies (155). However, studies have since demonstrated that 38-kDa
antigen sensitivities vary among geographic populations (2), and that antibodies against

this antigen are primarily present in patients with advanced stages of disease (32, 240,
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241), thereby greatly limiting its diagnostic utility and providing an explanation for the
poor performance of today’s commercial tests.

The most challenging aspect of developing a TB serodiagnostic test is identifying
the optimal set of antigenic components to be used in the assay. Crude mycobacterial
preparations, such as PPD, whole-cell lysate (WCL), and CFP, share antigenic
components with other bacterial genera such as Nocardia and Corynebacterium (67), and
have been shown lack to specificity for Mrb infection. Several glycolipids, including
LAM, TDM, sulfolipid-I, diacyltrehalose (TAT), and triacyltrehalose (TAT), are
recognized by a significant percentage of TB patients’ sera, but also result in poor
specificities (145, 290). In contrast, the plethora of TB serological studies generally
agree that single, purified native or recombinant proteins provide excellent specificities
(155). A review of these studies suggests there are greater than 50 protein antigens that
provide a sensitivity of at least ten %, and reactivity summaries for well-characterized
antigen candidates are reviewed in references (40) and (155). However, difficulties arise
in reviewing the serological properties of even a single antigen, as numerous studies often
provide conflicting sensitivity estimates. For instance, there are greater than 15 estimates
for the 38-kDa antigen recognition among pulmonary TB patients, with sensitivities
ranging from 21 to 100% (2). Although some variation can be expected across
geographic populations, disparities also arise from the methods used to identify healthy
controls and to classify TB patient cohorts, the quality of the sera, and the level of
scientific rigor used in the analyses. Fittingly, guidelines have recently been suggested
by The Standards for Reporting of Diagnostic Accuracy initiative for publishing results

related to infectious disease diagnosis (19). Instead of reviewing the sensitivity values of
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each antigen identified to date, it is more appropriate to review the research that will lead
to a successful serodiagnostic assay, namely addressing the criteria for an ideal antigen.
Laal et al. performed a series of systematic analyses to directly address the
hypothesis that Mtb antigen profiles differ depending on patient disease status (239, 240).
Specifically, sera samples were used to probe 2D maps of CF proteins. Of the >100
visible protein spots, only 24 to 26 protein species were recognized by sera from patients
with advanced, cavitary TB. Interestingly, a subset of proteins (12 of 26) were
recognized by sera from all classes of TB patients, including noncavitary, smear positive,
smear negative, non-HIV-infected (HIV-TB+), or HIV-coinfected (HIV+TB+). Thus,
there was remarkable homogeneity in the antigen profiles recognized among the different
groups, although the patient sample size was limited. Furthermore, specific antigens like
MPT51 and GlcB were recognized by all TB patient groups tested, while antigens like
the 38-kDa and MPT32 were associated with the later stages of disease progression.
Recently, other laboratories have also made associations between the serodominance of
specific antigens and a particular TB disease state. Patients with inactive (past) TB
possessed higher antibody titers against HspX/Rv2031¢c, FdxA/Rv2007c, and ESAT-6,
while active TB patients’ sera produced more dominant responses against the 38-kDa
antigen, Ald/Rv2780, and Rv2626 (72). The finding that the antigen HspX is associated
with latent TB has been independently validated by other groups (30, 31, 76) and is
reflective of its functional role during nonreplicating persistence (317, 318) and its
transcriptional profile in the mouse model (258). |
As the HIV epidemic spreads to areas of high TB incidence, there is an increasing

need for specific tests to diagnose HIV+TB+ individuals. Serodiagnosis would be
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especially attractive in such cases, as HIV infection is associated with a decrease in the
levels of CD4™ T cells, limiting the utility of cellular-based assays. Thus, recent efforts
have identified antigens recognized by retrospective HIV+TB+ patients’ sera months
before progression to clinical TB. Laal et al. have shown the antigen GlcB to be
recognized by 75% of such serum samples (153). Furthermore, 19 of 21 (90%)
retrospective serum samples recognized a combination of GlcB and MPT51 (265). In
addition, a separate report demonstrated that Sulfolipid IV was significantly recognized
by HIV+TB+ retrospective sera (177). Considering the high rate of latent TB
reactivation and the accelerated rate of TB disease progression associated with HIV-
coinfection, these individuals could greatly benefit from preventative therapy if identified
in a timely manner.

Close contacts of infectious TB patients have a 30% chance of becoming infected,
thus a diagnostic test is especially needed in low-prevalence countries for surveillance
purposes (27, 152). The current PPD skin test is not able to distinguish BCG-vaccinated
individuals from latent TB infection, and gives a substantial number of false-negative
reactions. Unfortunately, the promising T-cell antigenicity of the region of deletion 1
(RD1) 1 antigens (described in section 1.4.2) is not matched with strong B-cell
antigenicity. When six proteins encoded by the RD1 region were characterized, 16% or
less of TB patients possessed antibodies to any one protein (36). However, continued
analyses of the missing genes in BCG versus Mtb may lead to serodiagnostic candidates.
Recently, the isocitrate dehydrogenase enzymes Icd1/Rv3339c and Icd2/Rv0066¢,

present in both Mrb and BCG, were claimed to distinguish BCG-vaccinated healthy
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individuals from TB patients (18). ‘The reasons for this differential recognition remain
elusive.

The repertoire of antigens recognized by the immune system may be expected to
differ depending on the infecting Mtb strain. However, whole-cell lysate protein profiles
between H37Rv and the clinical isolate CDC1551 were found to be surprisingly similar
(24), given the number of predicted differences in their gene products (93). Furthermore,
a separate study specifically searched for serodiagnostic antigens and compared the CF
protein profiles of Mtb strains H37Rv, CDC1551, and a Korean TB isolate, and found
only a minority of proteins were differentially expressed (17). The ubiquitous presence
of dominant B cell antigens is encouraging, as a universal diagnostic test should be able
to detect infection with the numerous strains of Mtb found throughout the world.

Strategies will need to be addressed for producing reagents for serodiagnostic
assays. Recombinant production of Mtb proteins in E. coli has become a relatively
routine and facile procedure, and ultimately would be fairly inexpensive for large-scale
antigen production. However, a body of evidence suggests these recombinant antigens
exhibit reduced immunoreactivity compared to their native counterparts. Specifically,
recombinant Ag85¢ and MPT32 produced in E. coli were recognized by less than half of
the patients’ sera that recognized the native forms, suggesting the recombinant forms
lacked antigenic determinants (241). These determinants may be specific
posttranslational modifications (PTMs) and/or conformational epitopes not reproduced
upon protein processing in E. coli. Indeed, the serological importance of PTMs has been
demonstrated. Deglycosylation of MPT32 was shown to result in reduced seroreactivity

(157), and the methylation of HBHA significantly contributed to serological recognition
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(259). Furthermore, heterologous hosts designed to mimic M¢b protein production have
recently been investigated. M. smegmatis was able produce a seroreactive methylated
HBHA molecule (259), and the yeast Pichia pastoris was able to produce a more
seroreactive CFP32 molecule compared to the E. coli recombinant form (23).

Despite the extensive efforts in Mtb antigen characterization, the best sensitivities
achieved to date for any antigen or combination of antigens is 75 to 80% for smear-
positive TB patients (152). The reasons for the lack of serum antibodies in 20% of
patients are purely speculative. Some TB patients may lack antibody production due to
an especially robust Thl response. Alternatively, the formation of antigen-antibody
complexes may prevent detection. In support of the latter hypothesis, Singh et al. (266)
found antimycobacterial antibodies could be detected in the urine when absent from the
corresponding patient’s sputum samples, suggesting low antibody titers trapped in
immune complexes may lead to lowered antigen recognition. However, this scenario is
actually encouraging, because detection strategies can always be improved if an antibody
response is generated at some level.

The combined research suggests that a successful TB serodiagnostic assay will
ultimately be based on a cocktail of antigens. With this in mind, the poly-protein TbF6
was developed by genetically fusing together four known antigenic sequences. The
resulting recombinant protein provided a higher sensitivity than any of the individual
antigen components (138). A fairly crude immunochromatographic assay was developed,
termed “MAPIA”, which was based on a cocktail of ten different recombinant Mzb

antigens. MAPIA was shown to be superior to the enzyme-linked immunoadsorbant
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assay (ELISA), because the total sensitivity achieved was equal to sum of its components
(171).
1.5 Posttranslationally-modified mycobacterial proteins

Recent years have allowed for a deeper understanding of the function of PTMs in
mycobacteria: the great diversity and sheer prevalence of mycobacteria PTMs is startling.
The functional roles of PTMs in the basic biology of Mtb are beginning to be elucidated,
though the roles in pathogenesis remain enigmatic.
1.5.1 Glycoproteins
1.5.1.1 Identification

Glycosylation of proteins was originally thought to be a unique phenomenon of
higher eukaryotes. This assumption is understandable, as glycoproteins are either absent
or very scarce in the most commonly studied bacterial species including E. coli,
Salmonella spp, and Bacillus subtilis (187). It was not until 1976, with the identification
of a surface layer (S-layer) glycoprotein of Halobacterium salinarium (186), that the
presence of prokaryotic glycoproteins began to gain widespread acceptance. Multiple
discoveries of glycosylated proteins within the domain Archaea and then Bacteria soon
followed (187), and at least 70 bacterial proteins have been reported thus far (297). First
evidence for mycobacterial glycoproteins resulted from analyses of the previously
identified the 38-kDa antigen (66), suggesting this antigen was intimately associated with
or covalently linked with sugars similar to arabinomannan (65, 68). Two studies soon
followed that employed the lectin Concanavalin A (ConA) and further identified
potentially glycosylated forms of the 38-kDa protein and the 45-kDa protein from Mtb

(88), and in M. bovis detected glycoforms of the 19-kDa lipoprotein homologue, the 38-
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kDa antigen (PstS1/Mb0959) homologue, and MPB70/Mb2900 (92) later determined to
in fact be MPB83/Mb2898 (129). The ability of M. smegmatis to glycosylate the
heterologously-expressed 19-kDa lipoprotein was demonstrated (103), and a molecular
approach further localized the glycosylated region to two threonine (Thr) clusters (128).
Expanding on this work, the same group fused peptide sequences from eleven different
Mtb lipoproteins to the 19-kDa lipoprotein signal peptide, and demonstrated eight of the
sequences (originating from the 19-kDa lipoprotein, the 38-kDa protein, MPT83/Rv2873,
GInH/Rv0411c, LppN/Rv2270, LppQ/Rv2431, Lprl/Rv1541c, and SodC) produced
ConA-reactive products when expressed in M. smegmatis (127). These results also
demonstrated that the neural network NetOglyc, a glycoprotein prediction method trained
on eukaryotic O-glycosylation sites (117), could reliably identify mycobacterial
glycoproteins (127). Furthermore, glycosylation of lipoproteins appears to be common in
mycobacteria, as recombinant LprA/Rv1270c and LprG/Rv1411c were recently shown to
be ConA-reactive (212), unpublished observations. A proteomic study analyzed Mtb
secreted proteins with a top down MS approach, and a fraction enriched by ConA
chromatography contained a 9-kDa protein modified with up to seven hexose units and
two 20-kDa proteins each modified with up to 20 hexose units; however the protein
identities were not provided (104). A recent study employed a commercial glycan
detection kit and reported that PPE68/Rv3873, a protein of the RD1 locus and a member
of the PE/PPE protein family, is glycosylated near the C-terminus (71). Although these
results are preliminary, glycosylation of members of the large PE/PPE family is

intriguing considering their contributions to virulence (165, 224, 269).
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1.5.1.2  Structural determination

Despite the relative abundance of mycobacterial glycoproteins, detailed structural
information has been provided for only two proteins, first for the 45/47-kDa protein (80,
81), and later for MPB83 from M. bovis (188). These studies were also the first to
provide definitive chemical proof for protein glycosylation, as they were not limited to
ConA-based analysis, a technique hindered by the recognition of contaminating
glycosylated molecules in protein preparations. Dobos ef al. combined multiple MS-
based methods with N-terminal amino acid sequencing to identify and characterize four
glycosylated Thr residues in the 45/47-kDa protein (80, 81). These residues were O-
linked with a-D-mannose, o-D-mannobiose, or a-D-mannotriose, and each mannose
chain was determined to contain only o(1—2) linkages (80, 81) (Fig. 1.1). A subsequent
report demonstrated heterogeneity in the level of MPT32 glycosylation, variably
possessing zero to ten but dominantly seven mannose residues (232). Michell et al.
combined genetic and biochemical methods to identify an O-glycosylated Thr-Thr
doublet near the N-terminus of the M. bovis secreted antigen MPB83 (188) (Fig. 1.1).
The modifying sugar(s) were demonstrated to be predominantly mannose and
mannobiose, with low levels of mannotriose. In contrast to MPT32, the mannobiose was

found to be of an a(1—3) linkage (188).
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MPT32!

MHQVDPNLTRRKGRLAALAIAAMASASLVTVAVPATANAD, PEP
Man-(Man) Man-Man Man

APPVPTTAASPPSTAAAPPAPA’ll"PVAPPPPAAANTPNAQPGDPNAA
PPPADPNAPPPPVIAPNAPQPVRIDNPVGGFSFALPAGWVESDAAH
FDYGSALLSKTTGDPPFPGQPPPVANDTRIVLGRLDQKLYASAEAT
DSKAAARLGSDMGEFYMPYPGTRINQETVSLDANGVSGSASYYE
VKFSDPSKPNGQIWTGVIGSPAANAPDAGPPQRWFVVWLGTANN
PVDKGAAKALAESIRPLVAPPPAPAPAPAEPAPAPA

(Man)-(Man)-(Man)

PAGEVAPTPTTPTPQRTLPA

MPB83?

MINVOAKPAAAASLAAIAIAFLAGC,,SST,,KPVSQDTSPKPATSP

Man-(Man)
Man-(Man)

AAPVTTAAMADPAADLIGRGCAQYAAQNPTGPGSVAGMAQDPV
ATAASNNPMLSTLTSALSGKLNPDVNLVDTLNGGEYTVFAPTNA
AFDKLPAATIDQLKTDAKLLSSILTYHVIAGQASPSRIDGTHQTLQ
GADLTVIGARDDLMVNNAGLVCGGVHTANATVYMIDTVLMPPA

Q

Fig. 1.1 MPT32 and MPB83 mannosylation sites. The regions underlined with a solid
line denote the signal peptides. Parentheses denote variable levels of glycosylation.
! Aspartic acid residue 40 (Dyg) is the experimentally determined N-terminal amino acid
for the major CF product. Mannose linkages are of the a(1—2) configuration. >The
truncated sequence underlined with the dashed line includes the putative acylated Cys
residue 25 (Cys), preceding the experimentally determined N-terminal Thr residue 28
(T28). Mannose linkages are of the a(1—3) configuration. Man, mannose
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1.5.1.3 Biosynthesis and function

Aspects of Mtb glycoprotein biosynthesis have recently begun to be elucidated.
Mycobacterial glycoproteins are modified in regions rich with Thr, Ser, Ala, and Pro
residues.  Substitution of these residues flanking glycosylation sites inhibited
glycosylation, suggesting these sequences may be required for protein-
mannosyltransferase (PMT) substrate recognition (54, 128). Using membrane extracts
from M. smegmatis, Cooper et al. employed a cell-free assay to glycosylate MPT32
peptide sequences with radiolabelled GDP-mannose, and demonstrated the membrane-
associated PMT activity was sensitive to amphomycin, suggesting lipid-linked C35/C50-
polyprenol-Man intermediates are required for biosynthesis (54). Most recently
Vanderven et al. employed a similar assay to establish PMT activity for the protein
Rv1002c, a membrane protein found to be dependent on the conserved PMT Asp-Glu
motif party responsible for catalytic activity (300). Furthermore, this work demonstrated
that, similar to eukaryotic organisms, sec-dependent protein translocation is required for
Mtb mannoprotein biosynthesis, and proposed Rv1002¢ may physically associate with
the Sec complex (300). Although Rv1002c catalyzes the initial mannosylation step,
additional PMTs may be required for mannan chain elongation. The presence of multiple
PMTs could also explain the observed differences in MPT32 and MPBS83
oligomannoside linkages.

Protein glycosylation serves numerous roles in biological processes of eukaryotes,
including protein stability, protein localization, protein folding, receptor recognition, and
enzymatic activity (125, 169). Accordingly, defects in protein glycosylation have been

linked to multiple mammalian diseases (169). The functional roles of prokaryotic protein
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glycosylation are less well understood. However, emerging lines of evidence suggest
glycosylation contributes significantly to pathogenesis, serving such functions as host cell
surface recognition and adhesion, maintenance of bacterial shape, protection against
proteolytic digestion, immune invasion, enzyme-substrate binding, and direct interaction
with components of the immune system (252, 297). Single, isolated studies have
addressed glycoprotein function in mycobacteria. In terms of the immune response,
MPT32 glycosylation was required for both T-cell and antibody recognition, suggesting
glycosylated sequences often compose immunodominant epitopes (135, 157, 232).
Furthermore, MPT32 was recently suggested to be a potential adhesion, capable of
binding the C-type lectin PSP-A found on phagocytic cells (223). A more physiological
role for glycosylation was proposed for the 19-kDa lipoprotein by Herrmann ef al. In an
attempt to identify glycosylation sites, suspected O-glycosylated Thr residues were
substituted with Val residues, and the recombinant forms were produced in M. smegmatis
(128). In addition to a reduction in ConA-binding activity, the Thr to Val substitutions
also resulted in proteolytic cleavage at the N-terminus, suggesting glycosylation may
serve to protect against proteolysis (128).
1.5.2 Lipoproteins
1.5.2.1 Structure and biosynthesis

In order to direct the localization of specific proteins to membrane structures,
bacteria modify proteins by acylating the N-terminal Cys residue. Specifically, the Cys
residue universally possesses a diacylglycerol unit linked to the thiol group via a
thioether bond, and an additional acyl group is variably linked through an amide bond to

the N-terminus (285). In bacteria membrane phopholipids serve as donors for these acyl
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groups (47, 141). Biosynthesis of bacterial lipoproteins depends on the presence of a
Type II signal peptide containing the consensus sequence [LVIJ[ASTVI]J[GAS]C,
commonly referred to as the “lipobox” (16, 305). Following sec-dependent translocation
across the cytoplasmic membrane the diacylglyceride unit is transferred by the
prolipoprotein diacylglycerryl transferase (Lgt) (244), thought to be the Rv1614 gene
product in Mrb (51). The signal peptidase (SPase) II (Lsp) then cleaves signal peptide
resulting in the new mature N-terminus beginning with the acylated Cys (314). The Mtb
LspA/Rv1539 enzyme has been partially characterized, and an IspA deletion mutant was
dispensable for in vitro growth yet was severely attenuated in the mouse model,
suggesting the effects of LspA activity, although likely pleiotropic, contribute to
virulence (243). The third enzyme in lipoprotein biosynthesis is the lipoprotein N-acyl
transferase (Lnt), an enzyme present in Gram-negative but not Gram-positive bacteria.
The existence of this enzyme in Mtb remains to be determined, as the originally
annotated Lnt (Rv2051c) (51) was recently shown to function as a polyprenol
monophosphomannose synthase, termed Ppml (116). However, Ppml may be an
example of a “moonlighting” protein, an increasingly common phenomenon found in
bacteria (142). Finally, although Mrb protein lipidation is presumed to be of the same
arrangement as conserved in all bacteria, structural analyses of the acylated Cys for an
Mzb lipoprotein is still lacking.
1.5.2.2 Identification and localization

Recently, 99 putative lipoproteins were identified by searching the Mrb genome
with a modified lipobox sequence pattern developed specifically for Gram-positive

bacteria (283, 284). The functions of these lipoproteins are very diverse. Many of these
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lipoproteins share significant homologies with fully secreted, non-lipidated Mtb proteins,
suggesting acylation serves primarily to direct compartmentalization of these functions
(284). Very few Mrb lipoproteins have been experimentally characterized, and direct
chemical or structural evidence for an acylated Cys residue in Mrb is still lacking.
Evidence for Mtb protein acylation has largely been provided for solely by the presence
in the detergent layer following Triton X-114 phase partitioning; however, this method
may not discriminate between true lipoproteins and membrane proteins. A single study
by Young et al. metabolically labeled lipoproteins by supplying bacteria exogenous
radiolabelled fatty acid, and several proteins, including the 19-kDa and 38-kDa proteins,
were observed following two-dimensional (2-D) gel electrophoresis and autoradiography
(315). Radiolabelling experiments in E. coli also suggested the proteins SodC and
Rv0679c¢ to be acylated, although lipidation by this host may be irrelevant to Mrb (61,
179). Future lipoprotein identification may be aided by analyses of the LspA deletion
mutant (243), or through the use of globomycin, an inhibitor of LspA recently employed
to characterize two lipoproteins from M. smegmatis (106). Recently, LppX/Rv2945c
from Mtb was confirmed as a lipoprotein through radiolabelling, and was shown to
participate in the translocation of phthiocerol dimycocerosate (DIM) to the surface of Mtb
(282). This provides the intriguing possibility that this large unique family of annotated
lipoproteins with unknown function may be involved in the transport of various
molecules across the complex mycobacterial cell envelope.

In Gram-positive bacteria, acylation serves to anchor the lipoprotein to the outer
face of the plasma membrane by means of hydrophobic interaction. Furthermore, the

lipoproteins of Gram-positive bacteria are thought to be the functional equivalents of
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periplasmic proteins in Gram-negative bacteria (201, 285). Yet lipoprotein localization
may differ significantly when considering the more complex nature of the mycobacterial
cell wall. Structural parallels can be drawn between the mycobacterial and Gram-
negative cell envelopes, and lipoproteins may in fact associate with the outer lipid layer
composed predominantly of mycolic acids. Transport mechanisms to this layer have yet
to be defined, but may be analogous to the E. coli Lol system (199). Accordingly, flow
cytometry and electron microscopy techniques have identified multiple lipoproteins
associated with the periphery of the cell, including SodC (313), MPB83 (119, 307), the
38-kDa protein (PstS1) (87), and the LppX homologue Mb2970c from M. bovis (161).
However, secreted forms of the latter three with N-terminal truncations have also been
identified in the CF (8, 161, 188). Thus mycobacteria may share similarities with
Bacillus subtilis, where recent proposals of Antelmann et al. suggest CF forms of
lipoproteins result from 1) “shedding” — passive release of acylated lipoproteins, and/or
2) “shaving” — proteolytic release of lipoproteins from the cell wall (11, 291).
1.5.3 Phosphoproteins

Through conserved mechanisms proteins are phosphorylated and
dephosphorylated in order to transmit signals intracellularly and to regulate protein
function. In the simplest model of the ubiquitous bacterial two-component regulatory
system, a membrane-bound sensor histidine kinase (HK) responds to an environmental
stimulus causing a conformational change that allows autophosporylation of a His residue
within the cytosolic domain. The phosphate group is then transferred to the Asp residue
of the response regulator (RR), and the phosphorylated RR directs gene expression or

protein function (279). The Mtb genome encodes for 11 HK-RR pairs and several orphan
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HKSs and RRs (51), easily identified because of their highly conserved domains; however,
only a subset of these have been experimentally verified. Recombinant forms of the HK-
RR pairs MprB/Rv0982-MprA/Rv0981 (319), TrxcR-TrxcS (123), SenX3/Rv0490-
RegX3/Rv0491 (131), DevS/DosS/Rv3132¢-DevR/DosR/Rv3133¢ (237), and Rv3220c-
PdtaR (196) were demonstrated to autophosphorylate and then transfer phosphate, as
expected, and the RR MtrA/Rv3246¢ was shown to accept phosphate from the E. coli HK
CheA (303). Recent years have identified functional roles for some of these modules.
The SenX3-RegX3 module responds to phosphate starvation (109), the RR MtrA
modulates Mrb proliferation in macrophages (97), the PhoR/Rv(0758-PhoP/Rv0757
module like responds to intracellular pH (178) and regulates biosynthesis of complex
lipids (111, 170, 309), and the MprB-MprA module responds to stress and regulates
expression of the alternative sigma factors SigB/Rv2710 and SigE/rv1221 (124) as well
as the a-crystallin gene acr2/rv2051c (207). The most well-characterized RR DevR
responds to hypoxic conditions resulting in a specific phenotypic response (209, 257),
and was found to bind a DNA consensus sequence present upstream of hypoxic genes in
a phosphorylation-state-dependent manner (209). DevR phosphorylation is mediated by
two HKs, DevS and DosT (231), and both bind CO, O,, and NO through heme-dependent
manners (140, 271). The active CO- and NO- bound forms and the inactive O2-bound
forms provide an explanation for the nearly identical gene expression patterns produced
when Mtb is exposed to NO and hypoxic conditions (306).

The presence of eleven putative Ser/Thr kinases is thought to compensate for the
comparatively low number of two-component system modules in Mtb (51). Similar to

the two-component system, initial studies verified many of the annotated Ser/Thr kinases
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through in vitro phosphorylation experiments, and these are reviewed in references (22)
and (15). Recent studies have focused on exploring the functional consequences of the
Ser/Thr kinases and identifying their phosphorylated substrates. PknA/Rv0015c¢ and
PknB/Rv0014c were recently implicated in regulating cell shape, possibly affecting
septation and cell division (146). PknF/Rv1746 phosphorylates Rv1747 (191), an ABC
transporter possibly involved in sugar transport (77). Analyses of a pknG/rv0410c
knockout strain displayed an attenuated growth phenotype in culture, attributed to the
role of PknG in sensing and regulating glutamine levels (56). Contrary to these roles,
PknG was shown to be secreted into macrophages and was reported to inhibit
phagosome-lysosome fusion, most likely through phosphorylation of host substrates
(308). EmbR/rv3252¢, a transcriptional regulator of arabinosyltransferases, is
phosphorylated by PknH/Rv1266¢ (190); however, EmbR was also subsequently shown
to be phosphorylated by PknA and PknB (256). Furthermore, PknH was able to
phosphorylate multiple substrates, including Rv0681 and DacB1/Rv3330 (323). These
combined observations suggest there may be a complex interplay between the Ser/Thr
kinases and their substrates, making single gene knockout studies difficult to interpret.
The more stable nature of Ser- and Thr- phosphoesters in comparison to phospho-His and
phosphor-Asp requires a phosphatase enzyme (261). The sole Ser/Thr phosphatase in
Mtb is PstP/Rv0018c (51). Although the crystal structure of PstP has been reported
(222), the functional consequences of pstP deletion have yet to be determined. Although
the Mtb genome does not contain any recognizable tyrosine (Tyr) kinase homologues,
two Tyr phosphatase enzymes (PtpA/Rv2234 and PtpB/Rv0153c) are present (150);

however, secretion of these enzymes suggest they may purely play a role in virulence by
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interfering with host signaling pathways (151). Mtb has been estimated to contain on the
order of 500-1,000 phosphorylated Ser/Thr kinase protein substrates (113), and future
studies are needed to address the phosphoproteome. Recent reports of phosphorylated
forms of the FASII enzymes MtFabH/Rv0533c, KasA/Rv2245, and KasB/Rv2246 (25,
189), the Pks13/Rv3800c condensase involved in the last step of mycolic acid
biosynthesis (25, 221), and the Fe-dependent superoxide dismutase SodA (12) suggest
phosphorylation of enzymes is a common mechanism of enzyme regulation in
mycobacteria.
1.5.4 Atypical post-translationally modified proteins

A clear functional role of a PTM is in the case of adenylylation. The Mb genome
encodes four homologues of the glutamine synthetase (GS) enzyme (g/lndil-ginA4),
responsible for the ATP-dependent incorporation of ammonia into glutamate to form
glutamine; however, only GInA1/Rv2220 can be detected, isolated, and assayed in
growing cultures and is the only homologue considered essential for in vitro growth (122,
294). GInAl may be important for pathogenesis, as pathogenic but not nonpathogenic
mycobacteria export large quantities of this enzyme (225). Furthermore, a gln4/ mutant
had a reduced ability to multiply within macrophages and was avirulent in the guinea pig
model (294), and this attenuated strain has been explored as a potential vaccine (160).
Using an MS-based approach, Tyr residue 406 of GInA1 was shown to be modified with
an adenylyl group (183). Like other bacterial GS enzymes, GInAl functions as a
dodecameric oligomer (121), and in other bacteria, GS activity is regulated by
adenylylation of the monomeric subunits, with the number of adenylylated subunits

inversely proportional to GS catalytic activity (254, 255). The putative adenylyl-

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



transferase GInE/Rv2221c, an enzyme essential for in vitro growth, is thought to be the
enzyme responsible for this modification (208). When available pools of ammonia
quickly decrease, GInA1 adenylylation by GInE is thought be a faster method of enzyme
regulation as opposed to transcriptional control of glndl (210). In E. coli the
adenylylation activity of GInE is itself regulated by uridylation from a separate enzyme;
however, the presence of this regulatory cascade and uridylation in mycobacteria remains
to be demonstrated (226).

The Mth HBHA has been shown to bind sulfated glycoconjugates present on
nonphagocytic cells (Menozzi 1996), and has been postulated to be important for
extrapulmonary dissemination (214). Recombinant HBHA produced in M. smegmatis
was found to be of a greater molecular mass than recombinant HBHA from E. coli (217).
This difference was originally attributed to glucosylation (217); however, a subsequent
analysis found this mass difference was instead due to modification with a complex
pattern of up to 26 methyl groups on 13 lysine (Lys) residues, each variably mono- or
dimethylated (216). All methylated Lys residues are within a series of Lys-rich repeats in
the C-terminal domain, and these surface-exposed repeats have been shown to be
responsible for the binding activity (185, 215). Methylation protects this region from
proteolytic degradation, as methylation conferred stability upon HBHA when exposed to
trypsin and murine alveolar lavage fluids (216). HBHA methylation also clearly
influences antigenicity, as methylated but not non-methylated HBHA forms were 1)
recognized infected TB patients’ sera (259, 320), 2) required for strong T cell responses
from infected individuals (289), and 3) provided protection against Mrb in the mouse

model (289). Yet methylation is neither specific to pathogenic mycobacteria nor limited
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to HBHA, as M. smegmatis possesses both a methylated HBHA homologue (26) and a
suspected methylated laminan-binding protein (LBP) (217). The methyltransferase
enzyme remains to be identified, but S-adenosylmethionine-dependent HBHA
methyltransferase activity has been identified in cell-wall-derived mycobacterial extracts
(216). The HBHA N-terminal domain is required for in vivo but not in vitro methylation
(75, 136), and HBHA is exposed on the surface of mycobacteria (185). These combined
observations suggest export may be required for methylation; however the N-terminal
domain lacks a recognizable sec-dependent signal peptide (184). Identification of the
HBHA methylation mechanism may help in the design of novel strategies to prevent TB
extrapulomary dissemination, thought by some to be crucial for TB reactivation (167).

Forms of ESAT-6 (6 kDa early secreted antigen target), a protein currently under
intense investigation, possess an N-terminal acetylated Thr residue, and the acetylation
was found to influence physical interactions with ESAT-6 and the co-transcribed CFP10
(203). In fact, a recent re-evaluation of archived MS data suggests N-acetylation of
proteins may be a common phenomenon in mycobacteria as opposed to other prokaryotes
(230). Whether acetylation also modulates other Mrb protein-protein interactions remains
to be determined.

Two isolated reports of unconventional PTMs exist for Mycobacterium spp.
Evidence for protein ADP-ribosylation was provided by labeling various mycobacterial
cell extracts with [a-*?P]-NAD. Specifically, two proteins from M smegmatis were
found to be enzymatically ADP-ribosylated, and this modification was suspected to be on
cysteine (Cys) and asparagine residues. (253) Furthermore, an ADP-ribosyltransferase

homologue has been annotated in Mycobacterium avium (206). However, the role of
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ADP-ribosylation in mycobacteria remains unknown. A recent proteome-wide study
identified S-nitrosylated Cys residues on 29 proteins following treatment of Mrb cultures
with mildly acidified nitrite (227). These conditions were designed to mimic conditions
found in the phagosome of activated macrophages, where a major postulated
mycobactericidal activity of reactive nitrogen intermediates (RNI) is enzyme inactivation
through S-nitrosylation (227). The Mtb S-nitroso proteome was heavily enriched in both
genes predicted essential for in vitro growth (245), and genes shown to be important for
Mtb virulence and persistence (227). Furthermore, the enzymatic activities of two
proteins, a lipoamide dehydrogenase (LpD/Rv0462) and a mycobacterial proteasome
ATPase (Mpa/Rv1604), were reduced as a result of S-nitrosylation (227). The
classification of S-nitrosylation as a true PTM is debatable, as S-nitrosylation results
from an exogenous chemical modification rather than from a mycobacterial enzymatic
process. However, this same study identified three endogenously biotinylated proteins,
and identified two of these species as subunits of acetyl CoA carboxylase
(AccA3/Rv3285) and pyruvate carboxylase (Pca/Rv2967c) (227). Both of these enzymes
are conserved and biotinylated in most organisms (242).
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Chapter 11
Literature Review Part II:
Proteomic Approaches to Biomarker Discovery

2.1  Introduction

The term “biomarker” can have many different meanings that are often dependent
on the context used. In a broad sense, a biomarker is a molecule that reflects a biologic
state. To provide focus this chapter will address only proteins or peptides that are
associated with the absence or presence of a specific disease. Recent years have
witnessed an intense interest and significant advances in the discovery and evaluation of
such molecules through proteomic methodologies, and the majority of these strategies
were being developed and published during the course of this dissertation work. This
chapter describes the biological sources, experimental strategies, and challenges for
biomarker discovery, and further defines the current state of TB biomarkers.
2.2 The biofluid proteome

Biofluids can be analyzed for disease diagnosis and prognosis, as they are capable
of reflecting the human physiological or pathological state (54). The study of biofluids
offers several advantages over direct analysis of the localized diseésed tissue. In addition
to the heterogeneity of diseased tissues observed from patient to patient (136), the
sampling and processing of biofluids is minimally invasive and requires minimal cost and
technical expertise (54). These advantages become of even greater importance when the
biomarker is later translated to a clinical setting. Analysis of biofluids is hindered by the
lack of a corresponding genome or transcriptome that allows gene expression to be

measured (117). Thus, over the last several years an extraordinary amount of effort has
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been spent studying the protein component of human bodily fluids in hopes of identifying
novel biomarkers of disease. It is necessary to address the characteristics of these fluids,
their diagnostic potential, and the obstacles to consider in their investigation.

2.2.1 Plasma/Serum

Plasma is obtained when blood is withdrawn in the presence of an anticoagulant,
and centrifuged to remove cellular elements. A serum sample is obtained if the blood is
instead allowed to clot before centrifugation. The choice of whether to analyze sera or
plasma has not been adequately addressed, yet the protein compositions of these two
samples differ significantly (54). The characterization of plasma and serum is led by the
Plasma Proteome Project (PPP) organized by the Human Protecome Organization
(HUPO), an international scientific organization focused on identifying large numbers of
proteins in biofluids (87). The PPP has identified 3020 proteins thus far from plasma and
serum through the combined efforts of 18 laboratories (87).

The complexity of the plasma proteome has posed a significant barrier to its
analysis. The protein concentration range of plasma proteins spans up to twelve orders of
magnitude, while current proteomic approaches are capable of only covering three to four
orders of magnitude (8, 71, 136). Plasma has an average protein concentration of 80
mg/ml, yet many common tumor markers are found in the ng/ml range (136). Thus,
without first reducing the complexity of plasma, it would be unfeasible to identify most
biomarkers with the current MS-based methods. Therefore, prefractionation techniques,
further discussed below, are required to achieve a more comprehensive analysis of
plasma/serum proteins. However, specific to sera is the presence of seven abundant

proteins (albumin, large-chain immunoglobulins (Igs), small-chain Igs, transferrin, o-

71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



macroglobulin, antitrypsin, and haptoglobulin) that account for 97% of all proteins (135),
and the 22 most abundant proteins account for 99% of the sera protein content (117).
Thus many studies commonly employ commercially available multiple affinity removal
columns (MARC) to deplete plasma of the most abundant proteins (54). In addition
many groups develop in-house immunoabsorbers for further depletion (136). Although
these depletion methods provide a simple means for enriching proteins of low abundance,
they may also lead to a loss of diagnostic information. One study found that 210 proteins
and peptides were associated in complexes with the very abundant species, and 12 of
these are currently utilized as clinical biomarkers (131). The association of a biomarker
in a protein complex may be especially relevant to its diagnostic utility; as such
complexes are not adequately cleared by the renal system (131).

There has been an increased interest in the diagnostic potential of the low-
molecular weight (LMW) range (<50,000 Da) of the serum/plasma proteome, also
referred to as the peptidome. This set of molecules may provide specific information
about the diseased tissue. Proteins originating from diseased tissue are often too large to
diffuse through the endothelium and into circulation, but fragments of the parent
molecule may be represented in the plasma (94). Such fragments are thought to have
particular relevance in the diagnosis of cancer, as formation of fragment isoforms may be
a result of unique events in the affected cancerous tissue. These microenvironments often
possess high levels of enzymatic and proteinase activity compared to normal tissue.
Therefore, specific fragment isoforms may result from unique cleavage sites in the parent
molecule, or may be modified with specific PTMs (94). For instance, one study

identified peptide sets that could discriminate between prostate, breast, and bladder
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cancer, and analyses of the most significant peptides suggested they possessed
characteristic termini resulting from unique cleavage sites (118). Thus, these unique
isoforms provided a specific signature of the affected tissue, and may have an even
greater diagnostic capability than the parent molecules from which they originated. In
addition to truncations, post-translationally-modified peptides often represent especially
useful biomarkers, and strategies to enrich for glycopeptides prior to analysis have
yielded encouraging results (129). Finally, peptide biomarkers are often bound to carrier-
proteins, such as albumin, and thus acquire the longer half-life of such proteins.
Therefore, studies have attempted to directly isolate and characterize such plasma
complexes in the quest for diagnostic molecules (81).
2.2.2 Urine

Urine is an alternative to plasma for biomarker discovery for many systemic
diseases. This biofluid is of considerable less complexity (54), although a combination of
proteomic studies have identified at least 1000 different gene products (96). This biofluid
has been especially promising in the diagnosis of bladder cancer and renal disease, and is
of particular use in the study of drug metabolism (117). There is considerable overlap in
the plasma and urinary proteomes, as evidenced by a urinary proteome study that found
one third of its identified proteins were also found in plasma (95). Urine is composed of
three protein sources: soluble proteins, solid-phase components, and exosomes. Soluble
proteins account for 49% of the protein content result from glomerular filtration of
plasma proteins and proteins secreted by epithelial cells. The glomerular filter retards
passage of high-molecular-weight proteins, and molecules <10 kDa are freely filtered.

Solid phase components account for 48% of the protein content and constitute whole
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epithelial cells or cell fragments such as the plasma membrane and intracellular
components. Exosomes are membrane vesicles that originate as internal vesicles of cells
that are excreted into the extracellular space, and these represent 3% of the urinary
protein content (96).

Analysis of urine requires special considerations. Urinary protein concentrations
(~10 pg/ml) are much lower than plasma protein concentrations (~80 mg/ml), and urine
contains high levels of salts that can interfere with downstream analytical procedures;
therefore, desalﬁng and concentration of samples is required (65). The most abundant
protein in urine is the Tamm-Horsfall protein (uromodulin), and this protein forms
networks of fibers that can interfere with downstream biomolecular separation
techniques. To combat fiber formation, depolymerization can be achieved by the
addition of reducing agents and warming (96). Similar to plasma, several simple
prefractionation techniques are available to reduce the protein complexity of urine.
Depending on the anticipated origin of the biomarker, differential centrifugation can
easily lead to isolation of soluble proteins, solid-phase components, and exosomes (96).
Albumin, a-1-acid glycoprotein, and IgG are abundant proteins in urine, and can be
immunodepleted with MARC (95).
2.2.3 Specialized biofluids

The majority of biofluid proteome studies have focused on plasma/serum and
urine. However, analysis of other biofluids can provide more specialized information
regarding the local diseased tissue from which they sample. For instance, cerebrospinal
fluid (CSF), a clear liquid that protects the central nervous system from trauma, is in

direct contact with the extracellular space of the brain, and the protein profile of this
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biofluid may reflect physiological processes such as aging and the presence of
neurodegenerative disease (117). Other biofluids that have undergone proteomic
characterization include saliva, bronchoalveolar lavage fluid, synovial fluid, nipple
aspirate fluid, tear fluid, and amniotic fluid (54). Generally, the sets of proteins identified
in these various biofluids display minimal overlap. However, common to all biofluids
are large number of proteins with very wide dynamic ranges in concentration (54).
2.3  Proteomic strategies
2.3.1 Mass spectrometry

MS is the principal technology used for biomarker discovery. The coupling of
gas chromatography with MS has been used in the analyses of small molecules for
decades. In more recent years the development of two new methodologies to volatize
and ionize large molecules, ESI and matrix-assisted laser desorption/ionization
(MALDI), has greatly accelerated the field of proteomics (32). In addition to these two
types of ion sources, numerous types of mass analyzers continue to be developed with
differing sensitivities, mass accuracies, resolution, and scan rates (4, 127). Regardless of
the type of instrumentation used, mass spectra are produced which plot the mass-to-
charge ratio (m/z) of the ions observed (x-axis) versus the abundance of the ions detected
(y-axis). Protein identifications are established through accurate determination of the
peptide mass, most often achieved with MALDI-MS or through MS/MS that includes
collision-induced dissociation (CID) of precursor ions to generate fragment ion spectra
(4). In both cases, spectra are compared with calculated theoretical spectra derived from
comprehensive protein sequence databases, and statistical algorithms are used to identify

the best matches.
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Shotgun-based proteomics combines protein prefractionation with MS to
substantially increase the number of proteins identified in a given sample, and this
technique is able to partially overcome the vast dynamic range of proteins observed in
biofluids. LC-MS/MS coupled with ESI is the most commonly used MS platform for
shotgun-proteomics. (125) To further reduce the proteome complexity, fractionation
before LC-MS/MS is often achieved with either gel-based or gel-free methods. The gel-
based methods have included both 1D-SDS-PAGE and 2D-SDS-PAGE. 2D-SDS-PAGE
has been employed for over 25 years and is still a very commonly used fractionation
methodology; however, in recent years its popularity for the purpose of proteome
characterization has been waning (4). This is partly due to its somewhat limited dynamic
range, as demonstrated through a systematic study of the yeast Saccharomyces cerevisiae
where only the most abundant proteins were routinely identified with this methodology
(46). Capillary electrophoresis (CE) is a non-gel based method that can also separate
proteins and peptides based on size and pl, and can be directly coupled to a mass
spectrometer (58). However, the most common type of non-gel based method is
multidimensional protein identification technology (MudPIT) (123) which most
commonly separates peptides with strong-cation-exchange chromatography (SCX)
followed by reverse-phase chromatography (RP). These steps are physically linked, and
the effluent is directly fed into a mass spectrometer. Although this is the dominant
separations strategy used in shotgun proteomics, experimental design can vary greatly
and continues to expand with increasingly available numbers of chromatography and
mass spectrometer combinations (38). As demonstrated with studies on the plasma

proteome, the use of alternative discovery platforms often generates very different sets of
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protein lists with minimal overlap, suggesting a single shotgun-based proteomics
experiment falls short of being comprehensive (13). Although the object of shotgun-
based proteomics is usually not biomarker identification, the resulting data contributes
greatly to the understanding of the repertoire of proteins present in each biofluid, and this
information can help in planning targeted experiments for biomarker discovery.

The most widely-used MS-based platform for biomarker discovery in biofluids is
surface-enhanced laser desorption/ionization time-of-flight (SELDI-TOF) MS technology
(ProteinChip®, BioRad) (107). The pioneering work of Petricoin ef al. demonstrated that
this approach could distinguish ovarian cancer from healthy patients with outstanding
accuracy (93). Since this seminal study the technology has gained enormous popularity,
and a recent of review of serum biomarkers associated with cancer showed that 46 of 98
publications employed SELDI-TOF-MS (54). This technology begins with complex
samples, often without prior enzymatic digestion, that are incubated on chips containing
eight or 16 spots coated with hydrophobic, ion-exchange, metal affinity, normal phase, or
more specialized surfaces (32). Unbound components are washed away and the proteins
and peptides are ionized and analyzed in a fashion similar to MALDI-TOF-MS. The
resulting peak patterns and peak intensities are compared across control and sample
populations, and these data are suggested to reflect peptide concentrations in the biofluid.
Sophisticated computer algorithms based on “training” principles are used to identify sets
of discriminating peaks that have been suggested to be diagnostic of disease with near
100% accuracy; however, the identity of these peaks are often not determined (32).

SELDI-TOF-MS has been used for the analysis of at least 14 types of cancer (54), and
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other types of diseases including, but not limited to, Alzheimer’s disease (19),
atherosclerosis (27), and Creutzfeldt-Jacob disease (45).

2D-SDS-PAGE combined with MS identification has demonstrated considerable
success in the identification of biomarkers. In the simplest approach, 2D-SDS-PAGE
gels of protein extracts from normal and diseased individuals are stained and compared
with densitrometry (58). Improving on this method is the development of difference gel
electrophoresis (DIGE). In this approach two samples (e.g. normal vs. diseased) are
labelled with two different fluorescent dyes, mixed, and analyzed on the same gel.
Scanning the gel at different excitation wavelengths often reveals distinct protein
expression patterns, and these aid in identifying proteins that increase in quantity in the
diseased state. (58) Both the standard 2D-SDS-PAGE comparison and DIGE approaches
have been used for biomarker discovery in numerous types of cancer (58), and in such
diverse diseases as Alzheimer’s disease (76), cystic fibrosis (102), amyotrophic lateral
sclerosis (42), arthritis (108, 116), Parkinson’s disease (42), liver disease (5), and severe
acute respiratory syndrome (SARS) (21). Finally, analyses of tissue and blood protein
extracts by 2D-SDS-PAGE and western blotting with sera can help in the identification
of autoantibodies (58). Such antibodies can be indicative of autoimmune disease (56).
Additionally, autoantibodies are often raised against tumor proteins, and identification of
their presence with the Western blot approach has been shown to have potential for the
diagnosis of cancer (69). The analyses of pathogen protein extracts with sera has seen
widespread use for the determination of infection, and successful examples include TB
infection (103, 104) and fungal infection (97). Again, the main disadvantages of all of

these gel-based methods are limited sensitivity and throughput.
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Studies have attempted to demonstrate the ability of LC-MS to accurately
quantify peptide peaks in complex samples (72), and software has been specifically
designed for this purpose (75). However, the prevailing view is that “the relationship
between the amount of analyte present and measured signal intensity is complex and
incompletely understood”, and ...“mass spectrometers are therefore inherently poor
quantitative devices” (cited in ref 4). Thus, labeling strategies including labeled
proteolysis, isotope-coded affinity tag (ICAT) technology, and “isotope tags for relative
and absolute quantitation” ((TRAQ™, Applied Biosystems) technology have been
developed to enable MS-based quantitation for biofluid-derived biomarkers. In each of
these cases the samples are differentially labeled prior to MS analyses, and the ratio of
the peaks eluting from the LC column are compared in order to determine the relative
abundance of the protein in each sample. Identities are usually determined via MS/MS
(96). The iTRAQ™ technology has been used to identify potential biomarkers from
biofluids that are indicative of endometrial carcinoma (29) and Alzheimer’s disease (2),
and ICAT has been used to discover biofluid-derived biomarkers of breast cancer (89),
pancreatic cancer (22), and brain injury (50).

Following the biomarker discovery phase, the ability of these candidate molecules
to distinguish between disease states should be independently validated. Although the
biomarker discovery phase has received more attention, some believe the validation
phase likely poses an even greater challenge (136). Validation is routinely achieved
through standard immunoassays (ELISA), or to a lesser extent, targeted antibody arrays
(discussed below). Recently an MS-based method termed multiple reaction monitoring

(MRM) has been developed for biomarker validation (66). This approach requires
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knowledge of the precursor mass and the fragmentation spectra specific to an analyte, and
programming the mass spectrometer to filter data with these two mass identities provides
a specific assay. Furthermore, these assays depend on internal spiked standards for
accurate quantitation, and multiplexing allows for the simultaeneous analysis of 30 or
more analytes in one MS run. (6) Although this technique is not yet in widespread use,
there is a great deal of support for this application. (119)
2.3.3 Protein microarrays

The fundamental principles behind microarray technology were described by
Roger Ekins et al. almost two decades ago. This work developed the “ambient analyte
theory” that explained why microspot assays could achieve greater sensitivity than
standard ligand-binding assays (35-37). Putting this theory to the test, rapid progress in
genome-sequencing efforts resulted in the fabrication of single slides that could
accommodate tens of thousands of oligonucelotides, and these arrays provide for the
ability to monitor gene-expression on a global scale (105). Protein microatray
technology has directly benefited from advances in DNA microarray technology, and
uses the same instrumentation, automation, detection reagents, and even bioinformatic
software (114). Instead of oligonucleotides as the ligands, protein microarrays consist of
immobilized proteins, peptides, antibodies, or aptamers. The applications of protein
microarrays are very diverse and include the evaluation of protein-protein interactions
(132), protein-nucleic acid interactions (47), protein-lipid interactions (132), protein-drug
interactions (55), protein function (134), protein-receptor interactions (60), identification
of PTMs (110), and determination of antibody specificity (82). In addition, microarrays

can be used for both discovery and validation of disease biomarkers.
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The antibody microarray consists of specific antibodies that are immobilized and
used to probe complex biofluids such as serum. Similar to a capture ELISA, this high-
throughput format provides the advantages of miniaturization, parallelism, and
automation. This format has successfully discriminated between healthy sera and those
with prostate cancer (83), pancreatic cancer (88), and lung cancer (88). Due to the nature
of the assay, knowledge of the antibody specificity allows for direction determination of
the identities of the overexpressed proteins. Yet this can also be a disadvantage, because
the antibody microarray is always limited by the number and quality of the antibody
panel.

Microarrays can also be fashioned in a similar manner as the Western blot, where
proteins are immobilized and antibodies in the sera are detected. Advantages over the
Western blot include the ability to accommodate thousands of individual antigens or
antigen pools on a single slide, the presentation of antigens in a more native state and of
equal abundance, and the ability to generate hundreds of slides at one time leading to
increased reproducibility. These antigen arrays have been used to detect antibodies in a
variety of autoimmune diseases (61), including lupus (74), alopecia areata (77), and
arthritis (78). Antigen arrays have also been used to assess the presence of Type I
allergies (52). Using protein fractions derived from tumor cell lines, an antigen array was
able to distinguish healthy sera from prostate cancer sera (16), and lung cancer sera (99).
These types of autoantibody studies can now take advantage of commercially available
high-density protein microarrays (ProtoArray®, Invitrogen) that represent greater than

5000 human proteins.
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Antigen arrays have also been extended to infectious disease research. In an
initial proof-of principle study, Bacarese-Hamilton et al. (10) immobilized recombinant
antigens of various pathogens to glass slides, and human antibodies specific for each
antigen were detected in sub-picogram amounts. This microarray assay also performed at
the same level of efficiency as conventional ELISA-based methods in differentiating
between positive and negative sera. Following this initial study, larger microarray panels
of recombinant proteins have successfully differentiated infected versus noninfected sera
for pathogens such as Neisseria meningitidis (111), M. leprae (44) Plasmodium
Salciparum (43), Hepatitis B and C viruses (34), and the SARS coronavirus (133).
Furthermore, microarray serum profiling has been extended to characterize antibody
responses generated upon vaccination with Yersinia pestis (73), Francisella tularensis
(113), vaccinia virus (26), and simian HIV (86). In addition to analyzing simple antigen-
antibody interactions, more complex peptide-MHC (pMHC) arrays are being developed
that are able to detect the cellular response (30, 109, 112). These advanced arrays detect
cytokine secretion from T cells that bind immobilized pMHCs and costimulatory
molecules, and the results often reveal informative epitopes that could be utilized for
diagnosis or vaccine design (20). Finally, arrays of immobilized host glycoprotein
receptors were suggested to be capable of detecting whole pathogens from complex
mixtures, including serum (33), although improvements will have to be made to achieve
the sensitivity needed for clinical use.

In addition to biofluids, tissues and cellular lysates can also be analyzed for
biomarker discovery. This is the basis behind the newly developed reverse phase (RP)

array. RP arrays consist of panels of crude cellular lysates or immobilized tissue samples
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from many different patients that are obtained through laser capture microdissection.
Probing the tissues with specific antibodies against various signaling pathway molecules
or PTMs can lead to deeper insights into the biology of the diseased tissue. Additionally,
this research should lead to the identification of biomarkers that differentiate healthy
from diseased patient samples, and has specifically been shown to be useful in the
prognosis of breast cancer (79).
24 Progress, challenges, and criticisms

Currently a very small number of cancer biomarkers are routinely used in the
clinical setting. These “classical” markers include a-Fetoprotein, CEA, prostate-specific
antigen (PSA), CA125, CAl15.3, CA19.9, Igs, hCG, and steroid hormone receptors.
These biomarkers are mostly recommended for the monitoring of therapy and treatment
response. Only PSA, a molecule specific for prostate cancer, has been approved for
population screening by the Food and Drug Administration. Many of these biomarkers
were initially discovered through development of monoclonal antibodies that recognize
“cancer-associated antigens”, identified through immunization of animals with tumor
extracts or cancer cell lines. (32) In contrast, the proteomics process of biomarkers
discovery has led to very few, if any, novel biomarkers specific for either cancer or other
types of disease that have resulted in a commercial product approved by regulatory
agencies (136). Thus the intense excitement regarding the strategies described in section
2.3 has not been matched with the development of real-world clinical tools. One possible
reason for this disparity is that the current system does not easily allow for the transition
of biomarkers from the discovery phase to the validation phase. Drug development is

mostly led by the pharmaceutical industry, where a single pipeline takes drugs from the
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discovery phase all the way to clinical trials. In contrast, diagnostic biomarker discovery
is often driven by academic and government funded research, while commercial
diagnostics perform clinical validation. (7) In addition to this gap in research
infrastructure, numerous concerns have been raised regarding the potential for proteomics
to accurately identify biomarkers of disease. These concerns question numerous aspects
regarding the technical limitations of MS, experimental design, statistical analyses, and
the meaning of the data obtained (119).

Despite advances in proteomics, the number of new protein biomarkers approved
by regulatory agencies has actually declined in the last decade (136). Many believe that
the most powerful single cancer biomarkers have already been identified. (32) Thus,
there is little hope that a single biomarker, or “golden bullet”, has the ability to describe
complex diseases (136). However, there is great optimism (98) that discovery of other
biofluid molecules will augment the capabilities of the current biomarkers, and that
diagnostic algorithms could identify combinations that provide improved sensitivity and
specificity as a whole. The majority of the data supportive of this hypothesis has been
generated by SELDI-TOF-MS technology. However, critics have pointed out several
shortcomings of this methodology and suggest some data has been misinterpreted. (32)
For instance, the classical cancer biomarkers, including PSA, have rarely been identified
with SELDI-TOF-MS. These biomarkers are in the 2-150 pM range (126), while the
newly discovered putative cancer biomarkers are typically in the 1-40 pM range (24, 53,
128, 130). Thus, SELDI-TOF-MS is likely biased towards molecules of high abundance.
This is of particular relevance, because many of the highly abundant proteins found in

plasma are derived from by the liver, and often represent acute-phase proteins that are
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indicative of inflammation. Such proteins have long been known to be unspecific for the
presence of cancer, and for this reason their clinical use has been avoided. Adding to this
problem, a significant portion of SELDI-TOF-MS studies publish only discriminating
peak values without providing peptide identities, increasing the potential for these peaks
to represent nonspecific molecules. (32) Furthermore, the abundance of specific
molecules that are truly associated with cancer is likely to be very low. If one considers
that a typical tumor represents approximately 0.006% of the total body volume (117), the
ability of a small localized tumor to modify the serum proteomic pattern is very limited.
Another concern regarding biomarker proteomics results is the large data
discrepancy reported across different research groups investigating the same phenomena
(32). As previously discussed, the sheer complexity of biofluids often generates data sets
with minimal overlap, and this may partially explain the reported disparities (13).
However, even reports that use the same SELDI-TOF-MS surface chemistry (IMAC-Cu)
to study the same biofluid (sera) for the diagnosis of the same disease (prostate cancer)
identified very different sets of discriminating peaks (3, 12, 32, 70). Two of these studies
showed that the use of differing bioinformatic algorithms produced very different sets of
data (3, 12), and one study demonstrated that “noise” peaks can perfectly discriminate
between normal and cancer patients when training algorithms were used (11). In addition
to data analyses, numerous factors could contribute to these discrepancies such as the
physiological status of the patient cohort used or more subtle variations in experimental
technique. There has even been described ex vivo exoprotease activity in sera that
generates truncated peptides when samples are handled differently (80, 118). These

reasons suggest that steps should be taken to standardize comparisons within and across
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laboratories. Specifically, spiking samples with an internal protein reference standard
should help in comparing sera samples (136). Another specific example is that
reproducibility of the urine sample analyses can be affected by alterations in protein
concentrations due to water content. Therefore, normalizing data to creatinine excretion
rates has been suggested (96). The standardization of such biofluid analytical procedures
is one of the goals of the HUPO PPP (87). Finally, identification of the discriminating
peaks at the amino acid level would help to determine whether different laboratories
observe the same proteins, and aid in the independent validation of newly identified
biomarkers. This approach could also target those biomarkers that are likely to be
specific for the disease of interest, establishing a cause and effect relationship. (32)
Biomarker discovery should ultimately lead to the development of applied clinical
assays. A desirable diagnostic assay should be of low cost, be minimally invasive,
require minimal sample preparation, employ easy-to-operate technology, be fast and easy
to interpret, and provide 100% sensitivity and specificity (58). Although it is not
inconceivable that mass spectrometers and proteins microarrays could be used in the
clinical laboratory, the prevailing view is that ELISA-based formats are the best available
option to achieve these criteria (101). Therefore, knowledge of the biomarker identity
will be required for development of antibodies used in the ELISA (32). This change in
format from MS-based methods to ELISAs requires special consideration (120). For
instance, an ELISA is capable of processing only a very limited panel of biomarkers;
therefore, very complex discriminating patterns determined through MS-based discovery

may be of little utility (7).
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In summary, proteomics in the context of biomarker discovery is a hotly debated
(31, 92) and rapidly evolving field. Perhaps success will be soon be demonstrated as the
results of ongoing clinical trials are revealed (32). Furthermore, regardless of the current
status future advances in technology, such as increased separation efficiency and MS
resolution, should provide optimism.
2.5  TB biomarkers

Only a handful of approaches have applied proteomic technologies to discover TB
biomarkers (25, 67, 103, 124). Nevertheless, there has been an intense research interest
in developing techniques to determine Mrb infection or to assess responses to drug
treatment. This section briefly addresses the currently used clinical and micobiological
tests, and further examines molecular biomarkers that have been identified to date.
2.5.1 Markers of infection

Few diagnostic approaches are able to differentiate TB disease from Mrb
infection, and most diagnostic approaches usually assess one or the other. For instance, a
chest X-ray can indicate general pulmonary disease, however, this clinical symptom may
not be caused by Mrb. Alternative, the PPD skin test indicates previous exposure to
Mycobacterium spp., but does not describe TB disease. As mentioned in section 1.4, a
goal of TB immunodiagnostics is to not only establish Mtb infection but also determine
the disease state.

Perhaps the most fundamental marker of M¢b infection is direct observation of the
bacillus. As described in section 1.4 detection is often achieved through identification of
AFB in the sputum with microscopy. More sensitive detection of Mrb is achieved

through cultivation on solid media, which may take several weeks for visible detection of

87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the organism. Improvements on this method have been made which provide more rapid
detection in broth-based cultures, including the BACTEC 460 system and the
Mycobacteria Growth Indicator Tube (MGIT), both of which measure metabolic activity.
Confirmation of Mtb isolation is routinely achieved with biochemical tests or nucleic acid
probe assays (Gen-Probe). (49)

Section 1.4 addressed mycobacterial antigens that are indicative of Mrb infection.
The biomarkers in these cases are either molecular in nature (specific antibodies detected
in the sera) or phenotypic in nature (cellular responses). In addition to evaluating the host
immune response, several studies have attempted to directly identify mycobacterial
products from biofluids. An advantage of this approach is that an intact host immune
response is not required for detection, which may facilitate diagnosis of
immunocompromised (including HIV+TB+) individuals. Furthermore, the release of
mycobacterial molecules must precede their recognition by the immune system; which
could, in theory, lead to earlier detection. Detection is usually achieved via capture
ELISA wusing antibodies developed specifically for the molecule of interest. For
pulmonary TB patients, LAM was identified in both sputum (90) and urine (15, 48, 115),
the Antigen 85 complex was identified in sera (14, 63), and the 38-kDa antigen was
found in sera (68). Furthermore, Ag85B and Ag85C were found in the CSF of
tuberculous meningitis patients (62). Finally, Mtb DNA can be detected in clinical
specimens, and is routinely identified through commercially available nucleic acid

amplifications assays such as MTD and Amplicor (106).
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2.5.2 Markers of drug treatment response
In addition to biomarkers that indicate Mrb infection, there has been an increasing
interest in identifying both host and mycobacterial biomarkers that can forecast the
outcome of a particular drug treatment. Such biomarkers would be especially useful in
clinical trials to determine whether a novel drug regimen is superior to standard existing
drug regimens. This type of biomarker, termed a “surrogate endpoint”, would ideally be
indicative of the drug’s bactericidal activity and sterilizing activity (91). Sterilization is
an especially important TB drug attribute, as the persistence of bacteria with altered
physiological states in different anatomical sites often leads to reactivation (relapse).
However, definitive determination of relapse rates can only be achieved through life-long
monitoring of the patients. Instead, many clinical trials define cured patients as those
who consistently culture negative over a follow-up period of 12 to 24 months after the
end of treatment (39). Studies that attempt to further address relapse rates are hindered
by the very large number of patients and long follow-up periods required to complete the
study (91). Thus biomarkers that can predict drug efficacy early in clinical trials would
be of great utility.
| Currently drug treatment responses are evaluated based on the detection of bacilli
through a variety of different manners. The WHO definition of cure is sputum smear
negativity in the last month of treatment and on at least one previous occasion (1).
However, this method would have several disadvantages in clinical trials, including low
sensitivity, high variability, detection of non-viable organisms, and the fact more than
half of patients with pulmonary TB are smear-negative at diagnosis (91). Instead, clinical

trials most commonly evaluate the early bactericidal activity of drugs by measuring the
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decrease in colony forming units (CFU) in sputum over a two to seven day period after
initiation of treatment (91). Although CFU counts continue to drop over more extended
periods, the initial CFU fall was found to be more indicative of bactericidal activity (59).
Pitfalls of this method include high variability intrinsic to counting CFUs from sputum,
the inability to assess responses in extrapulmonary TB patients, and the inability to assess
a drug’s sterilizing activity. However, extending CFU counts longer than 28 days has
been suggested to overcome the latter pitfall (17, 41). Assessing the number of patients’
sputum samples that become culture positive two months post-treatment is the only
accepted method of determining sterilizing activity (91), as extended follow-up studies
showed a positive correlation between two-month sputum culture conversion and relapse
rates (84). Expanding on this strategy, determination of the amount of time it takes to
turn culture-negative may be even more informative, and this method is under current
investigation (91).

Direct detection of mycobacterial molecular biomarkers would provide a much
more rapid measurement of drug treatment response compared to culture. Several studies
have attempted to correlate concentrations of these molecular biomarkers in sputum with
treatment responses. Mycobacterial DNA and ribosomal RNA levels in sputum samples
were shown to fall with effective drug therapy (64, 85). However, these molecules
remained detectable long after the conversion of sputum smears and culture results to
negative, suggesting this methodology may not distinguish viable from non-viable
organisms. In contrast, the more labile nature of messenger RNA (mRNA) may be
advantageous. Antigen 85B mRNA levels in the sputum cleared very rapidly and

corresponded with the early loss of viable organisms (28, 51). In addition to nucleic acid
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detection, Antigen 85 complex protein was detected in patient sputum, and increased
protein concentrations at day 14 of treatment were found only in patients whom disease
persisted beyond 90 days, suggesting this protein may have the potential to predict
relapse (121). This predictive capability may be specific to the Antigen 85 complex, as
the expression of this complex is induced with isoniazid, and the complex is thought to
play a role in bacterial nonreplicating persistence (40, 121).

Upon treatment with effective drugs, various physiological features of the host are
expected to change and could be used as markers of treatment response. Chest
radiography is often indicative of bacterial load and disease extent; however, radiographs
improve more slowly than the clinical response, thus limiting their use as an early
indicator (91). The immune response has been shown to change with clinical
improvement, and to correlate with effective treatment. Specifically, T cell responses to
ESAT-6 peptides were shown to drop significantly in patients that responded to three
months of a standard drug regimen (18). Furthermore, cytokine levels in the sputum
were shown to drop following four weeks of drug treatment and these levels were
associated with mycobacterial clearance (100). Recently a whole blood bactericidal
assay was developed, where blood is mixed with Mtb and the rate of bacterial killing, via
immune mechanisms, is measured (23). Bactericidal activity was generally greater in
patient’s blood that responded better to treatment, suggesting this assay could be used a
marker of patient prognosis (122). In terms of the serological response, antibody titers
generally increased while antibody avidities generally decreased during drug treatment;
however, large variations among individual serological responses may limit their utility

(9, 100). Host molecular markers have been shown to change with drug treatment.
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Acute-phase proteins, discussed in section 2.4, were shown to generally decrease in
concentration in serum samples when patients responded well to drug treatment (57).
However, these protein concentrations were also variably abnormally high among
patients at the beginning of treatment, resulting in low sensitivity for these markers. In
addition, these inflammatory molecules are likely to provide low specificity for Mtb cure.
2.6  Rationale and objectives

Recent years have witnessed significant technological advances for the
identification and evaluation of biomarkers of disease. However, this progress has
largely been driven by efforts to establish biomarkers indicative of cancer, and have not
transitioned well to infectious disease. Worldwide TB control efforts would be greatly
aided by the development of a robust diagnostic assay that is based on host or bacterial
biomarkers. To date the discovery and evaluation of TB serodiagnostic markers has been
achieved through experimental approaches that have been very focused in nature. In
order to continue to move this field forward, more global strategies are needed to further
define the repertoire of antigens recognized by the immune system. This work applies
emerging proteomic technologies to identify and characterize TB serodiagnostic antigens.
Furthermore, this work tests the hypothesis that a defined antibody response against a
subset of antigens is generated that is dependent on the state of TB disease progression.
The results should contribute to the rational design of a successful future serodiagnostic

assay.
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Chapter I1I

Disease State Differentiation and Evaluation of Tuberculosis Biomarkers via Native
Antigen Array Profiling

Partially presented in Mark J. Sartain, Richard A. Slayden, Krishna K. Singh, Suman
Laal, and John T. Belisle. 2006. Disease State Differentiation and Identification of
Tuberculosis Biomarker via Native Antigen Array Profiling. Molecular and Cellular
Proteomics. Nov; Vol 5 (11): 2102-2113

3.1  Introduction

In recent years there has been renewed interest in developing antibody-based
diagnostics that utilize multiple antigens to achieve high levels of sensitivity and
specificity (7). The success of a serodiagnostic test for TB hinges on its ability to detect
multiple disease states, including pauci- and multibacillary forms, pediatric cases, and
patients coinfected with HIV. Previous work from our laboratories identified several
antigens that provide high sensitivity and specificity when used in an ELISA format (5, 6,
16-20). Furthermore, this work highlighted differential antigen reactivity based on the
disease state (5, 15-18, 20). However, a complete analysis of patients’ serological
reactivity to a large proportion of the Mtb proteome is hindered by the inability to
evaluate the reactivity of the nearly 4,000 predicted proteins of Mtb in a high-throughput
fashion.

In the absence of a complete Mrb ORF library, methods to produce a first
generation Mtb protein microarray based on native proteins were required. A multi-
dimensional separation strategy was devised to efficiently resolve native proteins found
in the cytosol and CF of Mtb. This resulted in 960 relatively simple protein fractions

from two highly complex protein pools. These fractions were spotted to nitrocellulose

slides and probed with sera from PPD-positive (PPD+) healthy controls, cavitary TB,
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noncavitary TB, HIV+TB+ patients. Overall the analyses 1) revealed distinct trends in
patient reactivity profiles, 2) corroborated our initial findings from earlier 2-D
immunoblot based experiments, and 3) demonstrated the raw power of this novel
methodology in the high-throughput characterization of TB antigens. Furthermore, four
proteins specific for cavitary TB patients were identified, and four novel antigens
previously undetected by other methods were defined as serodiagnostic targets.
3.2  Materials and methods
3.2.1 Preparation of Mth subcellular fractions

Mtb strain H37Rv was expanded from a 1-ml frozen stock (approximately 10
colony-forming units per ml) to 24 L of late log culture in glycerol-alanine-salts (GAS)
medium (22). The culture supernatant was separated from the cells and processed to
generate the CFP of Mtb as previously described (2). The Mtb H37Rv cells (88.9 g wet
weight) were washed 3 times with PBS (pH 7.4), frozen at -70°C and inactivated with 24
kilograys of y-irradiation. Lysis of these cells was achieved by suspending in 44 ml of
TSE buffer [10 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA] containing 0.06%
DNase, 0.06% RNase, 0.07% pepstatin, 0.05% leupeptin and 20 pM PMSF and passing
through a French Press five times at 1500 psi. The resulting lysate was diluted with 1 vol
of TSE buffer and centrifuged at 2,000 x g for 5 min to remove unbroken cells. The
cytosol was obtained as the final supernatant of sequential centrifugations at 27,000 x g
and 100,000 x g (4), and was dialyzed against 10 mM ammonium bicarbonate using a
3,500 Da molecular mass cut-off membrane. The protein concentrations of the cytosol

and CFP were determined with the bicinchoninic acid (BCA) protein assay (21).
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3.2.2 Multi-dimensional protein fractionation

Initial fractionation of the CFP (124 ml at 3.6 mg/ml) and cytosolic proteins (200
ml at 2.5 mg/ml) was achieved with sequential rounds of ammonium sulfate precipitation.
Specifically, the CFP and cytosolic proteins were precipitated with 42% and 67%; and
29% and 44% saturated ammonium sulfate, respectively. Precipitated proteins were
collected by centrifugation at 10,000 x g, 4°C for 1 hr. All protein pellets were suspended
in 20 mM Tris-HC] (pH 8.0). These suspensions and the final supernatants of the
sequential precipitations were dialyzed against 20 mM Tris-HCI (pH 8.0), using a 3,500
Da molecular weight cutoff membrane, and the dialyzed protein solutions were
concentrated where needed. To ensure the removal of contaminating nucleic acids,
MgCl, (5§ mM final conc.) and DNase and RNase (1.25% final conc.) were added to each
fraction followed by incubation at 37°C for 30 min.

The fractions obtained by ammonium sulfate precipitation were adjusted to 10%
acetonitrile, and applied to an HPLC column (1 x 10 cm) packed with Source 15Q strong
anion-exchange (AIEX) resin (Amersham Biosciences, Piscataway, NJ). Proteins were
eluted with a step gradient of increasing concentrations of NaCl at a flow rate of 3.3 ml
per min using a Waters 600E HPLC system (Waters Corp., Milford, MA). The eluted
protein fractions were concentrated 100-fold, and exchanged into 20 mM ammonium
bicarbonate by ultrafiltration. Protein concentrations were determined by the BCA
protein assay, and fractions containing less than 1 mg protein were pooled. All other
fractions were kept separate. The concentrated AIEX fractions were adjusted to 10%
acetonitrile, applied to a HPLC Source™ 15RPC ST 4.6/100 column (Amersham) and

the proteins eluted with an increasing linear gradient (10% to 70%) of acetonitrile. All
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fractions were dried in a speed-vac, suspended in 67 pl of 10 mM ammonium
bicarbonate, and protein concentrations determined by the BCA protein assay.

3.2.3 Human sera and antibodies

Sera from the following groups of individuals were obtained by our collaborator Dr.
Suman Laal (NYU) with informed consent.

(1) Twelve PPD+ healthy individuals. Seven of these individuals were recent
immigrants from countries where Mtb is endemic, many of whom had been vaccinated
with M. bovis BCG. The remaining five PPD+ healthy individuals were from the United
States or western Europe and were not BCG-vaccinated.

(ii) Nine noncavitary TB patients with no recognizable cavitary lesions on chest X
rays. These were AFB sputum-smear-negative (6/9) or positive (3/9), culture positive
patients attending the infectious disease clinic at the Manhattan VA Medical Center
(MVAMC). None of these patients were HIV-infected. These individuals were bled
either prior to or within two weeks of the initiation of therapy for TB.

(iii) Eleven cavitary TB patients, with moderate-to-advanced cavitary lesions as
determined by chest X rays. These were AFB sputum-smear positive patients obtained
from the Lala Ram Sarup Institute of Tuberculosis and Respiratory Diseases (LRSITRD)
in New Delhi, India who were all bled prior to initiation of therapy for TB. None of these
patients were HIV infected.

(iv) Ten HIV+TB+ patients. These were sputum smear positive (7/10) or
negative (3/10), culture-confirmed patients from the MVAMC. None of the patients had

radiological evidence of cavitary lesions. All ten patients were known to possess
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antibodies to the CFP of Mtb when tested by ELISA in earlier studies (5, 17). These
patients were bled either prior to or within two weeks of the initiation of therapy for TB.
(v) Six HIV+TB- patients. These were asymptomatic, HIV-infected individuals
from the MVAMC. All sera were preadsorbed with E. coli lysates to remove cross-
reactive antibodies to ubiquitous prokaryotic proteins as described earlier (6).
Monoclonal antibodies (MAbs) and polyclonal sera against specific Mtb proteins
were obtained from the Colorado State University TB Research Materials and Vaccine
Testing Contract (NIH, NIAID NO1-AI-75320). The following antibodies and dilutions
were used for both microarray analyses and immunoblots: IT-12 o-19 kDa (1:20), IT-20
a-HspX (1:100), IT-23 a-PstS1 (1:20), IT-47 a-PstS1 (1:20), IT-52 o-MPT51 (1:5), CS-
35 a-LAM (1:20), CS-49 o-HspX (1:100), CS-93 o-45 kDa (1:20), and a-45 kDa
polyclonal sera (1:1000).
3.2.4 Protein microarray printing and probing

An aliquot (5 pg protein) of each multi-dimensional chromatography fraction was

transferred to 384-well microtiter plates, dried, and solubilized in 25 pl FAST® protein
array print buffer (Schleicher & Schuell Bioscience, Keene, NH). The plates were
centrifuged briefly (2,000 x g) to pellet any precipitate, and ~1 nl of the supernatants (0.2
mg per ml) was printed to nitrocellulose-coated FAST® glass slides (Schleicher &
Schuell) using Stealth SMP3® spotting pins (TeleChem International, Sunnyvale, CA,
www.arrayit.com) and a VersaArray® Chipwriter Pro microarray contact printer (Bio-
. Rad Laboratories, Hercules, CA). Cytosolic proteins, CFP, the native 38-kDa PstS1
protein (Rv0934), and the six ammonium sulfate precipitation fractions were also printed

in a dilution series of 1.6, 0.8, 0.4, 0.2, 0.1, 0.5, 0.25, and 0.125 mg/ml. As negative

111

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


http://www.arrayit.com

controls, E. coli WCL was printed in the same dilution series, and FAST® print buffer
was printed alone. All samples were printed in triplicate, resulting in 3,768 total spots
per slide. The slides were allowed to dry 1 hour at room temperature (RT) and stored at
4°C until use. Printed microarray slides were washed 10 min in commercial FAST®
protein array wash buffer (Schleicher & Schuell), and probed with individual serum (750
pl) diluted 1:100 in PBS (pH 7.4), 1% BSA for 1 h at RT. Slides were washed twice for
10 min in FAST® protein array wash buffer and probed for 1 h at RT with Cy3-
conjugated anti-human IgG (Sigma, St. Louis, MO) diluted 1:500 in FAST® protein array
wash buffer. Slides were again washed twice for 10 min, allowed to dry, and scanned
using a VersArray® Chipreader (Bio-Rad Laboratories, Hercules, CA). Probing of the
microarray slides with MAbs or polyclonal sera was performed in the same manner,
except Cy3 conjugated anti-mouse IgG or Cy5 conjugated anti-rabbit IgG (Amersham
Biosciences) were used, respectively, as the secondary antibody. Microarray analyses of
individual patient’s serum were repeated in triplicate, and one slide was used for each
MAD or rabbit polyclonal sera.
3.2.5 Microarray data analyses

Microarray spot intensity values were quantified with TIGR Spotfinder software
(14). Signal-to-Noise Ratios (SNRs) were calculated for each spot by dividing the raw
intensity (sum of all pixels per spot) by the background intensity (local background
median multiplied by spot area). Analysis of SNR reduced the local background
variation or bias observed between individual slides. The mean SNR for each protein or
protein fraction printed in triplicate was determined, resulting in an averaged SNR

(AvSNR). To allow for direct patient-to-patient or slide-to-slide comparisons, all
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AvVSNRs for a slide were normalized against the median AvSNR of all multidimensional
chromatography fractions of the slide. The normalized AvSNR (NAVSNR) was based on
the median AvSNR rather than the mean AvSNR since the median AvSNR was less
affected by variations in reactivity between sera. For the microarray slides probed with

MADbs or rabbit polyclonal sera, the AvSNR for each fraction was calculated.

3.2.6 SDS-PAGE and Western blot analyses

SDS-PAGE of multidimensional chromatography fractions was performed with
10% to 20% polyacrylamide gradient Tricine gels (Invitrogen, Carlsbad, CA) or 15%
Tris-glycine gels (10 cm x 7.5 cm) (8). Protein staining was achieved with silver nitrate
(12) or Coomassie Brilliant Blue R-250. For Western blot analyses, aliquots (3 pg) of
selected fractions were resolved on 10% to 20% polyacrylamide gradient Tricine gels and
electroblotted to nitrocellulose membranes (22). The membranes were blocked with 3%
nonfat milk in PBS (pH 7.2) for 2 h, washed with PBS containing 2% Tween 20, and
exposed overnight to preabsorbed pooled sera from patients and control subjects diluted
1:200. The blots were washed with PBS containing 2% Tween 20, probed with alkaline
phosphatase-conjugated anti-human IgG (1:2,000, Sigma) for 1.5 h, and washed
extensively. Antigen-antibody complexes were visualized by color development with 5-
bromo-4-chloro-indoyl-phosphatase-nitroblue tetrazolium substrate (Kirkegaard & Perry
Laboratories, Gaithersburg, MD).
3.2.7 Mass spectrometry

Coomassie stained protein bands corresponding to those that reacted to patients’
sera on Western blots were excised, subjected to in-gel digestion with modified trypsin,

chymotrypsin, or endoproteinase GluC (Roche Applied Science, Indianapolis, IN), and
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the resulting peptides were extracted with 60% acetonitrile, 0.1% TFA (3). Extracted
peptides were applied to a capillary (0.2 x 50 mm) C18 reversed phase (RP) column
(Microchom BioResources, Auburn, CA) and eluted with an increasing linear gradient
(5% to 70%) of acetonitrile in 0.1% acetic acid using an Eldex MicroPro capillary HPLC
system (Napa, CA) with a flow rate of 5 pl per min. The RP eluant was introduced
directly into a ThermoFinnigan LCQ electrospray mass spectrometer (San Jose, CA)
operated using Xcalibur software version 1.3, and the peptides were analyzed by MS/MS.
The electrospray needle was set at 4 kV with a N, sheath gas flow of 40, and a capillary
temperature of 200°C. MS/MS was automatically performed on the most dominant ion
of the previous scan and the normalized collision energy was set at 40%. BioWorks 3.1
turboSEQUEST software (ThermoFinnigan) was used to match the MS/MS data of
peptides to protein sequences extracted form the Mtbh genome database (NC_000962) that
contained 3989 proteins. The software was set to evaluate peptides obtained by trypsin
or chymotrypsin and GluC digestion and to consider the oxidation of methionine (+16.0
amu) and the acrylamide modification of Cys (+71.0 amu). The Scaffold software
(Proteome Software, Portland, OR) that verifies peptide identifications made by
SEQUEST and probabilistically validates the peptide and protein identifications was
applied to all MS/MS sequencing results.

3.3  Results

3.3.1 Development of a native Mtb protein microarray

Recent advances in proteomics have resulted in the ability to separate and identify
individual proteins or peptides from complex biological samples. Specifically, multi-

dimensional chromatography of peptides, derived from tryptic digests of crude biological
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samples, followed by MS/MS analysis (MudPIT) has resulted in the experimental
validation of substantial portions of theoretical proteomes (11). Recently, this approach
was applied to Mtbh and resulted in more than a threefold increase in the number of
proteins previously identified by 2-D-SDS-PAGE methods (10). With goals similar to
the MudPIT strategy, this study investigated methods to efficiently separate complex
pools of intact mycobacterial proteins into relatively simple and enriched fractions that
could be evaluated for serological reactivity in a high-throughput fashion.

The high-throughput capacity inherent to microarray technology allows for the
simultaneous evaluation of upwards to tens of thousands of protein samples. Thus, the
limiting factor in reaching the full potential of this technology is the quality, diversity,
and sheer number of spotted protein samples. With this consideration in mind, a
significant effort was spent developing protein separation strategies with the primary
goals being: 1) to produce a large and comprehensive protein set, and 2) to produce a
protein set with minimal redundant components. Numerous bioseparation techniques
were initially investigated including isoelectric focusing, chromatofocusing, preparative
SDS-PAGE w/ whole gel elution, differential ammonium sulfate precipitation, AIEX
chromatography, RP chromatography, and hydrophobic interaction chromatography. In
addition multiple HPLC column resins were compared and buffer components, buffer
pH, and elution gradients were optimized. Protein solubility, protein recovery, and
protein separation characteristics were the primary criteria used to select an optimal
separation strategy. In the end, a three-dimensional separation scheme was developed.
Specifically, aliquots of cytosolic proteins (500 mg) and CFPs (446 mg) from Mth

H37Rv were subjected to sequential ammonium sulfate precipitations, resulting in six
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fractions with nearly equal protein amounts (Fig. 3.1A).  Subsequent AIEX
chromatography expanded the fraction number to 78, with protein yields varying from
160 pg to 13 mg per fraction (Fig. 3.1B). Those fractions containing <500 pg of protein
were excluded from further separation (8 fractions), and fractions containing between 500
pg and 1 mg were pooled with neighboring fractions (10 fractions). This resulted in a
total of 64 fractions that were applied to RP chromatography under mildly basic pH
conditions. This multidimensional chromatography separation yielded a total of 960
fractions, and SDS-PAGE analysis revealed varied complexity among the fractions, with
1 to >20 proteins observed per fraction (Fig. 3.1C).

In order to generate a first-generation protein microarray, numerous printing and
probing techniques were evaluated. Glass slide surface chemistries (aldehyde, epoxy,
amino-silanated, amino-silylated) that bind protein in a covalent manner were evaluated,
as well as acrylamide and nitrocellulose substrates that bind protein via hydrophobic
interactions. A nitrocellulose-based chemistry was chosen due to the increased likelihood
of preserving protein both three-dimensional structures and conformational epitopes, and
because conventional immunoblots most commonly utilize nitrocellulose-based supports.
Protein printing concentration, spot size, spot spacing, buffer compositions, and antibody
concentrations were also optimized. Initial analyses with crude fractions indicated linear
relationships for printing concentrations between 0.125 mg/ml and 1.0 mg/ml, and a

concentration of 0.2 mg/ml was chosen in an effort to conserve protein (Fig. 3.2A and B).
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» 15

Fig. 3.1 Mtb CFP and cytosol proteins were subjected to a multi-dimensional
separation scheme. (A) Silver-stained SDS-PAGE analysis of fractionation obtained by
ammonium-sulfate precipitation of CFP and cytosol. CFP, unfractionated CFP; lane A4,
42% ammonium sulfate precipitate of the CFP; lane B, 67% ammonium sulfate
precipitate of the CFP; lane C, 67% ammonium-sulfate soluble material of the CFP;
CYT, unfractionated cytosol; lane D, 29% ammonium sulfate precipitate of the cytosol;
lane E, 44% ammonium sulfate precipitate of the cytosol; and lane F, 44% ammonium-
sulfate soluble material of the cytosol. (B) Silver-stained SDS-PAGE of strong AIEX
chromatography fractions using the 67% ammonium-sulfate precipitate of the CFP as an
example. Lane B, unfractionated material; lanes I-XIII are the sequential AIEX fractions.
(C) Silver-stained SDS-PAGE of RP chromatography fractions using the B-VI AIEX
fraction of the 67% ammonium sulfate precipitate of the CFP and the F-XII AIEX
fraction of the 44% ammonium-sulfate soluble material of the cytosol as examples.
Lanes B-VI and F-XII, unfractionated material; lanes 1-15, the sequential RP fractions.
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Fig. 3.2 Protein microarray printing optimization. (A) Examples of spotted dilution
series of protein fractions and controls probed with TB patient sera and Cy3-labeled anti-
human IgG. Spot size of 100 uM with 275 uM spacing. (B) The fluorescent intensities
were quantitated and plotted against the printed protein concentrations. Fraction (X.Y)
designation: X = Ammonium Sulfate cut A-F, Y = AIEX fraction (13 sequential elution
fractions, Roman Numeral I to XIII).

3.3.2 Validation of the protein microarray format

Each multidimensional chromatography fraction, as well as intermediate fractions
and recombinant proteins were printed to nitrocellulose microarray slides. Sera from
PPD+ healthy (n=12), noncavitary TB (n=9), cavitary TB (»=11), and HIV+TB+ (»=10)
individuals were probed against the microarrays in triplicate, and for each slide the
NAVSNR (see Materials and Methods) was calculated for each protein or protein
fraction. The integrity of the protein microarray and validation of this platform was
determined by assessing the reactivity of TB patients’ sera with selected protein fractions
and purified proteins spotted on the microarray slides as controls, and comparing these

data to published results obtained by plate ELISA (16, 17). To demonstrate specificity,
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the reactivity of TB patients’ sera to unfractionated CFP was compared to that of E. coli
WCL and FAST® print buffer. The CFP is known to contain numerous B cell antigens
(7), and as expected, cavitary TB patient sera displayed significantly greater reactivity to
CFP than to either buffer alone (p-value = 0.001) or E. coli WCL (p-value = 0.002) (Fig.
3.3A). Although patient-to-patient variability in reactivity to unfractionated CFP was
observed, each individual cavitary TB patient’s serum recognized CFP more strongly
than they did buffer or E. coli WCL.

A second validation control was performed with purified native 38-kDa protein
PstS1/Rv0934, a previously characterized B cell antigen (7). Reactivity to PstS1 was
compared among the four patient groups used in this study (Fig. 3.3B). Sera from TB
patients showed greater reactivity than that from PPD+ healthy individuals. Furthermore,
when evaluated using the mean NAvSNR of PPD+ healthy controls plus three times the
standard deviation (SD) as a cutoff, the number of patients’ sera demonstrating a positive
response to PstS1 was greatest for cavitary TB (72%), followed by noncavitary TB
(33%), and HIV+TB+ (30%) patients. These results concurred with data previously
obtained via traditional ELISA platforms (16, 17). The PstS1 was also printed at multiple

concentrations and a dose-dependent antibody response was observed (data not shown).
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Fig. 3.3 Validation of protein microarray integrity. (A) Reactivity of cavitary TB
patients’ sera against buffer (e), E. coli WCL (V), and Mtb CFP (m). (B) Reactivity of
PPD+ healthy controls (e), HIV+TB+ (V¥), noncavitary-TB (m), and cavitary-TB (¢)
patients’ sera against spotted native, purified 38-kDa antigen/PstS1. The patient-
averaged NAVSNR +3X S.D. was obtained by use of sera from healthy PPD+ control
subjects, shown as the horizontal dashed line, and was used as the cutoff to determine
positive reactivity. Noncav, noncavitary.
3.3.3 TB disease states react to a defined group of antigens

A qualitative visual inspection of the probed microarray slides revealed overall
differences in levels of reactivity based on disease state. (Fig. 3.4) Briefly, probing slides
with cavitary TB sera resulted in the largest numbers of reactive spots while control
PPD+ sera resulted in the fewest. Noncavitary TB sera displayed variable levels of
reactivity from patient to patient, and HIV+TB+ sera generally displayed weak reactivity
except for a distinct cluster of spots. To evaluate patterns of serological reactivity in a
quantitative manner, the NAvSNR values of each fraction were averaged for all patients
within a disease state, and expressed as a ratio over the corresponding fraction’s averaged
PPD+ healthy control NAvSNR (Fig. 3.5A). One of the more pronounced differences

was observed when comparing HIV+TB+ patients to cavitary or noncavitary TB patients.

The HIV+TB+ sera generally displayed poor reactivity, except for a distinct cluster of
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CFP fractions that were not well recognized by sera from other disease states. A more
general trend common to all three disease states was the increased reactivity of fractions
originating from the CF (fractions 1-525) versus those derived from the cytosol (fractions

526-960).

PPD+ HIV+TB+ NONCAVITARY TB CAVITARY TB

Fig. 3.4 Comparison of seroreactivity profiles across TB disease states. Shown are
representative arrays probed with individual patient’s serum and visualized with Cy3-
labelled anti-human IgG.
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To simplify patterns of antigen reactivity and to further assess similarities and
differences in antigen recognition between disease states, a cutoff value of the mean
NAvVSNR of PPD+ healthy controls plus three SD was established for each fraction.
Fractions displaying NAVSNR values greater than the cutoff value in 40% or more of the
individuals in a disease state were selected and organized in a Venn diagram (Fig. 3.5B).
Using these criteria, 145 of the 960 fractions (15%) were identified as having significant
serological reactivity. As shown in Figure 3.5B, cavitary TB patients recognized 126
fractions, while noncavitary TB patients showed significant reactivity to 59 fractions, of
which 55 were also recognized by cavitary TB patients. The remaining four fractions
were unique to noncavitary TB patients. The pattern of fractions recognized by
HIV+TB+ patients was less complex than that of either cavitary or noncavitary patients,
and the overlap with these other two patient groups was minimal (Fig. 3.5B). HIV+TB+
patients recognized 20 fractions, of which five overlapped with those recognized by
cavitary TB patients, and of this latter group two also reacted to noncavitary TB patients’
sera. Interestingly, the 15 fractions that demonstrated significant reactivity to only
HIV+TB+ patients’ sera possessed very similar separation characteristics: 1) they
originated from the CFP and did not precipitate with 67% ammonium sulfate, and 2) they
bound strongly to the AIEX column, but weakly to the RP column. In Figure 3.5A these
15 fractions correspond to the cluster of CFP fractions that showed enhanced reactivity
with HIV+TB+ patients’ sera. To confirm that the antigen(s) in these fractions were
specific to TB rather than HIV infection, the reactivity of three of the 15 fractions was
assessed with HIV+TB- patients’ sera, and no antibody responses significantly greater

than that of PPD+ healthy controls were observed (data not shown).
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Fig. 3.5 Global Analysis of HIV+TB+, noncavitary TB, and cavitary TB patient
reactivity against all 960 protein fractions. (A) The NAvVSNR of each fraction was
averaged for all patients in each disease state, and expressed as a ratio over the averaged
healthy PPD+ NAvVSNR of the corresponding fraction. CF fractions, 1-525; cytosolic
fractions, 526-960. (B) A Venn diagram displaying the number of fractions with
significant reactivity to sera from each disease state and the relatedness of these
serological responses. The fractions included in the Venn diagram were recognized by >
40% of patients. The asterisk indicates a unique set of fractions recognized by HIV+TB+
patients. CYT, cytosol.

3.3.4 Antigen identification of reactive fractions confirmed the seroreactivity to
known antigens

To identify individual antigens with the greatest utility in a serodiagnostic assay
additional stringency was applied to the array data, further reducing the number of
fractions demonstrating significant reactivity from 145 to 105. This was achieved by
restricting analyses of the cavitary TB specific fractions to those that yielded significant
serological reactivity (= 3X SD above PPD+ mean) with 55% (6 of 11) or greater of
cavitary TB patients.

It was also recognized that LAM, a well-characterized B cell antigen (13), would

be present in some of the multidimensional fractions and was expected to be serologically
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dominant. Thus, microarray slides were probed with the CS-35 MAb specific for LAM
(Fig. 3.6). Of the 105-targeted fractions 24 were found to contain LAM. The serological
dominance of LAM was confirmed with conventional one-dimensional immunoblotting
using pooled TB patients’ sera (Fig. 3.6). It is interesting to note that the LAM
containing fractions consistently yielded microarray spots with the highest fluorescent
intensities when probed with patients’ sera. Most of the PPD+ healthy control patients’
sera also reacted against these fractions. However, the reactivity to TB patients’ sera was
significantly stronger than that of the healthy PPD+ control sera. (Table 3.1) The twenty-

four LAM-containing fractions were excluded from further antigen analyses.
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Cavitary CS-35

Fig. 3.6 Identification of reactive fractions containing lipoarabinomannan as the
serodominant antigen. Shown are representative arrays probed with serum from a single
cavitary TB patient, and the LAM-specific MAb CS-35. The inset is a Western blot of
fraction C-1-1 probed with pooled cavitary-TB patients’ sera..
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Table 3.1 Patient reactivity against LAM-containing fractions

LAM-Reactivity Ratio®

Fractionation Conditions

X,Y,2)° PPD+ HIV+ TB Noncavitary TB Cavitary TB
A-II-4 1.30 1.83 2.67 3.40
A-IV-1 3.08 3.49 5.71 6.31
A-TV-3 1.28 1.81 2.87 3.57
A-V-1 1.67 2.45 3.71 4.92
A-TX-1 1.41 2.48 3.33 3.94

A-X/XI-1 1.06 1.49 1.74 1.99
B-III-2 1.30 1.49 2.71 3.12
B-III-7 0.99 1.38 1.99 2.06
B-IV-1 2.30 2.61 433 572

B-1-2 1.23 1.53 2.43 3.23
C-I1I-1 1.18 1.41 2.14 2.19
C-IV-1 1.00 1.12 1.59 1.36

C-I-1 221 1.98 3.32 4.63

C-1-2 1.64 1.71 2.59 3.58

C-I-4 1.32 1.50 2.38 2.59
C-I-13 1.27 1.66 2.00 221

D-IV/III/IV-1 1.68 1.84 3.15 3.91

E-II-1 2.91 2.90 3.70 4.68
E-11I-1 1.07 1.45 1.66 1.47

F-II-2 1.07 1.22 1.65 2.33

F-1I-3 0.98 1.24 1.40 1.60
F-IV-1 1.00 1.32 1.80 1.59

F-I-1 1.29 1.33 2.17 3.28

F-1-2 127 1.45 2.73 3.28

* Key to fraction designation: X = Ammonium Sulfate cut A-F (see Materials and

Methods), ¥ = AIEX fraction (13 sequential elution fractions, Roman Numeral I to XIII),
"/" denotes pooled fractions, Z = RP-HPLC fraction (sequential elutions 1 through 15).
®Disease state-averaged NAvSNR for the fraction / Disease state-averaged NAVSNR for
all 960 fractions.
Molecular identities of the serologically active native proteins within the
remaining fractions were obtained by two methods. The first of these utilized Western
blot analyses with patients’ sera compared alongside the reactivity to MAbs or polyclonal

sera specific for five Mtb proteins (Fig. 3.7A). The second approach determined antigen

composition of a fraction by Western blot analysis with patients’ sera and identification
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of the corresponding Coomassie-stained protein band via MS/MS (Fig. 3.7B and C). This
combination of MS and antibody-based identification strategies resulted in an assigned

antigen composition for 38 of the 81 remaining fractions.

1T47 CAV  PPD+ A.VIL3 CAV PPD+ A VII

C Protein Peptide Sequence Observed m/z ~ Charge  Predicted MH+ Peptide AA Position

GlcB VLYDFVNNEALPGTDIDPDSFWAGVDK 1500.37 2 2999.23 15-41
VVADLTPQNQALLNAR 862.27 2 172395 42-57
DELQAQIDKWHR 770.13 2 1539.68 58-69
RVIEPIDMDAYR 739.63 2 1478.7 71-82
WGSLYDALYGTDVIPETDGAEK 1200.63 2 2401.57 135-156
WGSLYDALYGTDVIPETDGAEKGPTYNK 1531.16 2 3062.29 135-162
NWLGLNK 844.30 1 844,98 290-296
NWLGLNKGDLAAAVDKDGTAFLR 1223.27 2 2446.75 290-312
GDLAAAVDKDGTAFLR 810.48 2 1620.79 297-312
NYTAPGGGQFTLPGR 768.28 2 1536.67 319-333
ASDVNGPLINSR 1243.42 1 1243.35 378-389
TGSIYIVKPK 555.35 2 1106.34 390-399
VEDVLGLPQNTMK 722.37 2 144468 416-428
TGDEIHTSMEAGPMVR 866.01 2 1731.93 464-479
SQPWILAYEDHNVDAGLAAGFSGR 1286.93 2 2575.78 485-508
GM#WTM#TELM#ADM#VETK 969.47 2 1939.24 514-529
RATIEQLLTIPLAK 783.99 2 1567.9 572-585
ATIEQLLTIPLAK 705.97 2 1411.71 573-585
VPDIHDVALMEDR 755.47 2 1510.7 622-634
HGVITSADVR 1054.46 1 1055.17 650-659

Fig. 3.7 Antibody- and MS-based identification of antigens composing reactive
fractions. (A) Western blot analyses of fraction C-II-11 with MAb IT-47, pooled
cavitary-TB patients’ sera, and pooled PPD+ healthy controls’ sera (left to right)
demonstrate the 38-kDa PstS1 protein as the dominant antigen in this fraction. (B)
Fraction A-VII-3 was analyzed (left to right) by SDS-PAGE, silver staining, and Western
blot with pooled sera from cavitary-TB and healthy PPD+ individuals to demonstrate an
~80-kDa protein as the dominant antigen. The corresponding coomassie-stained 80-kDa
protein band (marked with —) of the parent AIEX fraction A-VII was digested with
trypsin, and the (C) peptide sequences resolved by MS/MS identified the antigen as
GlcB. A4, amino acid; CAV, cavitary; #, methionine oxidation.
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Ten proteins previously found to be human B cell antigens (7) accounted for all or
part of the serological activity of 26 fractions (Table 3.2). MAbs were used as the sole
evidence to identify the presence of the 38-kDa PstS1 antigen, the 19-kDa lipoprotein
antigen, and the 14-kDa HspX antigen in four reactive fractions. Specifically, the
probing of a microarray slide with MAbs IT-23 and IT-47 identified PstS1 in fraction C-
II-11. Western blot analyses with IT-47, cavitary TB sera, and PPD+ healthy control sera
also revealed a single protein that reacted with IT-47 and cavitary TB patients’ sera, but
not sera of PPD+ healthy control individuals (Fig. 3.7A). In this same manner, the 19-
kDa was found to be a reactive product of fractions B-I-7 and C-I-14, and HspX
contributed to the reactivity of fraction B-V-9. It was also noted that fractions B-I-7 and
C-1-14 each contained a second reactive product of 12 kDa and 45 kDa, respectively, and
fraction B-V-9 contained two additional reactive proteins of 7 and 10 kDa. The identity

of these unknown proteins was not determined due to insufficient protein quantities.
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Table 3.2 Previously characterized antigens contained in serologically reactive
fractions

Patient Reactivity®

Fractionation Conditions

Antigen(s) X.Y,2) HIV+TB+  Noncavitary TB  Cavitary TB
38-kDa PstS1/Rv0934° C-1I-11 1/10 (10%) 1/9 (11%) 6/11 (55%)
45-kDa Apa/ModD A-II-11 2/10 (20%) 4/9 (44%) 4/11 (36%)
/Rv1860¢ A-TII-9 2/10 (20%) 4/9 (44%) 5/11 (44%)
A-111-11 2/10 (20%) 4/9 (44%) 7/11 (64%)
B-III-10 2/10 (20%) 4/9 (44%) 4/11 (36%)
Ag85B/Rv1886¢° B-VI-13 3/10 (30%) 6/9 (67%) 6/11 (55%)
B-VI-14 3/10 (30%) 3/9 (33%) 7/11 (64%)
A-VI-15 2/10 (20%) 4/9 (44%) 5/11 (44%)
GIcB/Rv1837c® A-VI-3 3/10 (30%) 4/9 (44%) 6/11 (55%)
A-VIi4 2/10 (20%) 4/9 (44%) 6/11 (55%)
A-VII-3 3/10 (30%) 4/9 (44%) 6/11 (55%)
A-VIII-3 2/10 (20%) 4/9 (44%) 6/11 (55%)
A-VIII-4 2/10 (20%) 4/9 (44%) 5/11 (44%)
LAM® A-IIT-4 2/10 (10%) 4/9 (44%) 6/11 (55%)
A-IV-1 1/10 (10%) 5/9 (56%) 6/11 (55%)
A-IV-3 2/10 (20%) 4/9 (44%) 6/11 (55%)
A-IX-1 3/10 (30%) 5/9 (56%) 6/11 (55%)
A-V-1 3/10 (30%) 5/9 (56%) 6/11 (55%)
A-X/XI-1 3/10 (30%) 4/9 (44%) 7/11 (64%)
B-1-2 2/10 (20%) 4/9 (44%) 6/11 (55%)
B-III-2 1/10 (10%) 4/9 (44%) 6/11 (55%)
B-111-7 2/10 (20%) 3/9 (33%) 6/11 (55%)
B-IV-1 0/10 (0%) 3/9 (33%) 7/11 (64%)
C-I-1 0/10 (0%) 1/9 (11%) 6/11 (55%)
C-1-2 0/10 (0%) 3/9 33%) 6/11 (55%)
C-14 2/10 (20%) 5/9 (56%) 6/11 (55%)
C-1-13 2/10 (20%) 3/9 (33%) 5/11 (55%)
C-III-1 2/10 (20%) 4/9 (44%) 6/11 (55%)
C-IV-1 2/10 (20%) 4/9 (44%) 6/11 (55%)
D-II/TI/V-1 0/10 (0%) 5/9 (56%) 7/11 (64%)
E-II-1 0/10 (0%) 3/9 (33%) 6/11 (55%)
E-11I-1 2/10 (20%) 3/9 (33%) 6/11 (55%)
F-I-1 0/10 (0%) 4/9 (44%) 7/11 (64%)
F-I-2 2/10 (20%) 5/9 (56%) 6/11 (55%)
F-11-2 2/10 (20%) 4/9 (44%) 7/11 (55%)
F-11-3 2/10 (20%) 4/9 (44%) 711 (55%)
F-IV-1 2/10 (20%) 3/9 (33%) 7/11 (64%)
Rv3881c*® A-VII-10 2/10 (20%) 3/9 (33%) 7/11 (64%)
A-VII-11 2/10 (20%) 4/9 (44%) 7/11 (64%)
SecE2/Rv0379 ¢ A-1-4 2/10 (20%) 4/9 (44%) 5/11 (44%)
B-1-4 3/10 (30%) 5/9 (56%) 5/11 (44%)
F-1-3 2/10 (20%) 3/9 (33%) 6/11 (55%)
A-I-3 1/10 (10%) 4/9 (44%) 6/11 (55%)
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Ag85A/Rv3804¢c & A-I-14 2/10 (20%) 3/9 (33%) 6/11 (55%)

Ag85B/Rv1886¢* A-13 2/10 (20%) 4/9 (44%) 5/11 (44%)

A-VI-12 2/10 (20%) 2/9 (22%) 6/11 (55%)

45kDa & A-TII-10 2/10 (20%) 3/9 (33%) 6/11 (55%)

MPT64/Rv1980c?

HspX/Rv2031c & 2 B-V-9 2/10 (20%) 0/9 (0%) 6/11 (55%)
unknowns ©

19-kDa/Rv3763 & 1 B-1-7 2/10 (20%) 4/9 (44%) 4/11 (36%)
unknown °

C-I-14 2/10 (20%) 3/9 (44%) 6/11 (55%)

* Key to fraction designation: X = Ammonium Sulfate cut A-F (see Materials and
Methods), Y = AIEX fraction (13 sequential elution fractions, Roman Numeral I to
XIID), "/" denotes pooled fractions, Z = RP-HPLC fraction (sequential elutions 1 through
15).

® Number (Percentage) of patient sera significantly reactive against fraction in question.
Significant is > 3 X SD above PPD+ mean.

¢ Antigen identification based on reactivity to an antigen-specific MAb.

¢ Antigen identification based on reactivity to an antigen-specific MAb and MS/MS

analyses.

° Antigen identification based on MS/MS analyses.  Detailed MS/MS results are
provided in Table 3.3.

The remaining seven previously described protein antigens (45 kDa Apa, 30 kDa
Ag85A and B, GlcB, Rv3881c, SecE2, and MPT64) were identified by MS/MS analyses
and some of these were confirmed by reactivity to MAbs (Table 3.2 and 3.3). For some
fractions, after Western blot analyses with patients’ sera a sufficient amount of material
was not available for protein identification. Thus, protein identity was obtained by
MS/MS analysis of an adjacent fraction possessing a reactive band at the same molecular
weight. This was done to identify the 45 kDa Apa in one fraction, Ag85B in four
fractions, Ag85A in two fractions, GlcB in four fractions, SecE2 in three fractions, and

Rv3881c in one fraction (Table 3.2). The identification of four novel antigens (SodC,

LppZ, BfrB, and TrxC) will be further described in Chapter 4.
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Of considerable interest were the 15 fractions that demonstrated significant
reactivity with only HIV+TB+ patients’ sera. Western blot analysis of these fractions
with HIV+TB+ patients’ sera failed to demonstrate reactive bands. Furthermore, there
were no protein bands in common between these fractions when analyzed by SDS-PAGE
and silver staining, but treatment of these fractions with pronase (10 pg/ml for 60 min)
prior to microarray printing significantly abrogated reactivity to patients’ sera (data not
shown). Together these observations suggest that 1) a single protein antigen may not be
responsible for the reactivity of these 15 fractions, 2) a common antigen such as a small
peptide may be responsible for the reactivity, or 3) the reactivity is due to a non-
proteinaceous bacterial product complexed with protein.

3.4  Discussion

Previous studies from our laboratories employed 2-D immunoblotting to
characterize the profile of Mrb proteins recognized by TB patients’ sera (15, 16).
However, this methodology is not well suited for analysis of large numbers of sera due to
problems of reproducibility, difficulty in quantifying the results, and refractivity to high-
throughput analyses. Protein microarrays offer a means by which a large number of sera
can be analyzed not only to identify serologically reactive proteins, but to establish
antigen recognition profiles based on the state or severity of disease (1). At present a
complete recombinant protein library of Mrb does not exist. Therefore, to perform
protein microarray studies for TB a novel approach involving a robust fractionation
strategy that yielded 960 native protein fractions was utilized. The availability of such
arrays allowed us to address differences in the patterns of antigens recognized by

individuals exhibiting various forms of TB. Specifically, TB patients’ sera recognized a
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much greater number of protein fractions than did sera of PPD+ healthy controls and
patients with noncavitary TB recognized only a subset (44%) of the fractions that reacted
to patients with advanced, cavitary disease. This pattern of reactivity agrees well with
our previous results obtained by 2-D Western blot analysis where only three to four CFPs
reacted to sera of PPD+ healthy individuals and where 12 of the 26 cavitary TB reactive
proteins (46%) were recognized by noncavitary TB patients (15, 16).

The inclusion of antigen identification into these current studies enabled a more
in-depth assessment of the overlap between the three disease states (cavitary, noncavitary
and HIV+TB+) studied. Of the 55 fractions recognized by both cavitary and noncavitary
TB patients, 11 antigens (LAM, the 45 kDa Apa protein, the 19-kDa LpgH protein,
Ag85A, Ag85B, Bfrb, GlcB, LppZ, Rv3881c, SecE2, and SodC) were identified as being
serologically dominant. Of particular interest is the fact that all five fractions possessing
GlcB as the reactive species were recognized by both noncavitary and cavitary TB
patients, confirming previous reports that this antigen is recognized early in disease
progression (16, 17). Our analyses also identified a total of 68 fractions recognized
exclusively by cavitary TB patients’ sera. Most of the antigens represented by these
fractions (the 45-kDa Apa protein, Ag85B, LppZ, SecE2, SodC, LAM, Rv3881c, and the
19-kDa protein) overlapped with those recognized by both cavitary and noncavitary TB
patients. However, four antigens (38-kDa PstS1 protein, HspX, MPT64, and TrxC) were
recognized only by cavitary TB patients’ sera, thus, providing several antigens that may
be useful in demarcating cavitary and noncavitary TB patients. The identification of the
38-kDa PstS1 as a cavitary TB specific antigen concurs with previous reports that this

antigen is recognized predominantly by patients with advanced disease (16, 17)
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Previous experimental approaches have failed to identify an antigen that
distinguishes noncavitary TB patients’ from individual with other stages of the disease.
In this study four native protein fractions were designated as noncavitary TB specific
based on our selection parameters. A more in-depth inspection of these fractions,
however, suggests they are likely not noncavitary TB specific because these four
fractions were each recognized by four of eleven (36%) cavitary TB patients, just missing
the 40% cutoff used to construct the Venn diagram. Additionally, the 45-kDa Apa
protein and the 19-kDa protein were found to be the antigens responsible for the
reactivity in three of these four fractions, and these same antigens were also found in five
fractions recognized by sera of cavitary TB patients. Thus, a noncavitary TB specific
antigen remains elusive and it appears that regardless of the methodology employed
noncavitary TB patients react with a subset of those antigens recognized by cavitary TB
patients.

While the overall data and conclusions obtained through these microarray-based
studies were consistent with earlier work there were a few discrepancies with studies
based on 2-D immunoblots (15, 16). In contrast to the qualitative 2-D immunoblot data
the results obtained with microarrays were quantitative. Thus, the selection of reactive
antigens or fractions was based on the percentage of sera with a NAvSNR value greater
than an experimentally determined cutoff. This led to the exclusion of two antigens
previously identified by 2-D immunoblots, but which fell outside the criteria set in this
study to define significant reactivity. This was most notable with GlcB and its reactivity
to HIV+TB+ patients’ sera. GlcB was previously shown to react with HIV+TB+ sera in

both 2-D immunoblot and ELISA formats (5, 15). However, when the microarray data
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set was quantified the percentage of HIV+TB+ patients that recognized GlcB containing
fractions was just below the 40% cutoff. Previous work shows that sera from this group
of patients reacts to the same set of CFP as recognized by noncavitary TB patients (15).
However, our present work defines fractions containing an unidentifiable antigen as the
only material with significant reactivity to HIV+TB+ patients’ sera. The exceptionally
strong response of these fractions with HIV+TB+ sera likely led to a bias in data analysis
for this patient group. A second difference with the 2-D Western blot data was the failure
to define MPTS51 as a dominant antigen. By 2-D PAGE MPT51 readily separates from
LAM and is recognized as a dominant antigen in multiple disease states (15) . Probing
the native protein array slide with the MPT51 specific MAb (IT52) demonstrated that
MPT51 cofractionated with LAM (data not shown). Since LAM-containing fractions
were excluded from further protein antigen analyses, MPT51 was not designated as a
significant serological antigen. In our previous work there were approximately 12
protein spots that reacted to patients’ sera by 2-D immunoblot, but were unidentifiable
(15). Although it is possible that some of these 2-D protein spots correspond to the four
novel antigens identified (see Chapter 4), it is not possible to draw such conclusions
without further analyses.

Our earlier work on the serological response to Mrb proteins in human disease
indicated considerable homogeneity in this response among TB patients (15). The
previously accepted dogma of heterogeneity in antigen recognition likely resulted from
the differences in the immunological response among the various states of the disease and
poor immunological reactivity of Mtb recombinant proteins expressed in E. coli (9). The

use of protein arrays has confirmed our previous observations and hypotheses.
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Moreover, the ability to assess antigen recognition profiles between disease states
allowed for the identification of several proteins recognized by both cavitary and
noncavitary TB patients’ sera and at least four proteins that appear diagnostic of cavitary
TB.
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Chapter IV
Discovery and Validation of Tuberculosis-Serodiagnostic Biomarkers
Partially presented in Mark J. Sartain, Richard A. Slayden, Krishna K. Singh, Suman
Laal, and John T. Belisle. 2006. Disease State Differentiation and Identification of

Tuberculosis Biomarker via Native Antigen Array Profiling. Molecular and Cellular
Proteomics. Nov; Vol 5 (11): 2102-2113

4.1 Introduction

A critical element of TB control is the early and sensitive diagnosis of infection
and disease. Development of immune-based tests that are based on the humoral
(serological) antibody response against Mtb may be the most realistic means to provide
developing countries with a rapid, low-cost, and simply executed tool for TB diagnosis.
However, the scientific community has slowly come to the realization that an effective
assay must be based on multiple antigens. Therefore, recent efforts have focused on
identifying and evaluating the most promising serodiagnostic antigens and combinations
thereof. Through the work of multiple laboratories greater than 16 Mrb proteins have
been identified as potential serodiagnostic antigens, each producing varying degrees of
diagnostic sensitivity (17). Many of these antigens were identified as a direct result of
their in vitro abundance and ease of biochemical purification; therefore, new strategies
are needed to continue to identify novel antigens with serodiagnostic utility. Chapter 3
described previously known Mrb antigens identified with a combination of a robust
protein separations strategy and emerging protein microarray technology.  This
methodology also identified four novel Mtb antigens with scrodiagnostic utility, and the
identification, production, characterization, and validation of these antigens is the focus

of this chapter.
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4.2  Materials and Methods
4.2.1 Bacterial growth and subcellular fractionation

E. coli strain TOP10 (Invitrogen) containing various recombinant plasmids was
grown on Luria-Bertani (LB) agar containing kanamycin (25ug ml™). Growth of E. coli
strain BL21(DE3) for recombinant protein purification was performed in LB broth
containing 1% glucose and 100 pg/ml ampicillin.

Recombinant clones of M. smegmatis mc’155 were selected on LB agar
containing kanamycin (25 ug ml™). Growth of M. smegmatis for protein purification was
achieved by propagation in 12 L of GAS medium (35) containing kanamycin (25 ug ml™)
at 37°C with gentle shaking. Cells were harvested at three days of growth, and bacterial
pellets were suspended in PBS and passed through a French press four times at 1500 psi
to generate WCL.

Growth of Mtb strain H37Rv for isolation of subcellular fractions was achieved
by propagation in 14 L of GAS medium at 37°C with gentle shaking. Cells were
harvested at 14 days of growth, and individual subcellular fractions of cytosol,
membrane, cell wall, and CF were isolated as previously described (14, 32). Final
protein concentrations were determined using the BCA protein assay (30).

4.2.2 Construction of recombinant plasmids

Recombinant plasmid constructs were created according to standard protocols
(27). PCR amplifications were performed with PfuTurbo DNA polymerase (Stratagene)
using Mtbh H37Rv genomic DNA as the template. All PCR products were first cloned
into pCR4Blunt-TOPO according to the manufacturer’s protocols (Invitrogen), and

subsequently recovered by restriction enzyme digestions that targeted the restriction site
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linker sequences designed into the primers (Table 4.1). To generate E. coli and
mycobacterial expression constructs for recombinant production of SecE2 (rSecE2), the
rv0379 gene was amplified using primer pair SecE2F and SecE2R. The 213 bp fragment
isolated from the pCR4Blunt intermediate plasmid construct by digestion with
Ndel/HindlIll was ligated into the Ndel/Hindlll sites of pET23b and pVV16 to generate
pMRLB56 and pMRLBS57, respectively. To generate E. coli and mycobacterial
expression constructs for recombinant production of TrxC (rTrxC), the rv3914 gene was
amplified using primer pair TrxCF and TrxCR. The 348 bp fragment isolated from the
pCR4Blunt intermediate plasmid construct by digestion with Ndel/Hindlll was ligated
into the Ndel/Hind]ll sites of pET23b and pVV16 to generate pMRLBS58 and pMRLBS59,
respectively. To generate the E. coli expression construct for recombinant production of
mature LppZ lacking a signal peptide (SP-rLppZ), the rv3006 gene minus the region
encoding the N-terminal signal peptide was amplified using primer pair LppZ(-SP)F and
LppZR1. The 1053 bp fragment isolated from the pCR4Blunt intermediate plasmid
construct by digestion with Ndel/Xhol was ligated into the Ndel/Xhol sites of pET23b to
generate pMRLB54. To generate a mycobacterial-expression construct that encoded
mature and fully modified recombinant LppZ (rLppZ), the full-length »v3006 gene was
amplified using primer pair LppZ(+SP)F and LppZR2. The 1119 bp fragment isolated
from the pCR4Blunt intermediate plasmid construct by digestion with Ndel/Hindlll was
ligated into the Ndel/Hindlll sites of pVV16 to generate pMRLB55. To generate the E.
coli expression construct for recombinant production of mature SodC lacking a signal
peptide (SP-rSodC), the rv0432 gene minus the region encoding the N-terminal signal

peptide was amplified using primer pair SodC(-SP)F and SodCR1. The 627 bp fragment
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isolated from the pCR4Blunt intermediate plasmid construct by digestion with Ndel/Xhol
was ligated into the Ndel/Xhol sites of pET23b to generate pMRLB60. To generate a
mycobacterial-expression construct that encoded mature and fully modified recombinant
SodC (rSodC), the full-length rv0432 gene was amplified using primer pair SodC(+SP)F
and SodCR2. The 720 bp fragment isolated from the pCR4Blunt intermediate plasmid
construct by digestion with Ndel/Hindlll was ligated into the Ndel/Hindlll sites of
pVV16 to generate pMRLB61. The pMRLBS5 construct, designed for recombinant
production of BfrB (rBfrB) in £. coli, was obtained from the Colorado State University
TB Research Materials and Vaccine Testing (CSU TBVTRM) Contract, NIAID, National
Institutes of Healthy Contract NO1 AI-75320. To generate a mycobacterial-expression
construct for recombinant production of BfrB, pMRLBS was digested with Ndel/ HindlII
and the recovered 543 bp fragment was ligated into the Ndel/Hindlll sites of pVV16 to
generate pMRLB63. All plasmid constructs were confirmed by nucleotide sequencing

through Macromolecular Resources (Fort Collins, CO).
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Table 4.1 Plasmids and primers used in this study

Description/Sequence Reference or Source
Plasmid
pCR4Blunt-TOPO  cloning vector, Amp", Kan’ Invitrogen
pET23b E. coli expression vector, Amp" Novagen
pvVvié Mycobacteria expression vector, Kan", Hyg" Schulbach et al. (2001)
pMRLB5 bf¥b (rv3841) gene in pet23b CSU TBVTRM Contract
pMRLB54 IppZ (rv3006) gene fragment lacking signal peptide sequence in pet23b This study
pMRLB55 full-length lppZ (rv3006) gene inpVV16 This study
pMRLBS56 secE2 (rv0379) gene in pet23b This study
PMRLB57 secE2 (rv0379) gene inpVV16 This study
pPMRLB58 trxC (rv3914) gene in pet23b This study
pMRLB59 trxC (rv3914) gene inpVV16 This study
pMRLB60 sodC (rv0432) gene fragment lacking signal peptide sequence in pet23b This study
pMRLB61 full-length sodC (rv0432) gene in pVV16 This study
pMRLB63 bfrb (rv3841) gene inpVV16 This study
Primer
LppZ(-SP)F 5’-CATATGTGCGCACGGTTCAAC This study
LppZR1 5-CTCGAGGGTCTTGTCGTCGTT This study
LppZ(+SP)F 5-CATATGTGGACAACGCGGTTG This study
LppZR2 5-AAGCTTGGTCTTGTCGTCGTT This study
SecE2F 5-CATATGAGTGTGTACAAGGTGATCG This study
SecE2R 5’-AAGCTTGCGCGGTTGCGCC This study
TrxCF 5’-CATATGACCGATTCCGAGAAG This study
TrxCR 5-AAGCTTGTTGAGGTTGGGAAC This study
SodC(-SP)F 5-CATATGTGCTCGTCGCCGCAG This study
SodCR1 5'-CTCGAGGCCGGAACCAATGAC This study
SodC(+SP)F 5'-CATATGCCAAAGCCCGCCGAT This study
SodCR2 SAAGCTTGCCGGAACCAATGAC This study

Restriction endonuclease sites are underlined

4.2.3 Recombinant protein purification
For production of recombinant proteins in E. coli, plasmids pMRLBS5, pMRLBS54,

pMRLB56, pMRLBS58, and pMRLB60 were transformed into E. coli BL21(DE3) (33).

Two-liter cultures were grown at 37°C to an ODgqg of 0.3-0.6, and the recombinant genes
were expressed via addition of 0.5 mM isopropyl-f-D-thiogalactopyranoside (IPTG) for
4-6 h. The cells were harvested, lysed with lysozyme and probe sonication in the

presence of RNase, DNAse, and protease inhibitors, and centrifuged at 16,000 X g for 30
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min. The rBfrB and rTrxC supernatants were equilibrated in denaturing binding buffer
(5.0 mM imidazole, 0.5 M NaCl,, 6.0 M urea, 20 mM Tris-Cl pH 7.9), while the rSecE2,
SP-rSodC, and SP-rLppZ proteins formed inclusion bodies and were solubilized with
denaturing binding buffer. The supernatants and the solubilized protein samples were
applied to a 1 mL column packed with His-bind resin (Novagen) equilibrated in the
denaturing binding buffer. The recombinant proteins were purified by washing with 20
column volumes (CV) of denaturing binding buffer, 25 CV of denaturing wash buffer (60
mM imidazole, 0.5 M NaCl,, 6.0 M urea, 20 mM Tris-Cl pH 7.9), 10 CV of 10 mM Tris
buffer (pH 8.0), 10 CV of 0.5% ASB-14 (Calbiochem) in 10 mM Tris buffer (pH 8.0),
and again in 10 CV of 10 mM Tris buffer (pH 8.0) to remove detergent. Proteins were
eluted from the column by the addition of 10 CV of denaturing elution buffer (1.0 M
imidazole, 0.5 M NaCl,, 6.0 M urea, 20 mM Tris-Cl pH 7.9).

For production of recombinant proteins in M. smegmatis, the plasmids pMRLB57,
pPMRLB59, pMRLB61, and pMRLB63 were electroporated into M. smegmatis mc*155
by the method of Snapper, ef al. (31). Cells from 72-hour (mid- to late-log) cultures of
recombinant M. smegmatis were washed three times with PBS (pH 7.4), resuspended in
denaturing binding buffer containing protease inhibitors, and passed through a French
press five times at 1500 p.s.i. The resulting lysates were centrifuged at 27,000 X g for 30
min and the supernatants were applied to a 1 mL column packed with His-bind resin
equilibrated in denaturing binding buffer. The recombinant proteins were purified by
washing the column with 20 CV of denaturing binding buffer, 25 CV of denaturing wash
buffer (60 mM imidazole, 0.5 M NaCl,, 6.0 M urea, 20 mM Tris-Cl pH 7.9), 10 CV of 10

mM Tris buffer (pH 8.0), 10 CV of 0.5% ASB-14 (Calbiochem) in 10 mM Tris buffer
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(pH 8.0), and again in 10 CV of 10 mM Tris buffer (pH 8.0) to remove detergent.
Proteins were eluted from the column by the addition of 10 CV of denaturing elution
buffer (1.0 M imidazole, 0.5 M NaCl,, 6.0 M urea, 20 mM Tris-Cl pH 7.9).

Each fraction was extensively dialyzed against 10 mM ammonium bicarbonate
and concentrated ten-fold by ultrafiltration. Precipitates of rSecE2 from E. coli and M.
smegmatis were solubilized by heating at 95°C in the presence of 1% SDS. All protein
concentrations were determined using the BCA protein assay (30). MS/MS-based protein
identifications were conducted as described in section 3.2.7.
4.2.4 Human sera and antibodies

Serum samples obtained with informed consent from 93 individuals were
included in these studies. These individuals can be categorized into the following groups.

(i) Fifteen PPD+ healthy individuals. Twelve of these individuals were recent
immigrants from areas where TB is endemic, many of whom had been vaccinated with
M. bovis BCG, and it is likely that a high proportion would also have been exposed to M.
tuberculosis. The remaining three PPD+ healthy individuals were from the United States
and were not BCG-vaccinated.

(ii) Five PPD-negative (PPD-) individuals. These were healthy individuals
working at the MVAMC. These individuals were unlikely to be infected with Mtb.

(iii) Thirty-seven cavitary TB patients, with moderate to advanced cavitary
lesions as determined by chest X-rays. These were AFB sputum-smear positive patients
obtained from the LRSITRD who were all bled prior to initiation of therapy for TB.

None of these patients were HIV infected.
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(iv) Twenty HIV+TB+ patients. These were all AFB sputum smear-positive
patients from the Post Graduate Institute of Medical Education and Research,
Chandigarh, India. Ten of these patients had normal chest X-rays, two had cavitary
lesions, four had miliary, three had infiltration and one had interstitial infiltration with
PCP. Among these patients ten had pulmonary TB and the remaining ten had extra-
pulmonary TB. These patients were bled either prior to or within two weeks of the
initiation of therapy for TB.

(v) Sixteen household contacts of smear-positive TB patients. These were
clinically asymptomatic household contacts of infectious, untreated, smear-positive TB
patients, and these sera were also obtained from the LRSITRD. Two of these individuals
were PPD+, three were PPD-, and the PPD statuses of the remaining 11 were not known.
However, despite being asymptomatic, because of their frequent exposure to smear-
positive family members a small proportion of these individuals (estimated to be from 6
to 29% in different studies) are expected to have an active infection (5, 10, 11, 36).

Rabbit polyclonal sera to SecE2, TrxC, BfrB, SodC, and LppZ were generated by
Strategic Biosolutions (Ramon, CA) in a standard rabbit protocol. Purified SecE2, BfrB,
SP-rSodC, and SP-rLppZ from E. coli were used as the antigens. The polyclonal antisera
against LAM and mAb CS-35 were obtained from the CSU TBVTRM contract.

4.2.5 SDS-PAGE and Western blot analyses

Purified LAM from Mtb was obtained from the CSU TBVTRM Contract.
Aliquots of protein or LAM were subjected to SDS-PAGE using 10-20% Tricine gels
(Invitrogen). Gels were stained with Coomassie Brilliant Blue R250 (7) or silver nitrate

(20), or electroblotted to nitrocellulose membranes (Bio-Rad) as previously described
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(32). The nitrocellulose membranes were blocked with 3% nonfat milk in PBS (pH 7.2)
for 2 h and exposed overnight to anti-Hiss monoclonal antibody (Qiagen, 1:1000), SodC
antiserum (1:2000), LppZ antiserum (1:5000), BfrB antiserum (1:50,000), or SecE2
antiserum (1:1000) each diluted in 1% nonfat milk in PBS (pH 7.2). The blots were
washed with PBS (pH 7.2) containing 0.1% Tween 20, probed for 1.5 h with alkaline
phosphatase-conjugated anti-mouse IgG whole molecule (Sigma) or anti-rabbit IgG Fc
fragment (Calbiochem) both diluted 1:2000 in 1% nonfat milk in PBS (pH 7.2), and
washed extensively. Antigen-antibody complexes were visualized by color development
with 5-bromo-4-chloro-indoyl-phosphatase-nitroblue tetrazolium substrate (Kirkegaard &
Perry Laboratories, Gaithersburg, MD). Western blot analysis of the multidimensional
chromatography fractions with pooled patients’ sera is described in section 3.2.6.
42.6 ELISA

LAM-free CFP (LFCFP) and rGlcB/Rv1837¢c from E. coli (29) were obtained
from the CSU TBVTRM Contract. For assessment of the reactivity of antigen
preparations with sera from TB patients and control individuals, optimal plate coating
concentrations W;:re determined for each antigen. LFCFP was coated at 5 ng/ml and each
recombinant protein was coated at 4 pg/ml (50 pg/well) overnight at 4°C in coating
buffer (3.1 mM NaNj3, 15 mM Na,COs, 35 mM NaHCOs;, pH 9.6). The plates (Immulon
2HB, Dynex) were washed three times with PBS (pH 7.1) containing 0.1% Tween 20,
and the wells were blocked with 1% BSA-PBS containing 0.1% Tween 20 (blocking
buffer) for 2 h at 37°C. After four washes, the antigen-coated wells were exposed to sera
(1:50 in 0.1X blocking buffer) for 30 min at 37°C, and washed six times with PBS (pH

7.1) containing 0.1% Tween 20. The wells were exposed to a mixture of diluted alkaline

151

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



phosphatase-conjugated protein A (1:2,000; Sigma) and goat anti-human IgA (1:1,000;
Sigma) for 30 min at 37°C. The wells were washed eight times with Tris-buffered saline
(150 mM NaCl, 50 mM Tris, pH 7.4), and the color was developed using an Invitrogen
amplification system (Invitrogen). The mean optical density at 490 nm (OD4gg) obtained
with sera from healthy individuals (combined PPD- and PPD+ controls) plus three SD
was used as the cutoff to determine positive responses in the patients.
43  Results
4.3.1 Discovery of novel antigens with potential serodiagnostic roles

The MS/MS-based approach to antigen identification described in chapter three
led to the elucidation of four new Mtb B cell antigens (Table 4.2). The first of these,
SodC (Rv0432), a 27-kDa Cu,Zn superoxide dismutase (38), was the sole reactive
constituent of four fractions originating from the CFP pool (B-III-3, B-1II-4, B-IV-3, and
B-IV-4), and was significantly recognized by both noncavitary- (five out of nine) and
cavitary-TB (eight out of eleven) sera (Fig. 1A). MS/MS analysis of the corresponding
protein in fraction B-III-4 resulted in 42% amino-acid coverage of the predicted protein
sequence encoded by ORF rv0432 (Table 4.3).

LppZ (Rv3006) was identified as the only reactive product of five fractions (A-
[I-5, A-IV-4, A-IV-5, A-IV-6, and A-V-5) originating from the CFP pool, and was
strongly recognized by noncavitary- (four out of nine) and cavitary-TB (six out of eleven)
sera. These fractions were generated under similar separation conditions, and Western
blot analysis showed all possessed a dominant reactive 45-kDa product (Fig. 1B).
MS/MS analysis of the corresponding protein in fraction A-IV-5 resulted in 37% amino-

acid coverage of the predicted protein sequence encoded by ORF »v3006 (Table 4.3).
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Bfrb (Rv3841), a putative iron-storage protein (6), and a previously described T
cell antigen (8), was identified as the reactive protein in two fractions (A-VII-1 and A-
VIII-1) with significant reactivity to four out of nine noncavitary- and six out of eleven
cavitary-TB sera. MS/MS analysis of the 20-kDa reactive product (Fig. 1C) in fraction
A-VIII-1 resulted in 37% amino-acid coverage of the predicted protein sequence encoded
by ORF rv3841 (Table 4.3), and analysis of the silver-stained polyacrylamide gels
revealed the 20-kDa band was the sole protein constituent in both fractions (data not
shown).

TrxC (Rv3914), a 12-kDa thioredoxin (37), was found along with the 45-kDa Apa
antigen to account for the serological reactivity of fraction B-1I-9. In contrast to the other
novel-antigen-containing fractions, fraction B-II-9 was only significantly recognized by
cavitary-TB patients’ sera (six out of eleven). MS/MS analysis of the 12-kDa protein
(Fig. 1D) resulted in 29% amino-acid coverage of the predicted protein sequence encoded
by ORF rv3914 (Table 4.3). Whether or not the significant reactivity of fraction B-II-9
was due to TrxC or the strongly seroreactive 45-kDa antigen (26) could not be
determined.

When serological data were combined for those fractions containing the four
novel antigens it was found that 56 and 91% of the noncavitary and cavitary TB patients’
sera, respectively, showed positive reactivity. In comparison, when the data were
combined for all fractions containing novel and previously identified protein antigens

(see chapter 3), 78% of noncavitary and 91% of cavitary patients displayed reactivity.
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Table 4.2 Novel antigens composing reactive fractions.

Patient Reactivity®

Fractionation
Antigen(s) Conditions (X,Y,Z)* HIV+TB+  Noncavitary TB  Cavitary TB ~ MS/MS°

Bfrb/Rv3841 A-VII-1 3/10 (30%) 4/9 (44%) 6/11 (55%)
A-VIII-1 3/10 (30%) 4/9 (44%) 6/11 (55%) (37

LppZ/Rv3006 A-TII-5 2/10 (20%) 3/9 (33%) 6/11 (55%)

A-IV-4 2/10 (20%) 4/9 (44%) 5/11 (44%)
A-IV-5 2/10 (20%) 3/9 (33%) 6/11 (55%) (37

A-IV-6 2/10 (20%) 3/9 (33%) 6/11 (55%)

A-V-5 2/10 (20%) 4/9 (44%) 5/11 (44%)

SodC/Rv0432 B-III-3 2/10 (20%) 4/9 (44%) 6/11 (55%)
B-111-4 2/10 (20%) 5/9 (56%) 8/11 (73%) (42)

B-1V-3 2/10 (20%) 4/9 (44%) 7/11 (64%)

B-1V-4 3/10 (30%) 3/9 (33%) 7/11 (64%)
TrxC/Rv3914 & B-II-9 2/10 (20%) 3/9 (33%) 6/11 (55%) (29)°

Apa/Rv1860?

*Key to fraction designation: X = Ammonium Sulfate cut A-F (see Materials and Methods), ¥ = AIEX
fraction (13 sequential elution fractions, Roman Numeral I to XIII), "/ denotes pooled fractions, Z = RP-
HPLC fraction (sequential elutions 1 through 15).

® Number (Percentage) of patient sera significantly reactive against fraction in question. Significant is > 3
X SD above PPD+ mean.

¢ Antigen identification based on MS/MS analysis. Percent amino acid sequence coverage is in
parentheses.

4The Apa was identified with the MAb CS-93.

° The percent amino acid coverage is for TrxC
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Fig. 4.1 Identification of novel serodiagnostic antigens. Significantly reactive
fractions identified by microarray analyses were analyzed by SDS-PAGE and coomassie
staining (panel 1), and Western blot with pooled sera from cavitary TB (panel 2) and
healthy PPD+ individuals (panel 3). The coomassie-stained proteins (marked with <)
corresponding to reactive bands were digested with trypsin and the antigens were
identified with MS/MS-based methods (see Table 4.3). (A) The single reactive 27-kDa
product of fraction B-III-4 was identified as SodC/Rv0432. (B) The single reactive 45-
kDa product of fraction A-IV-5 was identified as LppZ/Rv3006. (C) The single reactive
20-kDa product of fraction A-VIII-1 was identified as BftB/Rv3841. (D) A reactive 12-
kDa product of fraction B-1I-9 was identified as TrxC/Rv3914, and a second reactive 50-
kDa product was identified as the 45-kDa/Apa antigen using o-45 kDa polyclonal sera
(panel 4).
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‘uoissiwgad 1noypum pauqiyosd uononpolidas Jayung “Jaumo 1ybuAdoo ayy Jo uoissiwiad yum pasonpoldey

Peptide sequence Previous AA Next AA SEQUEST XCorr score SEQUEST DCn score X! Tandem -log(e) score Modifications identified by sp Precursor Mass Spectrum charge Actual peptide mass (AMU)
EVDVAPAASGAPHAAGGR R - 287 0.528 808 ) 816.87 2 1631.72
EVDVAPAASGAPHAAGGRL R - 2.94 0.571 517 873.74 2 1745.46
AGANLFELENFVAR R E 2.41 0.477 0 1552.48 1 1551.47
AGANLFELENFVAR R E 235 0.452 0 1552.67 1 1551.66
AGANLFELENFVAR R E 4.02 0.686 555 776.24 2 1550.46
NHAMML VQHLLDR R b 23 0.528 0 Oxidation (+16) 797.88 2 1593.74
NHAMML VQHLLDR R D 262 0.531 454 2 X Oxidation (+16) 805.45 2 1608.88
NHAMML VQHLLDR R D 2.98 0.524 257 2 X Oxidation (+16) 805.55 2 1609.09
EALALALDQER R T 2 0.343 296 1228.57 1 1227.56
EALALALDQER R T 229 0.462 0.824 1230.51 1 12295
HFYSQAVEER K N 2.54 0.425 505 634.00 2 1265.98

Peptide sequence Previous AA Next AA SEQUEST XCorr score SEQUEST DCn score Xt Tandem -log(e) score Modifications identified by spectrum Precursor Mass Spectrum charge Actual peptide mass (AMU)
NFQVVSIPTLILFK R D 197 0.447 508 810.04 2 1618.07
NFQVVSIPTLILFK R D 192 0.0839 285 810.04 2 1618.07
NFQVVSIPTLILFKDGQPVKR R I 3.27 0.622 6.64 120033 2 2398.65
MVAPVLEEIATER K A 3.24 0.637 0 729.54 2 1457.07

"Key to fraction designation: X - Ammonium Sulfate cut A-F (see Materials and Methods), ¥ = AIEX fraction (13 sequential elution fractions,
Roman Numeral I to XIIT), "/" denotes pooled fractions, Z = RP-HPLC fraction (sequential elutions 1 through 15)
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4.3.2 Production and initial characterization of novel antigens

In order to validate the seroreactivity of the newly described antigens identified
with the microarray approach, recombinant forms of BftB, LppZ, SodC, and TrxC were
produced. Each recombinant protein was produced in E. coli and M. smegmatis in order
to evaluate the effects of differing recombinant protein production systems on antibody
recognition. Two of the four novel antigens identified, SodC/Rv0432 and LppZ/Rv3006,
are putative lipoproteins with predicted type II signal peptide sequences (9, 34). The
ability of E. coli to consistently recognize and correctly process mycobacterial signal
sequences is unknown; therefore, the IppZ and sodC genes were cloned with and without
their native signal sequences for protein production in M. smegmatis and E. coli,
respectively. In addition to the four novel antigens identified in section 4.3.1,
recombinant SecE2/Rv0379/Mtb8 was produced for serological evaluation in an attempt
to evaluate a recent report that this antigen makes a good complementary component in
multi-antigen serodiagnostic tests (15). To facilitate purification all recombinant proteins
were fused in-frame with a C-terminal hexa-His tag.

The expression of the recombinant genes was assessed in E. coli and M.
smegmatis. The previously known antigen rSecE2 and each of the four novel antigens
(rBfrB, rLppZ, rSodC, and rTrxC) were detected in the E. coli cellular lysates by Western
blot using an anti-Hiss antibody, while four of the five proteins (rSecE2, rTrxC, rBfrB,
and rSodC) were detected in cellular lysates of M. smegmatis. Overexpression of rLppZ
appeared toxic to M. smegmatis cultures, resulting in noticeable cellular lysis and a
slowed growth rate compared to a vector control. Furthermore, only minute amounts of

rLppZ protein were detected and purification attempts were unsuccessful. The
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solubilities of the five recombinant proteins in E. coli were assessed, and SP-rLppZ and
rSecE2 were found to be located in the insoluble pellet following cell lysis and
centrifugation. These proteins were likely located in inclusion bodies; therefore, urea
was employed for their solubilization and purification. All of the recombinant proteins
produced in E. coli and M. smegmatis were purified in the presence of urea to keep
downstream seroreactivity comparisons consistent.

The purified recombinant proteins were analyzed by SDS-PAGE and Western
blot using the anti-Hiss antibody. A dominant ~11-kDa anti-Hiss-reactive product was
observed for rSecE2 from both E. coli and M. smegmatis, and was close in size to the
expected molecular weights (MWs) of 9.5 and 9.0 kDa, respectively (Fig. 4.2A) A
number of additional anti-Hiss-reactive products were observed, including a dominant
~250-kDa band for rSecE2 from E. coli. The nature of these additional products is
unknown, but may represent aggregates of rSecE2, consistent with the need to employ
SDS to solubilize precipitates of rSecE2. A dominant ~14-kDa anti-Hiss-reactive product
was observed for rTrxC from both E. coli and M. smegmatis, and was close in size to the
expected MWs of 14.1 and 13.6 kDa, respectively (Fig. 4.2B). A dominant ~22-kDa
anti-Hiss-reactive product was observed for rBfrB from both E. coli and M. smegmatis,
and was close in size to the expected MWs of 22.0 and 21.5 kDa, respectively (Fig 4.2C).
A dominant ~40 kDa anti-Hiss-reactive product was observed for SP-rLppZ from E. coli,
and was close in size to the expected MW of 37.6 kDa (Fig. 4.2D). More complex
profiles were observed for both SP-rSodC from E. coli and rSodC from M. smegmatis,
and these profiles represent glycosylated products, breakdown products, dimers, and

multimers (Fig 4.2E) that are described in depth in chapter 5. Coomassie-stained protein
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bands corresponding to the major anti-Hiss-reactive product for each recombinant protein
were digested with trypsin and subjected to LC-ESI-MS/MS. The resulting data were
searched against all of the protein sequences extracted from the Mrb genome database
(NC_000962), and in each case the expected protein identity was confirmed (data not

shown).

A

250

75

20

Fig. 4.2 Recombinant antigen production. The purities of recombinant proteins
purified from E. coli (lane 1) or M. smegmatis (lane 2) were analyzed by SDS-PAGE and
coomassie staining (panel 1), and Western blot using an anti-His monoclonal antibody as
the probe (panel 2). (A) SecE2/Rv0379, (B) TrxC/Rv3914, (C) BfrB/Rv3841, (D)
LppZ/Rv3006, (E) SodC/Rv0432. 'SodC was stained with silver nitrate.
4.3.3 Subcellular localization

In order to assess the subcellular location of the native forms of the five antigens
in M tuberculosis, antibodies specific for each were developed. The purified
recombinant proteins were used to immunize rabbits in a standard rabbit protocol.
Western blot analyses showed the ability of each antiserum to recognize the respective
recombinant antigen used for immunization (data not shown). M. tuberculosis H37Rv

cytosol, membrane, cell wall, and CF fractions were isolated, separated by SDS-PAGE

(Fig. 4.3A), electroblotted, and probed with polyclonal sera raised against SP-rLppZ
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(Fig.4.3B), SP-rSodC (Fig. 4.3C), rBfrB (Fig. 4.3D), and rSecE2 (Fig. 4.3E). Each
antiserum recognized a single dominant product of the expected MW, except for the anti-
TrxC antiserum which exhibited significant cross-reactivity and is not included in figure
4.3. The LppZ and SodC products were found dominantly in the cell wall and membrane
fractions, the expected subcellular location for secreted lipoproteins. In addition, LppZ
and SodC products were detected in the CF. These products could represent
proteolytically processed forms, a notion consistent with observations for other Mrb
lipoproteins (13, 19). The BfrB products were found most dominantly in the membrane
fraction, but were also observed in the cytosol and CF. The presence of BfrB in the
membrane was unexpected, because BfrB is predicted to be a soluble, cytoplasmic
protein; however, BfrB may be associated with protein complexes, perhaps forming
interactions with membrane-bound iron transporters, although such transporters have yet
to be confirmed in Mtb (23). BfrB lacks a putative signal peptide sequence and its
presence in the CF is unexplained. Yet numerous other mycobacterial proteins lacking
signal peptides have been found in the CF (3), raising the question as to whether these
extracellular forms are due to 1) artifacts resulting from in vitro culture and experimental
technique, or 2) an unidentified, active secretion process. The SecE2 products were
found in all four fractions, and at least two reasons may explain this distribution.
Although this protein lacks a signal peptide, it is annotated as a possible component of
the Sec-dependent protein translocation apparatus (6), and this functional role may itself
explain its presence in membrane and cell wall fractions, with the additional presence of
SecE2 in the CF a direct result of cell wall turnover or leakage. Alternatively, the

unusual physical properties of SecE2 (small size of 8.0 kDa, basic pI of 9.1, and
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moderate hydrophobicity) may prevent its proper partitioning between the cytosol,
membrane, and cell wall fractions with the subcellular fractionation methodology
employed. In any case, the observed presence of fully secreted forms of LppZ, SodC,

BfrB, and SecE2 in the CF is directly supportive of the protein identifications made in

section 4.3.1.

L 12 3 4 L

Fig. 4.3 Localization of antigens in M. fuberculosis. Subcellular fractions were
separated by SDS-PAGE and stained with (A) Coomassie Brilliant Blue or (B)
electroblotted and probed with polyclonal LppZ antiserum, (C) SodC antiserum, (D)
TrxC antiserum, (E) or SecE2 antiserum. Lanes L, molecular weight marker, lanes 1,
cytosol; lanes 2, membrane; lanes 3, cell wall; lanes 4, CF.
4.3.4 Antigen validation

The reactivities of serum samples from 37 cavitary-TB patients, 20 HIV+TB+
patients, 16 household contacts of untreated, infectious TB patients (HIV-TB- HH
contacts), and 20 healthy controls (PPD+ and PPD-) with each of the purified

recombinant proteins were determined by plate ELISA. The reactivities with
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rGlcB/Mtb81 from E. coli and LFCFP, which served as positive controls, were also
determined. There were no differences in the reactivities of sera obtained from PPD+ or
PPD- healthy individuals for any of the antigens tested, suggesting that antibodies to
these proteins are absent in healthy individuals, including those with latent, inactive Mtb
infection or those BCG-vaccinated. To determine positive responses the mean OD
obtained with the PPD+ and PPD- healthy individuals plus three SD was used as the
cutoff, and representative single ELISA experiments are shown in Figure 4.4.
Recombinant forms of TrxC and SecE2 initially displayed the poorest reactivity and were
not tested further in the interest of sera conservation. For LFCFP and recombinant forms
of BfrB, SodC, LppZ, and GlcB, each serum specimen was tested in three separate
ELISA, and only sera which tested positive at least two times were considered positive.
These results are summarized in Table 4.4. None of the 20 PPD+ and PPD- healthy
control serum samples were reactive with any of the antigens, providing a specificity of
100% for each antigen.

Of the 37 smear-positive cavitary TB patients, serum samples from 22% (8 out of
37) and 3% (1 out of 37) of patients had antibodies to rSecE2 from M. smegmatis and E.
coli. Serum samples from 8% (3 out of 37) and 0% (0 out of 37) of patients had
antibodies to rTrxC from M. smegmatis and E. coli. Serum samples from 41% (15 out of
37) and 3% (1 out of 37) of patients had antibodies to rBfrB from M. smegmatis and E.
coli, and serum samples from 32% (12 out of 37) and 5% (2 out of 37) of patients had
antibodies to rSodC from M. smegmatis and SP-rSodC from E. coli, respectively. Thus,
all four of the antigens provided higher sensitivities when produced in M. smegmatis

versus E. coli. For this same group of patients, serum samples from 38% (14 out of 37)
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of patients had antibodies to SP-rLppZ from E. coli, serum samples from 30% (11 out of
37) of patients had antibodies to rGlcB from E. coli, and serum samples from 3% (1 out
of 37) of patients had antibodies to LFCFP.

In the cohort of HIV+TB+ patients, serum samples from 35% (7 out of 20) and
0% (0 out of 20) of patients had antibodies to rSecE2 from M. smegmatis and E. coli.
Serum samples from 40% (8 out of 20) and 0% (0 out of 20) of patients had antibodies to
rTrxC from M. smegmatis and E. coli. Serum samples from 90% (18 out of 20) and 30%
(6 out of 20) of patients had antibodies to rBfrB from M. smegmatis and E. coli, and
serum samples from 30% (6 out of 20) and 40% (8 out of 20) of patients had antibodies
to rSodC from M. smegmatis and SP-rSodC from E. coli. Thus, three out of the four
antigens (all but rSodC) provided higher sensitivities when produced in M. smegmatis
versus E. coli. For this same group of patients, serum samples from 60% (12 out of 20)
of patients had antibodies to SP-rLppZ from E. coli, serum samples from 75% (15 out of
20) of patients had antibodies to rGlcB from E. coli, and serum samples from 10% (2 out
of 20) of patients had antibodies to LFCFP.

In the cohort of HIV-TB- HH contacts, serum samples from 6% (1 out of 16) of
individuals had antibodies to both rSecE2 from M. smegmatis and LFCFP, and serum
samples from 31% (5 out of 16) of individuals had antibodies to SP-rLppZ from E. coli.
Interestingly, the same individual recognized all three of these antigens. The remaining

antigens were not recognized by any of the contacts.
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Fig. 4.4 Representative ELISA reactivities of purified recombinant proteins and
LFCFP with human sera. Serum samples from healthy PPD+/PPD- healthy controls
(X), Cavitary HIV-TB+ patients (A), HIV+TB+ patients (o), and HIV-TB-healthy-
household contacts (0) were tested by ELISA for reactivity against each antigen. The
mean ODjg obtained with PPD+ and PPD- healthy individuals plus 3 SD for each
antigen was used as the cutoff. The OD obtained with any serum specimen minus the
cutoff (A O.D.) for each specimen is plotted, and responses above the horizontal line are
considered positive for reactivity.
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Table 4.4 Proportion of sera from TB patients and contacts containing antibodies to recombinant proteins and LFCFP*

% of specimens containing antibodies to’:

Disease Status (n) E. coli M smeg E. coli M. smeg E coli M. smeg E. coli M. smeg E coli E. coli
rSecE2 rSecE2 rTrxC rTrxC rBfrB BfiB SP-rSodC rSodC SP-rLppZ rGlcB LFCFP
Cavitary TB (37) 3(1/37)  22(8/37) 0(0/37) 8 (3/37) 3(1/37) 41(15/37) 5(2/37) 32(12/37) 38 (14/37) 30(11/37) 3(1/37)
HIV+TB+ (20) 0(0/20) 35(7/20) 0(0/20) 40(8/20) 30(6/20) 90(18/20) 40(8/20) 30(6/20) 60 (12/20) 75 (15/20) 10 (2/20)
Healthy household 0 (0/16) 6 (1/16) 0 (0/16) 0 (0/16) 0(0/16) 0 (0/16) 0 (0/16) 0(0/16) 31(5/16)  0(0/16) 6 (1/16)
contacts (16)
Specificity® 100 100 100 100 100 100 100 100 100 100 100

®*The presence of antibodies to antigens in sera from TB patients and PPD-+/PPD- healthy controls was determined by ELISA. The mean OD + 3SD obtained
with the healthy controls was used as the cutoff to determine positive responses in patients

®Data in parentheses are the number of sera containing antibodies to the indicated antigen/the number of specimens tested. rBfrB, SP-rSodC, rSodC, SP-rLppZ, rGlcB,
and LFCFP were tested in 3 separate ELISA, and positive responses were considered sera which tested positive 2 of 3 or 3 of 3 times. The rSecE2 and rTrxC
responses are the result of a single ELISA

“Percentage of the 20 PPD+/PPD- healthy controls lacking antibodies to the indicated antigen.
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The additive reactivity of sera with different antigen combinations was computed
from the above data (Fig. 4.5). The combined antigen sensitivity of rSecE2, rTrxC,
rBfrB, and SP-rSodC produced in E. coli (ALL-ECOLI) versus the combined antigen
sensitivity of rSecE2, rTrxC, rBfrB, and rSodC produced in M. smegmatis (ALL-SMEG)
was 11% and 62% for cavitary TB patients, and was 50% and 90% for HIV+TB+
patients. For both cohorts, each patient’s serum sample recognized by ALL-ECOLI was
also recognized by ALL-SMEG, meaning ALL-ECOLI was a complete subset of ALL-
SMEG. Interestingly, for the HIV+TB+ patient cohort rBfrB from M. smegmatis alone
provided a sensitivity of 90%, and this sensitivity could not be improved upon by
combining the additive reactivity of any other antigen, including SP-rLppZ from E. coli
and rGleB from E. coli. For cavitary TB patients, combining the reactivity of ALL-
SMEG with SP-rLppZ from E. coli raised the sensitivity to 73%, combining ALL-SMEG
with rGlcB from E. coli raised the sensitivity to 65%, and combining ALL-SMEG with
both SP-rLppZ from E. coli and rGlcB from E. coli raised the maximum sensitivity to

76%.
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Fig. 4.5 Sensitivities of recombinant antigen combinations with cavitary TB and
HIV+TB+ sera. The sensitivities of single recombinant proteins taken from Table 4.4
and the additive sensitivities of multiple antigen combinations are plotted. ALL,
combined sensitivity of rSecE2 + rTrxC + rBfrB + (SP-)rSodC. The asterisk indicates
that ALL from E. coli is a subset of ALL from M. smegmatis.
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4.3.5 Protein microarray analyses identified antibody cross-specificity

In the antibody-based antigen identification approach described in section 3.3.4,
two antibody preparations specific for LAM, the mAb CS-35 and a polyclonal LAM
antisera, were initially used to probe array slides. Both antibodies reacted strongly
against a series of spots corresponding to fractions from the initial flow-through of the RP
column, and these fractions were confirmed to contain LAM as the dominant reactive
species. Unexpectedly, the polyclonal LAM antisera was also reactive against an
additional series of spots not recognized by CS-35 (Fig. 4.6A). These spots consistently
corresponded to a single fraction collected from the RP column, and this fraction was
also recognized significantly by TB patients’ sera. When both the polyclonal LAM
antisera and pooled cavitary-TB sera were used to probe these fractions on a Western
blot, a single dominant ~10-kDa reactive product was observed rather than the expected
30- to 40-kDa broad band typically observed for LAM (Fig. 4.6A). Combined MS/MS
analyses of peptides generated by trypsin, chymotrypsin, and endoproteinase Glu-C
digestion of the corresponding 10-kDa coomassie-stained protein band in fraction B-1-4
resulted in 73% amino-acid coverage of the predicted protein sequence encoded by ORF
rv0379/secE2 (Table 3.3).

The differing microarray reactivity profiles of two antibody preparations thought
to be specific for a single antigen were unexpected and required further investigation. To
evaluate antibody specificity both CS-35 and the LAM antisera were used to probe
purified LAM and rSecE2 from E. coli on a western blot. CS-35 recognized only the
purified LAM, while the antisera recognized both LAM and rSecE2 from E. coli (Fig.

4.6B). The ability of the polyclonal LAM antisera to recognize rSecE2 purified from E.
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coli provides strong evidence that the antibodies are binding SecE2 epitopes and not
background mycobacterial molecules associating with the SecE2 protein. Interestingly,
antisera raised against rSecE2 from E. coli recognized two ~6- and 7-kDa products in the
purified LAM sample (Fig. 4.6C). These products likely correspond to proteolytic
products of native SecE2 protein remaining following the pronase treatment used in the
LAM purification procedure. Thus, the most plausible explanation for cross-reactivity of
the polyclonal LAM antisera is that antibodies were raised against SecE2 polypeptides in

addition to LAM in the initial immunization process.
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Fig. 4.6 Characterization of LAM antisera. Protein microarrays were probed with
mAb CS-35 or polyclonal LAM antisera to identify fractions containing LAM as the
dominant seroreactive antigen. Shown in (A) are portions of microarray slides containing
ordered fractions eluting from a reversed phase column (printed in triplicate in the Y
axis) and probed with CS-35 or LAM antisera. The microarray fractions recognized by
the LAM antisera were further analyzed by western blot, and the LAM antisera
recognized a ~34- to 46-kDa smear corresponding to LAM in fraction B.I.1 and a ~10-
kDa product in fraction B.I.4 which was also recognized by TB patients’ sera. MS/MS-
based methods identified the corresponding 10-kDa coomassie-stained product (marked
with —) as SecE2/Rv0379. (B) Purified LAM isolated from Mtb and recombinant
SecE2 produced in E. coli were analyzed by SDS-PAGE, stained with silver nitrate or
coomassie, respectively, and probed with CS-35 and LLAM antisera on a western blot.
(C) LAM was analyzed by western blot with antisera raised against recombinant SecE2
purified from E. coli.
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4.4  Discussion

Over the past two decades molecular identification of the dominant B and T cell
protein antigens of Mrb was achieved through a myriad of techniques and approaches (2,
18, 22). A major aim of this study was to develop protein separation strategies that
would ultimately allow for enrichment of antigens present in low abundance. Combining
this enrichment with newly emerging protein microarray technology, we were able to
identify four potential novel serodiagnostic antigens previously undetected by other
methods. Two of these antigens, SodC and LppZ, are believed to undergo post-
translational modification. SodC was experimentally shown to be lipid-modified and
associated with the bacterial membrane (9). This protein also contains three predicted
glycosylation sites, and the 40-aa N-terminal fragment of SodC was found to bind ConA
when fused to the 19-kDa-leader sequence and expressed in M. smegmatis (12). A
method for predicting gram-positive lipoprotein motifs also identified LppZ as a probable
lipoprotein (34), and similar to SodC, this protein sequence also contains three predicted
glycosylation sites (12). One of the novel B cell antigens described in this work (BfrB)
was previously shown to be a dominant T cell antigen for mice experimentally infected
with Mtb (8), and this current work reveals that BfrB is also antigenic in human disease.
Thus, like many other Mrb antigens, BfrB is strongly recognized by both the cellular and
humoral arms of the immune system and could be targeted as either a vaccine candidate
or diagnostic tool. The final B cell antigen newly recognized in this work (TrxC) was
originally identified by Nagai et al. (21) as MPT46, a major product of the Mtb CF.
Further work established MPT46 as a thioreductase (37). Although this protein was

previously studied, the use of protein array technology has provided the first evidence of
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its antigenic potential. Understanding that a comprehensive high-throughput experiment
should require target validation as a final step, this study confirmed and characterized
each antigen’s serological response across multiple disease states.

In an effort to independently validate the seroreactivity of the novel antigens
identified in this study, recombinant forms of each candidate antigen were produced and
evaluated by conventional plate ELISA. All four novel antigens were recognized by at
least 40% of one of the two TB patient subgroups tested, the same criteria initially used
to identify microarray fractions with significant serological reactivity. The presence of
TB patient antibodies against each of these four antigens not only provides new
candidates for serodiagnostic tests, but also confirms the validity of both the protein
microarray methodology developed and the data interpretation described in chapter three.
An accurate assessment of the sensitivity of a new serodiagnostic antigen requires
multiple independent tests with very large numbers of patients’ sera across multiple
cohorts. This pilot study falls short in both respects and therefore should not be
considered an exhaustive evaluation; however, several aspects of the results are
encouraging and provide great confidence in the designation of each recombinant protein
as a true antigen with serodiagnostic potential. None of the 20 healthy individuals’ sera
recognized any of the proteins in this study, providing a specificity of 100% in each case.
This attribute not only fulfills a basic critérion of a successful serodiagnostic test, but is
also typical of most TB recombinant antigens where specificities are routinely found to
exceed 95% (17). Furthermore, a seemingly appropriate number of HIV-TB- HH
contacts’ sera recognized most antigens (0 to 6%), considering an estimated 6 to 29% of

the contacts were estimated to be at risk of developing TB within six months to two years
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of infection (5, 10, 11, 36). Interestingly, a much greater percentage of contacts’ sera
recognized SP-rLppZ from E. coli (31%), and future studies are needed to confirm this
observation and address the potential of LppZ for diagnosis of subclinical TB. Direct
comparisons of the rGlcB responses in this study with previous data are, to some extent,
reassuring. Anti-GlcB antibodies were present in 75% of HIV+TB+ patients’ sera in this
study, agreeing well with the 79% sensitivity rate previously described for rGlcB from E.
coli with a similar patient cohort (28). However, anti-GlcB antibodies were present in
only 30% of cavitary TB patients’ sera in this study, in contrast to the previously
described 70-77% sensitivity rates for the same antigen with similar cohorts (28, 29). In
general, the responses of cavitary TB patients’ sera among both test antigens and control
antigens in this study were poorer than typically observed for this laboratory.
Specifically, the differences in optical densities between TB patients and healthy controls
were lower than routinely measured, suggesting the robustness of the assay may be
suboptimal.  This scenario would also explain the poor reactivity of LFCFP in
comparison to similar patient cohorts in a previous study (29). Yet the reduced efficiency
of the assay may in fact be encouraging, because the sensitivities assigned to each of the
recombinant antigens in this study may in fact be underestimated. An especially
promising outcome of this study was the level of antibody recognition for rBfrB from M.
smegmatis, which was consistently recognized by more patients’ sera than rGlcB, an
antigen currently considered a leading candidate for use in serodiagnostic assays (17).
The SecE2/Mtb8/Rv0379 protein was identified in four microarray fractions
recognized by both cavitary- and noncavitary-TB sera. Interestingly, a recent report

suggested SecE2 to be a good candidate for multiple-antigen based serodiagnostic assays,
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because SecE2 was recognized by TB patient sera with otherwise poor immunological
reactivity (15). Therefore, to further evaluate the serodiagnostic potential of SecE2,
recombinant forms were produced and evaluated by ELISA. Overall rSecE2 gave the
poorest response of any of the recombinant proteins evaluated in this study, consistently
detecting less than 40% of TB patient antibodies. Furthermore, each patient’s serum that
recognized rSecE2 also recognized at least one other antigen, suggesting SecE2 would
not make a good complementary serodiagnostic antigen. However, analyses of rSecE2
allowed us to identify the underlying cause for the differing microarray reactivity profiles
initially observed when arrays were probed with two antibody preparations specific for
LAM. Ultimately the polyclonal LAM antisera was confirmed to possess cross-
specificity for the SecE2 protein, providing an explanation for the extra set of spots
recognized by LAM antisera but not mAb CS-35. Although an unintended outcome of
this study, the characterization of antibody specificity via protein microarray technology
was achieved, demonstrating yet another utility for this powerful methodology.

Native and recombinant forms of several Mrb proteins have been directly
compared, and it is becoming increasingly clear that recombinant forms produced in E.
coli often lack modifications or conformational epitopes required for immunological
recognition (24, 26, 39). Two of the antigens identified in this study, SodC and LppZ,
are predicted to be both lipidated and glycosylated (9, 12, 34). The discovery of SodC
and LppZ as B cell antigens adds to the growing list of post-translationally modified
antigens of Mtb (3) and illustrates the need for a recombinant protein production system
that mimics native protein structures. Therefore, this study attempted to directly compare

the seroreactivity of recombinant antigens produced in the fast-growing mycobacterial
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species M. smegmatis with those produced in the standard E. coli system. Interestingly,
each of the recombinant antigens produced in M. smegmatis were consistently recognized
by more TB patient sera than their E. coli counterparts. However, three of the antigens
tested, SecE2, TrxC, and BfrB, lack recognizable signal peptides and are not known or
predicted to possess any PTMs, consistent with their observed SDS-PAGE profiles.
Furthermore, the use of urea in the purification process likely destroyed most
mycobacterial-specific conformational epitopes.  Therefore, the overall observed
differences in antibody recognition are likely not due to antigenic PTMs or epitopes
resulting specifically from protein production in M. smegmatis. Instead, a more plausible
explanation for the differences in seroreactivity is the presence of background M
smegmatis seroreactive molecules present in each of these purified recombinant protein
preparations. The standard yet rather crude single-step immobilized metal ion affinity
chromatography (IMAC) used for recombinant protein purification often results in
appreciable amounts of both protein and non-protein contaminants (4). Indeed, some
minor protein species not recognized by the anti-Hiss antibody can be detected when each
of the purified recombinants was analyzed by SDS-PAGE and silver-staining (data not
shown). TB patient antibodies could potentially recognize M. smegmatis proteins and
non-proteinaceous molecules sharing homologous epitopes with Mrb seroreactive
molecules. In addition to proteins, a number of non-proteinaceous Mtb molecules have
been shown to be recognized by patient antibodies, including TDM, sulfolipid I, 2,3
diacyltrehalose, 2,3,6 triacyltrehalose, and LAM (16, 25). Probing each of the

recombinant proteins with the mAb CS-35 on a Western blot demonstrated LAM only in
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the rSodC purified from M. smegmatis, which may specifically explain the differential
recognition of (SP-)rSodC and rSodC in cavitary TB patients (data not shown).
Recognition of M. smegmatis contaminants by TB patient antibodies would seem
to improve the sensitivity of a serodiagnostic test based on the limited patient subgroups
analyzed in this study. However, these contaminants could be problematic in cases
where healthy individuals have been exposed to environmental mycobacteria, a very
common occurrence in developing countries (1). Future efforts with recombinant
antigens produced in M. smegmatis should focus on firmly establishing the presence of
and identifying these contaminants, and then assessing their sensitivity and specificity for
TB disease across multiple cohorts.
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Chapter V

N-terminal clustering of the O-Glycosylation Sites in the Mycobacterium tuberculosis
Lipoprotein SodC

5.1  Introduction

Several of the immunodominant antigens of Mtb are reported to be glycosylated
based on their ability to bind the lectin ConA (12, 14, 16, 17). Yet the presence of
glycoproteins in Mtb did not gain wide acceptance until a MS-based analysis of the
45/47-kDa MPT32/Apa protein (Rv1860) demonstrated four separate Thr residues each
O-linked with a mannose, mannobiose, or mannotriose (11). Although glycosylation of
the 45/47-kDa protein influences acquired host immune responses (22, 38), and mediates
interaction with host C-type lectins (37), a general role for protein glycosylation in Mtb
remains elusive. This, however, has not precluded the identification of additional
glycoproteins of Mth. Two adjacent Thr residues from the secreted antigen MPB83
(Mb2898) of M. bovis were shown by MS-based methods to be modified with a total of
three mannose residues (30). Using alternative approaches others have reported the
glycosylation of recombinant Mtb proteins produced in M. smegmatis. Most recently, a
member of the Mrb PPE protein family (Rv3873) produced in M. smegmatis appeared to
be glycosylated at its C-terminus (9). Hermann et al. (20) detected glycosylation of two
Thr clusters in the recombinant 19-kDa LpgH lipoprotein (Rv3763) and further showed
that glycosylation of this region protected the recombinant 19-kDa lipoprotein from
proteolytic cleavage. Additional work by this same investigator identified four putative
glycolipoproteins using recombinant gene fusions in combination with ConA-based

analyses (19). One of these putative lipoglycoproteins was identified as Rv0342 or
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SodC. Specifically, a 40-aa N-terminal fragment of SodC was determined to be
glycosylated by virtue of its ability to bind ConA.

In Chapters 3 and 4 we employed native antigen array profiling to identify and
characterize serodiagnostic proteins of Mtb. Through this work four novel antigens were
discovered including the rv0432 gene product SodC. SodC is one of two Mtb SODs.
SodC is a membrane-associated lipoprotein of the Cu,Zn-dependent SOD family (8),
while the second SOD (SodA/Rv3846) is a Mn,Fe-dependent SOD believed to be
actively secreted in a SecA2-dependent manner (5). The recognition of SodC and SodA
(10) by human antibodies provides compelling evidence that both enzymes are produced
in natural infection. Furthermore, SodC and SodA are shown to contribute to the survival
of Mtb in activated macrophages (35) and in mice (13), respectively, suggesting each has
a role in the defense against the oxidative burst produced in vivo and that one SOD
cannot completely compensate for the absence of the other. Moreover, sodC
transcription is greatly upregulated upon infection of human macrophages, suggesting
SodC plays an important in early infection when the NADPH oxidase level is expected to
be high (8, 51). Most recently, the Mtb SodC three-dimensional structure was solved by
x-ray crystallography, and the active site of this fully functional enzyme was found to be
devoid of zinc, an unusual feature not found in any other known copper-containing SODs
(46). In light of these observations a unique opportunity presents itself to characterize the
glycosylation of a known Mtb enzyme with a defined 3-D structure and function, as well
as a putative role in virulence.

We set forth to characterize the glycosylation of the CF form of SodC from Mzb.

Recombinant forms were produced in E. coli and Mtb, and recombinant SodC produced
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in Mtb was found to bind ConA. The use of site directed mutagenesis combined with MS
of peptides from recombinant variants of the Mrb SodC allowed for identification of up to
six sites of glycosylation within a 13 amino acid region of the mature N-terminus of
SodC. Further glycosylation at each site was with one to three a-mannose residues.
These finding were in agreement with the previous work of (19), but for the first time
also demonstrated O-glycosylation of serine (Ser) residues of an Mtb protein. Further,
these studies help define the nature of O-glycosylated regions of Mtb proteins and
provide additional evidence that protein glycosylation in Mtb functions to regulate
proteolytic processing.

5.2 Materials and methods

5.2.1 Bacterial growth and subcellular fractionation

Recombinant clones of M. smegmatis mc*155 were selected on LB agar
containing kanamycin (25 pg ml™"). For isolation of WCL of M. smegmatis cells were
grown in 2 L of GAS medium (48) containing kanamycin (25 pg ml™) at 37°C for 3 days
with gentle shaking, and bacterial pellets were suspended in PBS and passed through a
French press four times at 2000 psi.

Mtb strain H37Rv cells used for the generation of electrocompetent stocks were
grown in Middlebrook 7H9 broth (Difco) supplemented with oleic acid-dextrose catalase
(OADC, Difco) and 0.05% Tween80. Recombinant clones of Mth H37Rv were selected
on Middlebrook 7H11 medium (Difco) supplemented with OADC, hygromycin (100 pg
ml™), and kanamycin (25 pg ml™). Growth of Mtb for recombinant protein purification
was achieved by propagation in 2 L. of GAS medium containing kanamycin (25 pg ml™)

at 37°C with gentle shaking for 14 days. Growth of Mtb for isolation of subcellular
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fractions was achieved by propagation in 14 L of GAS medium at 37°C with gentle
shaking. Cells were harvested at 14 days of growth, and individual subcellular fractions
of cytosol, membrane, cell wall, and CF were isolated as previously described (21, 45).
Final protein concentrations were determined using the BCA protein assay (43).

E. coli strains TOP10 (Invitrogen) and XL.10-Gold Ultracompetent (Stratagene)
containing various recombinant plasmids were grown on LB agar containing kanamycin
(25pg ml™).

5.2.2 Bacterial transformation

For preparation of electrocompetent Mrb H37Rv, a 1 L culture was grown to an
ODyggo of 0.6 and the cells harvested by centrifugation. After washing three times in a
10% ice-cold glycerol solution the bacterial pellet was suspended in 5 ml of cold 10%
glycerol. An aliquot (90 ul) of cells was mixed with 0.5 pg plasmid DNA, incubated in a
0.1 cm gap electroporation cuvette (Invitrogen) for 10 min at room temperature, and
electroporated (1.25 kV, 25 pF, 1000Q2) in a Gene Pulser (Bio-Rad). Cells were
transferred to 5 ml 7H9 medium, allowed to recover overnight at 37°C with gentle
shaking, and plated onto solid medium containing antibiotics.

Electroporation of M. smegmatis mc*155 was achieved by the method of Snapper
et al. (44).

5.2.3 Construction of recombinant plasmids

Recombinant plasmid constructs were created according to standard protocols

(40). PCR amplifications of rv0432 or rv0432 gene fragments were performed with
PfuTurbo DNA polymerase (Stratagene) using Mrb H37Rv genomic DNA as the

template. Table 5.1 lists PCR primers used in these studies. All PCR products were first

185

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cloned into pCR4Blunt-TOPO according to the manufacturer’s protocols (Invitrogen),
and subsequently recovered by restriction enzyme digestions that targeted the restriction
site linker sequences designed into the primers (Table 5.1). The expression constructs
pMRLB60 for recombinant production of SP-rSodC in E. coli, and the mycobacterial
expression construct pMRLB61 for recombinant production of mature and full modified
rSodC, are described in section 4.2.2. To generate a mycobacterial-expression construct
for production of SP-rSodC, the rv0432 gene minus the region encoding the N-terminal
signal peptide was amplified using the primer pair SodC(-)SPF and SodCR2. The 627 bp
fragment isolated from the pCR4Blunt intermediate plasmid construct by digestion with
Ndel/HindIll was ligated into the Ndel/Hindlll sites of pVV16 to generate pMRLB62.
Mycobacterial expression constructs that allowed for production of rSodC with
altered sites of glycosylation were based on pMRLB61 with point mutations in rv0432.
Point mutations were generated using the QuikChange™ II XL site-directed mutagenesis
kit (Stratagene) according to the manufacturer’s recommendations. To generate the
construct for rSodC-Thry;-Alas; production the primer pair SodCT41A41F and
SodCT41A41R was used resulting in pMRLB61.1. To generate the construct for rSodC-
Thrys-Alays production the primer pair SodCT45A45F and SodCT45A45R was used
resulting in pMRLB61.2. To generate the construct for rSodC-Thr4e-Alass production the
primer pair SodCT46A46F and SodCT46A46R was used resulting in pMRLB61.3. To
generate the construct for rSodC-ThrysThry-AlassAlass production the primer pair
SodCTTAAF and SodCTTAAR was used resulting in pMRLB61.4. To generate the
construct for rSodC-Thrs;-Alas; production the primer pair SodCT51AS51F and

SodCT51A51R was used resulting in pMRLB61.5. To generate the construct for rSodC-
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Thr3;-Alass; production the primer pair SodCT131A131F and SodCT131A131R was
used resulting in pMRLB61.6. All plasmid constructs were confirmed by nucleotide

sequencing through Macromolecular Resources Facility, Colorado State University.

Table 5.1 Plasmids and primers used in this study

Description/Sequence Reference or Source
Plasmid
pCR4Blunt-TOPO  cloning vector, Amp’, Kan' Invitrogen
pET23b E. coli expression vector, Amp" Novagen
pvVvieé Mycobacteria expression vector, Kan', Hyg" Schulbach et al. (2001)
pMRLB60 0432 gene fragment lacking signal peptide sequence in pet23b Chapter 4
pMRLB61 Full-length rv0432 gene in pVV16 Chapter 4
pMRLB61.1 Derivative of pMRLB61 encoding Rv0432 Thry, to Ala,; substitution This study
pMRLB61.2 Derivative of pMRLB61 encoding Rv0432 Thrys to Alays substitution This study
pMRLB61.3 Derivative of pMRLB61 encoding Rv0432 Thr,g to Alasg substitution This study
pMRLB61.4 Derivative of pMRLB61 encoding Rv0432 Thr,sThr,g to AlassAlass substitution This study
pMRLB61.5 Derivative of pMRLB61 encoding Rv0432 Thrs; to Alas, substitution This study
pMRLB61.6 Derivative of pMRLB61 encoding Rv0432 Thr;; to Ala,s; substitution This study
pMRLB62 rv0432 gene fragment lacking signal peptide sequence in pvVV16 This study
Primer

SodC(-SP)F 5-CATATGTGCTCGTCGCCGCAG Chapter 4
SodCR1 5'-CTCGAGGCCGGAACCAATGAC Chapter 4
SodC(+SP)F S-CATATGCCAAAGCCCGCCGAT Chapter 4
SodCR2 5-AAGCTTGCCGGAACCAATGAC Chapter 4
SodCT41A41F 5'-GCCGCAGCACGCGTCTGCCGTTCCGGGTACCACGCC This study
SodCT41A41R 5'-GGCGTGGTACCCGGAACGGCAGACGCGTGCTGCGGC This study
SodCT45A45F S'“CTACAGTTCCGGGTGCCACGCCGTCGATTTGGACC This study
SodCT45A45R 5'-GGTCCAAATCGACGGCGTGGCACCCGGAACTGTAG This study
SodCT46A46F 5'-CTACAGTTCCGGGTACCGCGCCGTCGATTTGGACC This study
SodCT46A46R 5-GGTCCAAATCGACGGCGCGGTACCCGGAACTGTAG This study
SodCTTAAF 5-CTACAGTTCCGGGTGCCGCGCCGTCGATTTGGACC This study
SodCTTAAR 5'-GGTCCAAATCGACGGCGCGGCACCCGGAACTGTAG This study
SodCT51AS1F 5'“GCCGTCGATTTGGGCCGGATCGCCCGCGCC This study
SodCTS51A51R 5'-GGCGCGGGCGATCCGGCCCAAATCGACGGC This study
SodCT131A131F 5'-CAACTCGGTTGCCCCCGCCGGCGGTGCGCC This study
SodCT131A131R 5'-GGCGCACCGCCGGCGGGGGCAACCGAGTTG This study

Restriction endonuclease sites are underlined, site-directed mutations are in bold
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5.2.4 Recombinant protein purification

Recombinant production of SP-rSodC in E. coli is described in section 4.2.3. For
production of rSodC and rSodC site-directed mutants in Mrb, the plasmids pMRLB61,
pMRLB61.1, pMRLB61.2, pMRLB61.3, pMRLB61.4, pMRLB61.5, and pMRLB61.6
were electroporated into Mtb H37Rv. CF from 14-day (late-log) cultures of recombinant
Mtb were concentrated, dialyzed against 10 mM ammonium bicarbonate, and dried
completely by lyophilization (45). The samples were suspended in 8 ml Ni-NTA
denaturing binding buffer (0.1M sodium phosphate buffer, 8M urea, 10 mM Tris-Cl pH
8.0) and incubated 1 hour with 1 ml of Ni-NTA His-bind resin (Novagen) equilibrated in
Ni-NTA denaturing binding buffer. The recombinant proteins were purified by washing
with 18 CV of Ni-NTA denaturing binding buffer, 18 CV of Ni-NTA denaturing wash
buffer (0.1M sodium phosphate buffer, 8M urea, 10 mM Tris-Cl pH 6.3), 10 CV of 10
mM Tris buffer (pH 8.0), 10 CV of 0.5% ASB-14 in 10 mM Tris buffer (pH 8.0), and
again 10 CV of 10 mM Tris buffer (pH 8.0) to remove detergent. Proteins were eluted
from the column by the addition of 10 CV of Ni-NTA denaturing elution buffer (0.1M
sodium phosphate buffer, 8M urea, 10 mM Tris-Cl pH 4.0). Each fraction was
concentrated ten-fold and exchanged with 10 mM ammonium bicarbonate by
ultrafiltration.
5.2.5 SDS-PAGE and Western blot analyses

Rabbit polyclonal serum to SodC was generated by Strategic Biosolutions

(Ramona, CA) in a standard rabbit protocol. Purified SP-rSodC from E. coli was used as

the antigen.
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Aliquots of protein were subjected to SDS-PAGE using 10-20% Tricine gels
(Invitrogen). Gels were stained with Coomassie Brilliant Blue R250 (6) or silver nitrate
(31), or electroblotted to nitrocellulose membranes (Bio-Rad) as previously described
(45). The nitrocellulose membranes were blocked with 3% nonfat milk in PBS (pH 7.2)
for 2 h and exposed overnight to anti-Hiss monoclonal antibody (Qiagen) or SodC
antiserum diluted 1:1000 or 1:2000, respectively, in 1% nonfat milk in PBS (pH 7.2).
The blots were washed with PBS (pH 7.2) containing 0.1% Tween 20, probed for 1.5 h
with alkaline phosphatase-conjugated anti-mouse IgG whole molecule (Sigma) or anti-
rabbit IgG Fc fragment (Calbiochem) both diluted 1:2000 in 1% nonfat milk in PBS (pH
7.2), and washed extensively. Antigen-antibody complexes were visualized by color
development with 5-bromo-4-chloro-indoyl-phosphatase-nitroblue tetrazolium substrate
(Kirkegaard & Perry Laboratories, Gaithersburg, MD). For ConA analysis, membranes
were blocked with 1% BSA in PBS (pH 7.2) for 2 h and incubated with one unit of
peroxidase-conjugated ConA (Sigma) in PBS (pH 7.2) overnight at 4°C. Development
was achieved with 5-bromo-4-chloronaphthol (Sigma) and H,O..

5.2.6 Analytical protein methods

Proteolytic digestions were performed with 10 pg aliquots of the various rSodC
products purified from Mtb. Digestions with chymotrypsin (Roche Applied Science)
were carried out in 20 ul of 0.1 M ammonium bicarbonate (pH 7.9) at 25°C for 16 h with
an enzyme to substrate (E:S) ratio of 1:20 (wt:wt). Digestions with thermolysin

(Calbiochem) were identical to those with chymotrypsin except the temperature was
increased to 37 °C. Digestions with modified trypsin (Roche) were carried out in 20 pl

5% acetonitrile in 0.1 M ammonium bicarbonate (pH 7.9) at 37°C for 16 h with an E:S
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ratio of 1:20 (wt:wt). All proteolytic digestions were terminated by the addition of 2 pl
of 10% TFA. The digests were dried under vacuum, suspended in 20 ul of 5%
acetonitrile in 0.1% acetic acid, and aliquots (5 ul) were applied to a capillary (0.75 x 50
mm) C18 reversed phase (RP) column (Agilent Technologies, Santa Clara, CA). The
peptides were eluted with an increasing linear gradient (5% to 64%) of acetonitrile in
0.1% acetic acid over 70 min using an Agilent 1200 series capillary HPLC system with a
flow rate of 5 pl per min, and introduced directly into a ThermoFinnigan LTQ
electrospray mass spectrometer (San Jose, CA) operated using Xcalibur software ver 2.0
SR2. Ionization of peptides was achieved with an electrospray needle setting of 4 kV
with a N, sheath gas flow of 15, and a capillary temperature of 200°C.

Multiple MS/MS methods were employed to analyze SodC peptides and their
modifications. In all cases, data dependent scanning was used to generate fragment ions
and MS/MS spectra. Standard MS/MS analyses were performed at 35% normalized
collision energy of the top five most intense parent ions of the previous MS scan. Peptide
identification was achieved using the SEQUEST (ThermoFinnigan, ver BioWorks 3.1)

and X! Tandem (www.thegpm.org; version 2006.04.01.2) software with a SodC protein

sequence (accession NP_214946) extracted from the Mrbh genome database (NC_000962)
and modified to begin with the experimentally determined N-terminal Thrs; and to
include the additional C-terminal sequence of 2] KLHHHHHH,43 (vector LysLeu + hexa-
His tag). The SEQUEST and X! Tandem software were set to evaluate peptides obtained
by chymotrypsin (FWYL), trypsin (KRLNH), or thermolysin (ILMV) digestion.
Oxidation of Met (+16.0 Da) was set as the only possible modification. The Scaffold

software, ver. Scaffold-01 05 04 (Proteome Software, Portland, OR) was used to
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validate peptide identifications. Peptide identities were accepted only when a probability
of 95.0% or greater was obtained as specified by the Peptide Prophet algorithm (41).
MS/MS data were also searched for neutral losses of 162 m/z to identify glycopeptides.
Neutral loss analyses of MS/MS spectra were performed with the Xcalibur software. ver
2.0 SR2.

To assess glycosylation of the Chy; peptide (4 TVPGTTPSIW;50) of rSodC the
predicted [M+H]+1 molecular ions of 1059.2, 1221.3, 1383.5, 1545.6, 1707.8, and 1869.9
m/z were placed in a parent mass list and when detected in a full MS scan, fragmentation
for MS/MS was achieved using 21% normalized collision energy. The same approach
was used for the Chy, peptides of rSodC-Thrys-Alays and rSodC-Thrye-Alags except the
predicted [M+H]™ molecular ions of 1029.2, 1191.3, 1353.5, 1515.6, 1677.7, 1839.9 m/z
were placed in the parent mass list. Glycosylation of the Chy; peptide of rSodC-Thry;-
Alay; (2VPGTTPSIWsg) was assessed by placing the predicted [M+H]*' molecular ions
of 958.1, 1120.2, 1282.4, 1444.5, 1606.7, and 1768.8 m/z in the parent mass list and
performing MS/MS fragmentation with 21% normalized collision energy. The
glycosylation analyses of the Chy, peptide of rSodC-ThrssThrss-AlassAlass
(ssAAPSIWsg) utilized the predicted [M+H]"! molecular ions of 644.7, 806.9, 969.0,
1131.2, 1293.3, and 1455.4 m/z in the parent mass list.

MALDI-TOF MS was performed in the Macromolecular Resources Facility,

Colorado State University, with an Ultraflex MALDI/TOF/TOF (Bruker Daltonics,

Billerica, MA) with sinapinic acid as a matrix.
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N-terminal sequencing of purified proteins was performed by Edman degradation
(42) with a pulsed liquid-phase sequencer from Applied Biosystems by Macromolecular
Resources Facility, Colorado State University.

5.2.7 Mannosidase treatment and Triton X-114 phase partitioning

Digestion of the protein with a-mannosidase was performed on aliquots (10 pg)
of purified rSodC solubilized in 20 pl of 0.05 M sodium acetate buffer (pH 4.5) and
incubated with 10, 2, 0.5, 0.1, and 0.02 pg of jack-bean-a-mannosidase from Canavalia
ensiformis (Sigma) at 25°C for 18 h. Digestions were terminated by incubating with
Laemmli sample buffer at 100°C for 10 min.

The detergent-phase partitioning properties of SodC were assessed by biphasic
partitioning with Triton X-114 (Sigma-Aldrich). Specifically, subcellular fractions (CF,
cell wall, and WCL) were incubated with 4% Triton X-114 in PBS (pH 7.4) for 16 h at
4°C with gentle agitation. The suspensions were incubated at 37°C for 1 h and the
biphase was formed by centrifugation at 27,000 x g at 37°C for 1 h. The aqueous and
detergent layers were collected, adjusted to 4% Triton X-114 in PBS (pH 7.4), and the
biphasic partitioning repeated. Macromolecules in the final aqueous and detergent phases
were precipitated by addition of 4 vol of ice-cold acetone and incubation at -20°C for 16
h. Precipitates were collected by centrifugation at 27,000 x g 4°C for 10 min, and washed
once with ice-cold acetone. The precipitates were air-dried, suspended in PBS (pH 7.4),
and protein concentrations were determined using the BCA protein assay (43).

5.2.8 Bioinformatics
The complete Mrb SodC protein sequence was analyzed with the NetOglyc 3.1

neural network for the prediction of O-linked glycosylation sites

192

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(http://www.cbs.dtu.dk/services/NetOGlyc/) (24). Hydropathy plots were calculated for

the mature Mrb SodC sequence (N-terminus of Thry) by the method of Kyte and
Doolittle 27) via the ExPasy Proteomics Server

(http://ca.expasy.org/tools/protscale.html) (18) using default parameters. To predict

sequences which are intrinsically folded, the SodC sequence beginning with Cys3; was

analyzed with the FoldIndex® tool (http://bip.weizmann.ac.il/fldbin/findex ) (36) with a

window size of 25. The non-mutated rSodC and rSodC-Thry;-Alay; proteins sequences

were analyzed with the SignalP 3.0 server http://www.cbs.dtu.dk/services/SignalP/ with

the Hidden Markov Model and Neural Network outputs for the prediction of signal
peptide cleavage sites (32, 33). Protein sequences were aligned with Clustal W Version

1.83 software using default parameters (http://npsa-pbil.ibep.fr/cgi-

bin/npsa_automat.pl?page=npsa_clustalw.html) (49).

5.3  Results
5.3.1 Expression of recombinant SodC in E. coli and Mtb

Chapter 4 described the identification of SodC as a potential serodiagnostic
antigen that was present in the CF of in vitro grown Mtb, yet SodC was previously shown
to be a lipoprotein presumably localized to the cellular envelope (8). Thus, the presence
of this acylated product in the CF was unexpected. Further SodC is one of several Mtb
lipoproteins that are suspected to be glycosylated (19). In an effort to further characterize
this protein, recombinant SodC with a signal peptide (rSodC) and without a signal
peptide (SP-rSodC) were produced in Mtb and E. coli, respectively. A recombinant form
of SodC was produced in Mtbh because quantities of the native product sufficient for

biochemical analyses could not be purified from the CF. SP-rSodC was purified from the
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cell lysate of E. coli and rSodC from the CF of Mtb by IMAC. Analysis of the
recombinant products by SDS-PAGE revealed multiple products, regardless of source
(Fig. 5.1A). The SP-rSodC from E. coli migrated at ~25 kDa, which is larger than the
expected molecular weight (MW) of 21.8 kDa. This is a common observation for SODs
in general (2), and has been specifically described for Mtb SodC produced in E. coli (8).
Additionally, a putative dimer could be observed at ~47 kDa along with a series of
multimers. The major rSodC product isolated from the Mtb CF migrated at ~28 kDa,
with minor products at ~22 and 23 kDa, and a putative dimer at ~52 kDa. All of these
products reacted with the anti-Hiss monoclonal antibody and SodC polyclonal antiserum.
To ascertain the glycosylation status of SodC, the purified proteins were probed with the
lectin ConA. The 28-kDa and 52-kDa rSodC products from Mrb displayed dominant
binding to ConA, while the 22- and 23-kDa products clearly lacked ConA reactivity. As
expected, the SP-rSodC from E. coli lacked ConA reactivity (Fig. 5.1A).

The presence of lower molecular mass rSodC products retaining reactivity against
the anti-Hiss monoclonal antibody suggested breakdown is likely occurring at the N-
terminus. Therefore, N-terminal amino acid sequencing of each product was performed
to determine their full intact sequences. N-terminal sequencing of rSodC from Mib
revealed a sequence of 4 TVPGXXPXly for the dominant 28-kDa product, while
sequencing of the two smaller products was more ambiguous with a mixture of products
beginning with Glysg and Sergy. (Note, numbering of amino acids begins with fMet; of
the full sodC gene product without processing.) The 25-kDa SP-rSodC product from E.
coli produced an NH,-terminus of 33CSSPQj37, directly corresponding to the cloned gene

fragment with processing of the fMet encoded by the ATG start codon (28, 52). These
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N-terminal sequence data demonstrated the Mth CF form of rSodC was not acylated.
Additionally, the major product from Mtb was ~ 3 kDa greater in mass than that from E.
coli yet was eight amino acids shorter. This indicated the presence of another
modification on the Mtb product, presumably glycosylation. In support of this, jack-
bean-o-mannosidase treatment of rSodC from Mrb resulted in a decrease in molecular
mass (as observed by SDS-PAGE) and loss of ConA reactivity for the 28- and 52-kDa
products (Fig. 5.1B). The magnitude of losses in mass and ConA-reactivity correlated
with increasing concentrations of o-mannosidase. Thus, giycosylation appeared to
significantly alter the mobility of SodC in SDS-PAGE. Treatment with a-mannosidase
did not however have any effect on the migration lower mass (22- and 23-kDa) products
(Fig. 5.1B). This with the lack of ConA reactivity indicated that the 22- and 23-kDa
products lacked glycosylation and that glycosylation of the 28-kDa product occurred in

the N-terminal region.
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Fig. 5.1 ConA reactivity demonstrates glycosylation of Mtb rSodC. (A) Purified rSP-
SodC (lane 1) and purified rSodC (lane 2) analyzed by SDS-PAGE and silver staining
(panel 1) and Western blot analyses with anti-Hiss monoclonal antibody (panel 2),
polyclonal SodC antiserum (panel 3), and ConA as probes (panel 4). The proteins
displayed are: (a) the major 25-kDa product from E. coli; (b) the major 28-kDa product
from Mtb; and (c and d) the minor 23- and 22-kDa products from Mtb. (B) Silver-stained
SDS-PAGE (panel 1) and ConA Western blot (panel 2) analyses of purified rSodC from
Mtb treated with various amounts a-mannosidase. Lane 1, untreated rSodC; lanes 2 to 6,
rSodC (10 pg) treated with 10, 2, 0.2, 0.1 and 0.02 pg a-mannosidase; and lane 7, a-
mannosidase alone. The 44- and 66-kDa subunits of o-mannosidase are observed in the
silver stained gel (panel 1), and the 66-kDa subunit modified with a high-mannose-type-
glycan (denoted by —) displays ConA reactivity (26).

5.3.2 MS-based identification of SodC glycopeptides

In order to identify SodC glycosylated regions(s), a variety of MS-based
approaches were utilized. Purified rSodC from Mrb was digested with trypsin,
chymotrypsin, and thermolysin and analyzed by LC-ESI-MS/MS, and the resulting
MS/MS data searched using SEQUEST (29) and X! Tandem (15) software against the
experimentally determined recombinant SodC protein sequence. As summarized in
Figure 5.2, interrogation of the MS/MS data and peptide identification performed without

inclusion of potential O-glycosylation resulted in the recombinant protein being mapped
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in its entirety, except for the N-terminal Thry;-Leusy sequence and the peptide
123CEPNS1,; (Table 5.2). The inability to identify unmodified N-terminal peptide(s) was
consistent with ConA reactivity and N-terminal sequencing results that indicate

glycosylation of the N-terminal region.

41 [[VPGTTPSIWTGSPAPSGLSGHDEESPGAQSLTSTLTAPDGTKVATAKFEFANGYATVTIATTGVGKLTP

Chy, Chy, Chy, Chy, Chyg
Try, Try, Chys
Try, Try, -
TL,
TL,

GFHGLHIHQVGKCEPNSVAPTGGAPGNFLSAGGHYHVPGHTGTPASGDLASLQVRGDGSAMLVTTTDAFT
Tryg T, Chy, Chyyq Chy,,
Chy,

Chy, TL,
Trys TLs Try;
T,

MDDLLSGAKTAIIIHAGADNFANIPPERYVQVNGTPGPDETTLTTGDAGKRVACGVIGSGKLHHHHHH

Trys Chy,s Chy,e Try,; Tl
Chy,, Trysz Tryse
Chy,s Tryy
Chy,, Trys.
Try, Tryy, Trys
Try,o Tryse
TL, TL,

Fig. 5.2 Mapping SodC peptides. The deduced amino acid sequence (beginning with
Thry;) of the 28-kDa rSodC protein product purified from Mrb and alignment with the
peptides generated by chymotrypsin, trypsin, and thermolysin digestion is shown. The
solid lines indicate the location of individual unmodified peptides identified by LC-ESI-
MS/MS, and the boxes indicate unidentified sequences. The dashed lines indicate two
predicted chymotrypsin derived peptides used for the remainder of this work. Chy,
chymotrypsin; Try, trypsin; 7L, thermolysin
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To identify glycopeptides the MS/MS data from the chymotrypsin diges‘; were
searched for neutral losses of 162 m/z (mass to charge ratio), a diagnostic property of the
dissociation of hexosyl residues from a singly charged glycopeptide (11). Three major
[M+H]™ molecular ions (1110.5, 1272.5, and 1434.6 m/z) were found that differed by
162 m/z and corresponded to the peptide designated Chy; (5;TGSPAPSGLsg) with two,
three, and four hexosyl residues, respectively (Fig. 5.2 and 5.3A). Fragmentation and
MS/MS of the largest molecular ion (1434.6 m/z) generated the [M+H]"! daughter ions of
1272.5, 1110.5, 948.5, and 786.5 m/z arising from neutral losses of 162 m/z (Fig. 5.3B).
The 786.5 m/z fragmentation ion corresponds to the non-glycosylated peptide that has a
predicted [M+H]Jrl mass of 786.9 m/z. A similar search of the MS/MS data for molecular
ions and neutral losses corresponding to a Chy, glycopeptide were unsuccessful.

The inability to identify a Chy, glycopeptide was not unexpected since ionization
suppression is a known phenomenon for ESI-MS-based analyses of glycopeptides in the
presence of unmodified peptides (7). Therefore, a more targeted approach was designed,
whereby molecular ions with m/z values corresponding to a predicted Chy, peptide
modified with zero to five hexoses were selected from the full MS scan and further
subjected to MS/MS analyses. Two major [M+H]"' molecular ions (1707.8 and 1869.8
and m/z) differing by 162 m/z and corresponding to the Chy, (4s TVPGTTPSIWs) peptide
with four and five hexosyl residues, respectively, were found in the MS data (Fig. 5.3C).
MS/MS analysis of the larger molecular ion (1869.8 m/z) generated the [M-+H]"
daughter ions of 1706.7, 1544.6, 1382.6, 1220.6, and 1058.5 m/z arising from neutral
losses of 162 m/z (Fig. 5.3D). This provides strong evidence of a Chy; glycopeptide

possessing five hexoses. The MS/MS spectra was noted as unusual in that a second ion
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series with neutral losses of 162 m/z was also observed (1668.7, 1506.7, 1344.6, 1182.6,
1020.5, and 858.6 m/z), and the largest ion in this series (1668.7 m/z) differed from the
parent ion by 201.1 m/z. This series corresponds to glycosylation of the yg-ion (858.6

m/z) that resulted from fragmentation between 4, Val-Proys.
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Fig. 5.3 MS and MS/MS of glycopeptides generated by chymotrypsin digestion of
rSodC. (A) ESI-MS spectrum averaged over 80 scans corresponding to the Chy;
(siTGSPAPSGLsy) peptide demonstrates primarily glycosylated forms modified with
two, three, and four hexoses. (B) The 1434.6 m/z [M+H]"" molecular ion marked by an
asterisk in (A) was selected for ESI-MS/MS resulting in a fragmentation pattern
containing neutral losses of 162 m/z. The 786.5 m/z molecular ion represents the fully
deglycosylated peptide. (C) ESI-MS spectrum averaged over 96 scans corresponding to
the Chy; (4 TVPGTTPSIWs;) peptide demonstrates primarily glycosylated forms
modified with four and five hexoses. (D) The 1869.8 m/z [M+H]" molecular ion
marked by an asterisk in (C) was selected for ESI-MS/MS resulting in a fragmentation
pattern containing neutral losses of 162 m/z (marked with solid arrows —). The 1058.5
m/z molecular ion represents the fully deglycosylated peptide. In addition, an ion series
corresponding to a glycosylated yg ion series with differences of 162 m/z was observed
(marked with dashed arrows --->).
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The overall glycoprotein structure of rSodC from Mrb was supported by Matrix-
assisted laser desorption ionization-time of flight (MALDI-TOF) MS analysis.
Specifically we observed singly-charged molecular ions of the glycosylated rSodC 28-
kDa product (N-terminus of Thrs;) possessing between six to ten hexosyl residues (data
not shown). Additionally, the mass spectrum shows a set of peaks assigned to singly-
charged molecular ions of the nonglycosylated 23- and 22-kDa rSodC products (N-
termini of Glysg and Serg, respectively), and additional minor peaks assigned to
nonglycosylated products with N-termini of Glys;, Aspss, Glugs, Gluss, Seres, and Glyss
(data not shown).

5.3.3 Expression of site-directed mutant rSodC proteins in Mtb

The MS-based analyses demonstrated SodC glycosylation localized to the N-
terminus, and were in agreement of the differential ConA reactivity profiles and N-
terminal sequencing of the 22-, 23-, and 28-kDa rSodC products from Mrb. These results
are further supported by analysis of the SodC sequence with the NetOglyc 3.1 program, a
neural network algorithm trained on eukaryotic mucin-type O-glycosylation sites (24)
(Fig. 5.4). In general, the highest predictive scores for glycosylation were found in the
N-terminal part of the protein. Specifically, four Thr and four Ser residues predicted to
be O-glycosylated are upstream of the N-terminal amino acids of the non-ConA reactive

22- and 23-kDa products.
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Net-OGlyc 3.1 predicted O-glycosylation of Rv0432

e B t@ntiat
Thris, ~~ - Threshold

AN

8¢ 100 120 140 160 180 200 220 240

G-giycosylation Potential

Sequence Position
Fig. 5.4 Prediction of O-glycosylation sites for SodC. The complete Rv0432 protein
sequence was analyzed using the NetOglyc 3.1 algorithm (24). The shaded region

indicates the signal peptide. The labeled Thr residues indicate the predicted
glycosylation sites targeted for amino acid substitution with Ala.

To identify specific O-glycosylated residues of SodC, those amino acids with the
highest predictive NetOglyc scores (Thry;, Thrys, Thrye, and Thrs;) were selected for site-
directed mutagenesis to allow substitution of Thr with Ala. The more C-terminal Thr;s;
residue was also targeted as this residue had a high predictive score for glycosylation.
Additionally, a double mutant in 4sThrThrss was constructed. Episomal copies of the
sodC gene containing the site-directed mutations were expressed in Mtb and proteins
were purified from the CF. Analysis of the recombinant proteins by SDS-PAGE, and
Western blot revealed each protein was represented by multiple bands (Fig. 5.5A). Like
the non-mutated rSodC, ConA-negative products of 22- and 23-kDa were observed for
each of the rSodC products possessing Thr to alanine (Ala) substitutions. The relative
abundance of these two products varied among the protein constructs, but no differences
in electrophoretic migration were observed. Variations in molecular mass, however,
were observed when comparing the non-mutated 28-kDa rSodC product to the

corresponding products with Thr to Ala substitutions (Fig. 5.5A). Specifically, all of the
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altered products except rSodC-Thr3;-Ala;s; displayed some reduction in mass. The
differences in mass did not appear to be due to truncation at the C-terminus since all of
the higher molecular mass products displayed similar reactivity against the anti-Hiss
monoclonal antibody. To ascertain differences in the N-termini, each high-mass product
(25-28 kDa) was subjected to N-terminal sequencing (Fig. 5.5B). Four of the six mutated
proteins (rSodC-Thrss-Alays, rSodC-Thrye-Alags, rSodC-Thrs-Alas;, and rSodC-Thr3;-
Alaj3;) possessed N-terminal sequences identical to the non-mutated rSodC, and rSodC-
Thry;-Alay; differed only in the loss of the N-terminal Thry;, In contrast, a dramatic
difference was observed in the N-terminal sequence of rSodC-ThrysThrse-AlassAlass
product where a four amino acid truncation occurred as compared to non-mutated rSodC,
and SDS-PAGE migration indicated a loss of approximately 2 kDa in mass (Fig. 5.5A,
lane 4 and Fig. 5.5B). Recombinant rSodC-ThrysThrse-AlagsAlays was also the only
protein construct that showed a significant decrease in ConA reactivity. Therefore, the
observed reduction in the mass of rSodC-ThrssThrsg-AlagsAlass was attributed to the
absence of 4 TVPGy4 and decreased glycosylation. A qualitative decrease in ConA
reactivity was not as apparent for the other mutated proteins rSodC-Thrys-Alays, rSodC-
Thrye-Alags, rSodC-Thrs;-Alas;, and rSodC-Thrg-Alay;) that had modest reductions in
their molecular masses. Nevertheless, decreased glycosylation was speculated to be the
cause for these molecular mass shifts since rSodC-Thr45Thr46-Ala45Ala46 retained

modest levels of ConA reactivity. It was noted that amino acid assignment by Edman
degradation sequencing was consistently difficult for the‘positions corresponding to

Thrys, Thrye, and Serys, a known characteristic of O-glycosylated residues (1).
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kDa
28

23
22

Silver

28
23 a-His

22

28

23
22

ConA

Reference sequence C-8S-8S-P-Q-H-A-§-T' . v.p-¢-T.T . p.s-1-w-T'.G6-5s

Lane Product

1 rSodC T -V-P-G-X -X -P-X-1
2 rSodC-Thrys-Alays T -V-P-G- A

3 1SodC-Thrye-Alayg T -V-P-G- X

4 rSodC-Thr,sThryg-AlagsAlagg A - A -P-X

5 rSodC-Thry3;-Ala;s, T -V-P-G- X

6 rSodC-Thry-Alag, V-P-G- X - X

7 rSodC-Thrs;-Alag, T -V-P-G- X

Fig. 5.5 Analyses of purified rSodC proteins possessing Thr to Ala substitutions.
(A) Silver-stained SDS-PAGE (top panel), and Western blot analyses with anti-Hiss
monoclonal antibody (middle panel) and ConA (bottom panel) as probes. Lane 1, non-
mutated rSodC; lane 2, rSodC-Thrss-Alays; lane 3, rSodC-Thrss-Alass; Lane 4, rSodC-
ThrssThrag-AlagsAlass; Lane 5, rSodC-Thrizi-Alags;; Lane 6, rSodC-Thry-Alay;; and
Lane 7, rSodC-Thrs;-Alas;. (B) Amino-terminal sequencing of purified rSodC products.
An “X” denotes the inability to assign an amino acid. The reference sequence provided
begins with the putative lipidated Cyss; residue following signal peptide cleavage. Only
the high-mass (25- to 28-kDa) products were sequenced.
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5.3.4 MS-based analyses of mutant rSodC proteins

Loss in ConA reactivity and molecular mass are potential indicators of decreased
protein glycosylation; however, MS analyses provide a more definitive measure of the
level of glycosylation as well as the ability to identify specific O-glycosylated residues.
Thus, chymotrypsin digestions of the mutant rSodC proteins were analyzed by LC-ESI-
MS/MS and the data was analyzed in the same manner as that obtained for the
glycopeptides of the non-mutated rSodC.

Searching the rSodC-Thrs;-Alas; MS/MS data for spectra arising from neutral
losses of 162 m/z again identified glycosylated Chy, peptides. Three major [M+H]"'
molecular ions (918.5, 1080.6, and 1242.5 m/z) that differed by 162 m/z were found for
the 5;AGSPAPSGLsy peptide, corresponding to modifications of one, two, and three
hexoses, respectively (Fig. 5.6A). Fragmentation and MS/MS of the largest molecular
jon (1242.5 m/z) generated the [M+H]™ daughter ions of 1080.5, 918.5, and 756.5 m/z
arising from neutral losses of 162 m/z (Fig. 5.6B). Therefore, the Thrs; to Alas
substitution resulted in the loss of only one hexose compared to non-mutated rSodC,
indicating that Thrs; possessed a single hexose and either or both Sers; and Sers; were
modified with one to three hexoses, an unexpected finding. This was supported by the
MS/MS data of the non-mutated rSodC Chy, peptide where the yi, ys, and y7
fragmentation ions corresponding to glycosylated forms of s¢PSGLso, s4PAPSGLs9, and

53SPAPSGLsy, respectively were observed (data not shown).
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Fig. 5.6 MS and MS/MS of glycopeptides generated by chymotrypsin digestion of
rSodC products with Thr to Ala substitutions. (A) MS-ESI spectrum averaged over
89 scans corresponding to Chy; (5;AGSPAPSGLsg) peptide of rSodC-Thrs;-Alas;
demonstrates primarily glycosylated forms modified with one to three hexoses. (B) The
1242.5 m/z [M+H]"" molecular ion marked by an asterisk in (A) was selected for ESI-
MS/MS resulting in a fragmentation pattern containing neutral losses of 162 m/z. The
756.5 m/z molecular ion represents the fully deglycosylated peptide. (C) The 1768.8 m/z
[M+H]"! molecular ion corresponding to the Chy; (1, VPGTTPSIWS5) peptide of rSodC-
Thry;-Alay; with five hexoses was selected for ESI-MS/MS resulting in a fragmentation
pattern containing neutral losses of 162 m/z. The 957.6 m/z molecular ion represents the
fully deglycosylated peptide. (D) The 1677.7 m/z [M+H]"' molecular ion corresponding
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to the Chy; (4#sTVPGATPSIWsy) peptide of rSodC-Thrys-Alass with four hexoses was
selected for ESI-MS/MS resulting in a fragmentation pattern containing neutral losses of

162 m/z (marked with solid arrows —). The 1028.6 m/z molecular ion represents the
fully deglycosylated peptide. In addition, an ion series corresponding to a glycosylated
ys ion series with differences of 162 m/z was observed (marked with dashed arrows --->).
(E) The 16777 m/z [M+H]" molecular ion corresponding to the Chy,
(i TVPGTAPSIWs) peptide of rSodC-Thrys-Alass with four hexoses was selected for
ESI-MS/MS resulting in a fragmentation pattern containing neutral losses of 162 m/z
(marked with solid arrows —). The 1028.6 m/z molecular ion represents the fully
deglycosylated peptide. In addition, an ion series corresponding to a glycosylated yg ion
series with differences of 162 m/z was observed (marked with dashed arrows --->). (F)
The 969.0 m/z [M+H]™" molecular ion corresponding to the Chy; (5sAAPSIWs0) peptide
of rSodC-ThrysThrys-AlassAlags with two hexoses was selected for ESI-MS/MS resulting
in a fragmentation pattern containing neutral losses of 162 m/z. The 644.4 m/z molecular
ion represents the fully deglycosylated peptide. The inset shows the fragmentation of this
glycopeptide.

Similar to non-mutated rSodC, the mutant rSodC Chy; peptides were consistently
found in low abundance, and an approach was taken to selectively scan for [M+H]"!
molecular ions corresponding to the predicted Chy; peptides modified with zero to five
hexoses taking into account the experimentally determined N-termini. For rSodC-Thry;-
Alag; two major [M+H]™' molecular ions (1606.7 and 1768.8 m/z) were found that
corresponded to the 4, VPGTTPSIWsy peptide with four or five hexosyl residues,
respectively. Fragmentation and MS/MS of the 1768.8 m/z ion generated the [M+H]™
daughter ions of 1605.6, 1443.6, 1281.6, 1119.6, and 957.6 m/z arising from neutral
losses of 162 m/z (Fig. 5.6C). Thus N-terminal peptides of rSodC-Thry;-Alas; and non-
mutated rSodC were similar in terms of the level of glycosylation, each with four to five
hexoses, demonstrating Thry; is not glycosylated. In support of this, N-terminal
sequencing was consistently successful in assigning a Thr residue to this position in the

non-mutated 28-kDa rSodC, an assignment otherwise blocked if this residue was

glycosylated. For both rSodC-Thrys-Alays and rSodC-Thrss-Alays three major [M+H]™!
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molecular ions (1353.5, 1515.6, and 1677.7 m/z) were found that differed by 162 m/z and
corresponded to the 4JTVPGATPSIWsy and 4 TVPGTAPSIWSs, peptides with two, three,
and four hexoses, respectively. Fragmentation and MS/MS of the 1677.7 m/z ion
generated the [M+H]"' daughter ions of 1514.6-1514.7, 1352.6, 1190.6, and 1028.6 m/z
arising from neutral losses of 162 m/z (Fig. 5.6D and 5.6E). This demonstrated that an
amino acid substitution at Thrys or Thrye resulted in the loss of one hexosyl residue.
Similar to the non-mutated rSodC Chy; peptide, these MS/MS spectra contained a second
ion series with neutral losses of 162 m/z (1476.6, 1314.5-1314.6, 1152.6-1152.6, 990.5-
990.6, and 828.5 m/z), and this ion series corresponded to glycosylation of the yg-ion
(828.5 m/z) that resulted from fragmentation between 4, Val-Pross. For rSodC-ThrysTh4e-
AlagsAlags two major [M+H]"' molecular ions (806.9 and 969.0 m/z) were found that
differed by 162 m/z and corresponded to the 4sAAPSIWso peptide with one and two
hexoses, respectively. Fragmentation and MS/MS of the 969.0 m/z ion generated
[M+H]™' daughter ions of 806.4 and 644.4 m/z demonstrating the presence of two
hexoses on this peptide (Fig. 5.6F). In summary, the data generated for all mutants in the
45 ThrThrye cluster were in agreement, and revealed each Thr residue is modified with one
to two hexoses and collectively the 4sThrThrss doublet is modified with a total of three
hexoses. The remaining glycosylation on the ssAAPSIWs, peptide is only explained if
Seryg is modified with one to two hexoses. A summary of the MS-based analyses of the

mutated rSodC Chy; and Chy, peptides is shown in Table 5.3.
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Table 5.3 Summary of MS-based analyses of rSodC glycopeptides with Thr to Ala

substitutions

Protein Relevant Peptide  Peptide Sequence  # of hexosyl residues' A from non-mutated
non-mutated rSodC Chy, TVPGTTPSIW 4-5 .-
rSodC-Thr,;-Alay, Chy, VPGTTPSIW 4-5 0
rSOdC'Thr45'Ala45 Ch}’] TVPGATPSIW 2-4 1 '2
rSodC-Thre-Alag Chy, TVPGTAPSIW 2-4 1-2
rSOdC-Thr45Thr46-Ala45Ala46 Chy1 AAPSIW 1-2 3
non-mutated rSodC Chy, TGSPAPSGL 2-4 -—-
rSodC-Thrs;-Alas, Chy, AGSPAPSGL 1-3 1

'Based on the molecular ions observed in the full MS spectra

5.3.5 Subcellular localization

The SodC of Mtbh is annotated as a lipoprotein, and would be expected to be
associated with the cell wall or membrane of Mth. However, we initially identified this
antigenic protein in the CF of Mth. To assess the subcellular location of SodC, Mrb
H37Rv cytosol, membrane, cell wall, and CF fractions were isolated (21), separated by
SDS-PAGE, electroblotted, and probed with polyclonal antiserum raised against SodC
(Fig. 5.7A). Native SodC was dominant in the membrane and cell wall fractions, with a
27-kDa product being the most abundant form. The protein was also present in the CF,
but in much smaller quantities (Fig. 5.7B). In the CF a 22-kDa product was also
observed. The 1.1-kDa C-terminal 4 KLHHHHHH,43 sequence present only in
recombinant forms likely accounts for the difference in size between native and
recombinant products. The rSodC showed a subcellular distribution pattern similar to the
native protein (data not shown), and the 28-kDa rSodC product isolated from the WCL

had an N-terminal sequence of 4 TVPGu. Additionally, molecular masses of the
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recombinant products did not differ between WCL and CF forms from the same strain,
indicating the WCL forms of these products were truncated in the same manner (data not
shown). The native SodC was believed to be acylated in part based on detergent phase
partitioning experiments (8). Unexpectedly, we found that both the native 27-kDa SodC
and 28-kDa rSodC products from both WCL and CF partitioned to the detergent phase,
even though these sequences lack the putative acylated Cyss; (Fig. 5.7B). To confirm
this finding the rv0432 gene without the signal sequence was expressed in
Mycobacterium smegmatis and analysis of the 25-kDa SP-rSodC product in the WCL
demonstrated that SodC partitions to the detergent phase even in the absence of an
acylated Cys residue. A hydropathy plot of SodC suggests the protein sequence contains
extended regions of hydrophobicity, explaining this behavior (data not shown), and

brings into question whether this protein is truly acylated.
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Fig. 5.7 SodC subcellular localization. Subcellular fractions of Mtb H37Rv (lane 1,
cytosol; lane 2, membrane; lane 3, cell wall; and lane 4, CF) were separated by SDS-
PAGE and stained with Coomassie Brilliant Blue (A) or electroblotted and probed with
polyclonal SodC antiserum (B). (C) Western blot with polyclonal SodC antiserum of
TX-114 detergent phase partitioning (lane 1, detergent phase; lane 2, aqueous phase)
performed on cell wall (left panels) and CF (right panels) fractions of Mtb expressing
rSodC (top panels) and wild type Mtb H37Rv (bottom panels). (D) Western blot with
polyclonal SodC antiserum of TX-114 detergent phase partitioning (lane 1, detergent
phase; lane 2, aqueous phase) performed on WCL of M. smegmatis SP-rSodC. CW, cell
wall
5.4  Discussion

The detailed evaluation and description of glycosylation patterns for the MPT32
and MPB83 lipoprotein was accomplished with native products from filtrates of in-vitro-
grown cells (11, 12, 30). In contrast SodC is not a dominant protein of the CF, and
previously escaped detection in proteome-wide evaluation of Mtb CF proteins (25, 39,
45), and was only found in this extracellular preparation after extensive enrichment via

multi-dimensional chromatography (Chapter 3). Thus, to obtain sufficient quantities for

analyses the sodC gene was over expressed in its natural host (Mtb) and recombinant

212

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



protein purified from the CF. N-terminal sequencing and analysis of these products with
the lectin ConA suggested that glycosylation was localized to the 19-amino-acid N-
terminus, and the NetOglyc algorithm (24) predicted specific Ser and Thr residues to be
O-glycosylated in this region. Taking these observations into account and considering
the previous discovery of only O-glycosylated Thr residues in mycobacteria (11, 12, 30),
five Thr residues of SodC with the highest predictive scores were substituted with Ala.
Although Val was selected for substitutions of putative glycosylated Thr residues in
previous studies (20, 30), we found that Ala substitutions had a more neutral effect in
terms of influencing the glycosylation of neighboring residues as predicted by the
NetOglyc algorithm (data not shown), and also resulted in a mass difference (30 Da)
easily tracked in our MS experiments. None of the Thr to Ala substitutions resulted in a
complete loss of glycosylation as assessed by ConA reactivity and MS. Nevertheless, the
substitutions allowed for the assignment of glycosylated residues and determination of
the extent of glycosylation at each residue. Of particular interest was the identification of
O-glycosylated Ser residues which is in contrast to earlier studies where only Thr
residues of Mtb proteins were shown to be glycosylated (11, 12, 20, 30). Arguably the
Thr to Ala substitutions might have altered the natural glycosylation state of surrounding
sequences and in effect forced giycosylation onto neighboring Ser residues. However,
MS/MS data of the non-mutated rSodC Chy, peptide showed this phenomenon was not

occurring. Our data located three Thr and two to three Ser residues possessing
modifications with one to three hexose units, with the total number of hexose units

ranging from six to ten. Figure 5.8 summarizes these results.
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MPKPADHRNHAAVSTSVLSALFLGAGAALLSAC,,;SSPQHA

Man (Man) {Man)(Man)(Man)
Man (Man) (Man)(Man)(Man)
Man (Man)

Maim

ST,,VPGTTPSIWTGSPAPSGLSGHDEESPGAQSI

Fig. 5.8 Working model for the posttranslational modification of Mth SodC. The
region underlined with a solid line denotes the Type II signal peptide preceding the
putative N-terminal acylated Cys (Cj3) described in ref (8). The region underlined with
the dashed line denotes the experimentally determined truncation that resulted in an N-
terminal Thr (T). Glycosylation sites modified with mannose are indicated.
Parentheses denote variable levels of glycosylation. The shaded region indicates the
folded enzymatic structure, for which a more detailed annotation can be found in ref (46).
Man, mannose

The glycosylation pattern of SodC showed several similarities to previously
described mycobacterial glycoproteins. Consistent with oligosaccharide lengths of
MPT32 and MPB83, each site of O-glycosylation on SodC was populated with a mono-,
di- or tri-hexose. Although we did not provide direct chemical evidence for the identity
of the modifying sugar(s) on SodC, mannose was likely the glycosylating entity given
reactivity to ConA, the observed neutral losses of 162 m/z, and the specificity of the jack
bean o-mannosidase used to deglycosylate the protein. Similar to the 19-kDa
lipoprotein, MPT32, and MPB83, a Thr doublet near the N-terminus was glycosylated
(12, 20, 30). Furthermore, the SodC Thr doublet showed great similarity to the MPB83

Thr doublet, where each Thr is variably modified with a mannose or a mannobiose, and
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the Thr doublet is collectively modified with a total of three mannose residues (30).
Features of the five SodC glycosylation sites (treating the Thr doublet as one site) were
similar to the MPB83 and MPT32 glycosylation-site structural features described by (4).
Specifically, three of the five glycosylation sites were present one or two amino acids
downstream of a Pro residue, and all five sites were localized to Pro, Ala, Thr, and Ser
rich domains. Finally, similar to the other glycoproteins of Mrb, SodC possesses multiple
O-glycosylated residues within a short region (five to six residues in a 13 amino-acid
sequence).

SodC is considered one of the few well characterized lipoproteins of Mtb (47) and
evidence for its acylation comes from radiolabeling experiments on recombinant SodC
produced in E. coli and a subsequent comparisons of recombinant and native protein by
non-denaturing activity gel electrophoresis (8). It should also be noted that in the single
study to assess native Mtb lipoproteins by metabolic labeling, products of 26 and 27 kDa
were observed (54). We found native SodC to be equally distributed between the
membrane and cell wall fractions, and this was likely due to mixing of the membrane and
cell wall subcellular fractions during the mechanical breakage of cells. The association
of SodC with the cell envelope is in agreement with the study of Wu et al. (53).
However, we unexpectedly found cell-associated rSodC to possess the same N-terminal
sequence, 2-D gel electrophoresis pattern, and MS-based glycosylation pattern as the
non-lipidated rSodC purified from the CF (data not shown). The described alterations in
SDS-PAGE migration resulting from each Thr to Ala substitution were also observed for
the cell-associated- as well as the CF- form of rSodC. These data (in particular, that from

N-terminal sequencing) demonstrated that cell-associated rSodC was not lipidated. The
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association of SodC with the cell wall in the absence of acylation may result from
interactions between extended hydrophobic stretches of the protein with membrane
lipids. This possibility is supported by our observations that the non-acylated rSodC
localized to the detergent fraction of a TX-114 biphasic partitioning. Alternatively, the
cell wall association could result from hydrophilic interactions of the glycosylated N-
terminus with carbohydrate constituents of the cell wall. Such a phenomenon would also
explain the recent observation that that the non-lipidated glycoprotein MPT32/Apa
associates with the cell wall (37).

Two hypotheses can account for the presence of non-lipidated SodC products.
The first involves multiple signal peptidases acting on the SodC signal peptide. As a
lipoprotein, SodC is predicted to be processed by LspA/Rv1539, a lipoprotein-specific
SPase II (41). Processing of SodC by the Mrtb type-1 signal peptidase (SPase
I/LepB/Rv2903c¢) could also occur. Evaluation of the SodC sequence by SignalP (34)
reveals a potential cleavage site between Alazg and Sersy as well as at the putative
acylated Cyss;, (data not shown). The alternative processing by SPase I may be most
relevant to the N-terminal sequence data obtained for the rSodC-Thrs-Alas; construct
since the substitution made led to a predicted SPase I cleavage site between Thry; and
Valy, that corresponds to the experimentally determined N-terminus of this protein.
Another possibility is that SPase II may have alternative cleavage sites, or acts prior to
acylation as has been recently described for Listeria monocytogenes (3).

The second hypothesis that could account for the lack of acylated rSodC is that of
“proteolytic shaving” (50). This has been reported for Bacillus subtilis where amino

acids downstream of the acylated N-terminal Cys direct the release of lipoproteins from
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membranes through proteolytic cleavage. However, in the case of the B. subtilis protein
glycosylation was not involved. Other have proposed that glycosylation of Mtb proteins
may serve as a signal for proteolytic cleavage, or that glycosylation prevents further
amino-terminal degradation following proteolytic cleavage from the acylated anchor (20,
30). Interestingly, similar to the 25-kDa native CF form of MPBS83, the larger rSodC in
the CF has an N-terminal Thr preceding the glycosylated Thr doublet (ThrssThrys) and
substitution of these Thr residues to Ala resulted in a new N-terminus and further
truncation of SodC. This also was similar to the truncation reported for the 19-kDa
lipoprotein when two glycosylated Thr clusters were substituted with Val residues (20).
Thus, with the data for the rSodC protein produced in Mrb there is further evidence that
amino acids in the N-terminal region and downstream of the acylated Cys influence
“proteolytic shaving” and that glycosylation further influences this process.

A large number of SodC homologues from multiple prokaryotic and eukaryotic
species have been studied and the N-terminal glycosylated region of Mrtb SodC is
conserved among SodC homologues of actinomycetes (Fig. 5.9A), but not with Cu,Zn
SODs of other species (Fig. 5.9B). Further, the Mtb SodC is the only member of the
Cu,Zn SOD family shown to be glycosylated. This would suggest that the N-terminal
portion of the mycobacterial SodC proteins serves a unique function. Recent elucidation
of the crystal structure of a secreted non-acylated form of Mtb SodC produced in E. coli
(46) failed to provide a defined structure of the N-terminal region (Cyss3 and Glnyg) of
the mature protein and this was attributed to the unordered and flexible characteristics of
this region. Prediction of intrinsically folded sequences within the SodC mature protein

sequence using the FoldIndex® tool (36) agreed with this observation (data not shown).
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Thus, there is likely a physical separation between the unordered glycosylated N-
terminus of SodC and its folded enzymatic domain; suggesting that glycosylation does
not directly influence the catalytic activity of SodC. In fact a recombinant form of this
protein produced in E. coli where glycosylation was not possible retained catalytic
activity based on a qualitative assay (8). O-glycosylation is proposed to contribute to an
unordered and extended conformation in proteins (23). Thus, the predicted structure of
the O-glycosylated region of SodC lends support to the above hypothesis that
glycosylation modulates proteolytic processing of the unstructured SodC N-terminus and

greatly influences SodC localization.
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Fig. 5.9 Partial SodC protein sequence alignment from select species. Two sequence-based alignments of homologous SodC
sequences from (A) actinomycetes and (B) prokaryotic and eukaryotic species were generated with the ClustalW software (49).
Shown are sequences corresponding to Cyss; to Alajgy from Mtbh SodC. For prokaryotic species, the signal peptides were removed
prior to alignment. Identical (*), strongly similar (:), and weakly similar (.) residues are indicated. The boxed region corresponds to
the Mtb SodC glycosylated sequence. Modified from Spagnolo ef al. (46).

219



5.5 Literature cited

1. Abernathy, J. L., Wang, Y., Eckhardt, A.E., and Hill, R.L., Identification of
O-glycosylation sites with a gas phase sequencer, in Techniques in Protein
Chemistry, J.L. Abernathy, Editor. 1992, Academic Press, Inc.: New York. p.
277-86.

2. Battistoni, A. and G. Rotilio. 1995. Isolation of an active and heat-stable
monomeric form of Cu,Zn superoxide dismutase from the periplasmic space of
Escherichia coli. FEBS Lett 374(2): 199-202.

3. Baumgartner, M., U. Karst, B. Gerstel, M. Loessner, J. Wehland, and L.
Jansch. 2007. Inactivation of Lgt allows systematic characterization of
lipoproteins from Listeria monocytogenes. J Bacteriol 189(2): 313-24.

4, Belisle, J. T., M. Braunstein, I. Rosenkrands, and P. Andersen, The Proteome
of Mycobacterium tuberculosis, in Tuberculosis and the Tubercle Bacillus, S.T.
Cole, Editor. 2005, ASM Press: Washingoton, DC. p. 235-60.

5. Braunstein, M., B. J. Espinosa, J. Chan, J. T. Belisle, and W. R. Jacobs, Jr.
2003. SecA2 functions in the secretion of superoxide dismutase A and in the
virulence of Mycobacterium tuberculosis. Mol Microbiol 48(2): 453-64.

6. Coligan, J. E. e. a., in Current Protocols in Protein Science. p. 10.5.1.

7. Cutalo, J. M., L. J. Deterding, and K. B. Tomer. 2004, Characterization of
glycopeptides from HIV-I(SF2) gpl120 by liquid chromatography mass
spectrometry. J Am Soc Mass Spectrom 15(11): 1545-55.

8. D'Orazio, M., S. Folcarelli, F. Mariani, V. Colizzi, G. Retilio, and A.
Battistoni. 2001. Lipid modification of the Cu,Zn superoxide dismutase from
Mpycobacterium tuberculosis. Biochem J 359(Pt 1): 17-22.

0. Daugelat, S., J. Kowall, J. Mattow, D. Bumann, R. Winter, R. Hurwitz, and
S. H. Kaufmann. 2003. The RDI1 proteins of Mycobacterium tuberculosis:
expression in Mpycobacterium smegmatis and biochemical characterization.
Microbes Infect 5(12): 1082-95.

10. Deshpande, R. G., M. B. Khan, D. A. Bhat, and R. G. Navalkar. 1993.
Superoxide dismutase activity of Mycobacterium tuberculosis isolated from

tuberculosis patients and the immunoreactivity of superoxide dismutase from M.
tuberculosis H37Rv. Tuber Lung Dis 74(6): 388-94.

11. Dobos, K. M., K. H. Khoo, K. M. Swiderek, P. J. Brennan, and J. T. Belisle.
1996. Definition of the full extent of glycosylation of the 45-kilodalton
glycoprotein of Mycobacterium tuberculosis. J Bacteriol 178(9): 2498-506.

220

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Dobos, K. M., K. Swiderek, K. H. Khoo, P. J. Brennan, and J. T. Belisle.
1995. Evidence for glycosylation sites on the 45-kilodalton glycoprotein of
Mycobacterium tuberculosis. Infect Immun 63(8): 2846-53.

Edwards, K. M., M. H. Cynamon, R. K. Voladri, C. C. Hager, M. S.
DeStefano, K. T. Tham, D. L. Lakey, M. R. Bochan, and D. S. Kernodle.
2001. Iron-cofactored superoxide dismutase inhibits host responses to
Mycobacterium tuberculosis. Am J Respir Crit Care Med 164(12): 2213-9.

Espitia, C. and R. Mancilla. 1989. Identification, isolation and partial
characterization of Mycobacterium tuberculosis glycoprotein antigens. Clin Exp
Immunol 77(3): 378-83.

Fenyo, D. and R. C. Beavis. 2003. A method for assessing the statistical
significance of mass spectrometry-based protein identifications using general
scoring schemes. Anal Chem 75(4): 768-74.

Fifis, T., C. Costopoulos, A. J. Radford, A. Bacic, and P. R. Wood. 1991.
Purification and characterization of major antigens from a Mycobacterium bovis
culture filtrate. Infect Immun 59(3): 800-7.

Garbe, T., D. Harris, M. Vordermeier, R. Lathigra, J. Ivanyi, and D. Young.
1993. Expression of the Mycobacterium tuberculosis 19-kilodalton antigen in
Mycobacterium smegmatis: immunological analysis and evidence of
glycosylation. Infect Immun 61(1): 260-7.

Gasteiger E., H. C., Gattiker A., Duvaud S., Wilkins M.R., Appel R.D.,
Bairoch A., Protein Identification and Analysis Tools on the ExXPASy Server, in
The Proteomics Protocols Handbook, J.M. Walker, Editor. 2005, Humana Press.
p. 571-607.

Herrmann, J. L., R. Delahay, A. Gallagher, B. Robertson, and D. Young.
2000. Analysis of post-translational modification of mycobacterial proteins using
a cassette expression system. FEBS Lett 473(3): 358-62.

Herrmann, J. L., P. O'Gaora, A. Gallagher, J. E. Thole, and D. B. Young.
1996. Bacterial glycoproteins: a link between glycosylation and proteolytic
cleavage of a 19 kDa antigen from Mycobacterium tuberculosis. Embo J 15(14):
3547-54.

Hirschfield, G. R., M. McNeil, and P. J. Brennan. 1990. Peptidoglycan-
associated polypeptides of Mycobacterium tuberculosis. J Bacteriol 172(2):
1005-13.

Horn, C., A. Namane, P. Pescher, M. Riviere, F. Romain, G. Puzo, O. Barzu,
and G. Marchal. 1999. Decreased capacity of recombinant 45/47-kDa molecules
(Apa) of Mycobacterium tuberculosis to stimulate T lymphocyte responses related
to changes in their mannosylation pattern. J Biol Chem 274(45): 32023-30.

221

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Jentoft, N. 1990. Why are proteins O-glycosylated? Trends Biochem Sci 15(8):
291-4.

Julenius, K., A. Molgaard, R. Gupta, and S. Brunak. 2005. Prediction,
conservation analysis, and structural characterization of mammalian mucin-type
O-glycosylation sites. Glycobiology 15(2): 153-64.

Jungblut, P. R., U. E. Schaible, H. J. Mollenkopf, U. Zimny-Arndt, B.
Raupach, J. Mattow, P. Halada, S. Lamer, K. Hagens, and S. H. Kaufmann.
1999. Comparative proteome analysis of Mycobacterium tuberculosis and
Mycobacterium bovis BCG strains: towards functional genomics of microbial
pathogens. Mol Microbiol 33(6): 1103-17.

Kimura, Y., D. Hess, and A. Sturm. 1999. The N-glycans of jack bean alpha-
mannosidase. Structure, topology and function. Eur J Biochem 264(1): 168-75.

Kyte, J. and R. F. Doolittle. 1982. A simple method for displaying the
hydropathic character of a protein. J Mol Biol 157(1): 105-32.

Link, A. J., K. Robison, and G. M. Church. 1997. Comparing the predicted and
observed properties of proteins encoded in the genome of Escherichia coli K-12.
Electrophoresis 18(8): 1259-313.

McDonald, W. H. and J. R. Yates, 3rd. 2002. Shotgun proteomics and
biomarker discovery. Dis Markers 18(2): 99-105.

Michell, S. L., A. O. Whelan, P. R. Wheeler, M. Panico, R. L. Easton, A. T.
Etienne, S. M. Haslam, A. Dell, H. R. Morris, A. J. Reason, J. L. Herrmann,
D. B. Young, and R. G. Hewinson. 2003. The MPBS83 antigen from
Mpycobacterium bovis contains O-linked mannose and (1-->3)-mannobiose
moieties. J Biol Chem 278(18): 16423-32.

Morrissey, J. H. 1981. Silver stain for proteins in polyacrylamide gels: a
modified procedure with enhanced uniform sensitivity. Anal Biochem 117(2):
307-10.

Nielsen, H., J. Engelbrecht, S. Brunak, and G. von Heijne. 1997. Identification
of prokaryotic and eukaryotic signal peptides and prediction of their cleavage
sites. Protein Eng 10(1): 1-6.

Nielsen, H. and A. Krogh. 1998. Prediction of signal peptides and signal anchors
by a hidden Markov model. Proc Int Conf Intell Syst Mol Biol 6: 122-30.

Nielsen, J. B. and J. O. Lampen. 1982. Glyceride-cysteine lipoproteins and
secretion by Gram-positive bacteria. J Bacteriol 152(1): 315-22.

Piddington, D. L., F. C. Fang, T. Laessig, A. M. Cooper, I. M. Orme, and N.
A. Buchmeier. 2001. Cu,Zn superoxide dismutase of Mycobacterium

222

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

tuberculosis contributes to survival in activated macrophages that are generating
an oxidative burst. Infect Inmun 69(8): 4980-7.

Prilusky, J., C. E. Felder, T. Zeev-Ben-Mordehai, E. H. Rydberg, O. Man, J.
S. Beckmann, 1. Silman, and J. L. Sussman. 2005. FoldIndex: a simple tool to
predict whether a given protein sequence is intrinsically unfolded. Bioinformatics
21(16): 3435-8.

Ragas, A., L. Roussel, G. Puzo, and M. Riviere. 2007. The Mycobacterium
tuberculosis cell-surface glycoprotein apa as a potential adhesin to colonize target

cells via the innate immune system pulmonary C-type lectin surfactant protein A.
J Biol Chem 282(8): 5133-42.

Romain, F., C. Horn, P. Pescher, A. Namane, M. Riviere, G. Puzo, O. Barzu,
and G. Marchal. 1999. Deglycosylation of the 45/47-kilodalton antigen complex
of Mycobacterium tuberculosis decreases its capacity to elicit in vivo or in vitro
cellular immune responses. Infect Immun 67(11): 5567-72.

Rosenkrands, 1., A. King, K. Weldingh, M. Moniatte, E. Moertz, and P.
Andersen. 2000. Towards the proteome of Mycobacterium tuberculosis.
Electrophoresis 21(17): 3740-56.

Sambrook J.E., F. E. F., Maniatis T., Molecular Cloning: A Laboratory
Manual. 1989, New York: Cold Spring Harbor Laboratory Press.

Sander, P., M. Rezwan, B. Walker, S. K. Rampini, R. M. Kroppenstedt, S.
Ehlers, C. Keller, J. R. Keeble, M. Hagemeier, M. J. Colston, B. Springer,
and E. C. Bottger. 2004. Lipoprotein processing is required for virulence of
Mycobacterium tuberculosis. Mol Microbiol 52(6): 1543-52.

Shively, J. E., P. Miller, and M. Ronk. 1987. Microsequence analysis of
peptides and proteins. VI. A continuous flow reactor for sample concentration and
sequence analysis. Anal Biochem 163(2): 517-29.

Smith, P. K., R. I. Krohn, G. T. Hermanson, A. K. Mallia, F. H. Gartner, M.
D. Provenzano, E. K. Fujimoto, N. M. Goeke, B. J. Olson, and D. C. Klenk.
1985. Measurement of protein using bicinchoninic acid. Anal Biochem 150(1):
76-85.

Snapper, S. B., R. E. Melton, S. Mustafa, T. Kieser, and W. R. Jacobs, Jr.
1990. Isolation and characterization of efficient plasmid transformation mutants
of Mycobacterium smegmatis. Mol Microbiol 4(11): 1911-9.

Sonnenberg, M. G. and J. T. Belisle. 1997. Definition of Mycobacterium
tuberculosis culture filtrate proteins by two-dimensional polyacrylamide gel
electrophoresis, N-terminal amino acid sequencing, and electrospray mass
spectrometry. Infect Immun 65(11): 4515-24.

223

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



46.

47.

48.

49.

50.

51.

52.

53.

54.

Spagnolo, L., I. Toro, M. D'Orazio, P. O'Neill, J. Z. Pedersen, O. Carugo, G.
Rotilio, A. Battistoni, and K. Djinovic-Carugo. 2004. Unique features of the
sodC-encoded superoxide dismutase from Mycobacterium tuberculosis, a fully
functional copper-containing enzyme lacking zinc in the active site. J Biol Chem
279(32): 33447-55.

Sutcliffe, I. C. and D. J. Harrington. 2004. Lipoproteins of Mycobacterium
tuberculosis: an abundant and functionally diverse class of cell envelope
components. FEMS Microbiol Rev 28(5): 645-59.

Takayama, K., H. K. Schnoes, E. L. Armstrong, and R. W. Boyle. 1975. Site
of inhibitory action of isoniazid in the synthesis of mycolic acids in
Mycobacterium tuberculosis. J Lipid Res 16(4): 308-17.

Thompson, J. D., D. G. Higgins, and T. J. Gibson. 1994. CLUSTAL W:
improving the sensitivity of progressive multiple sequence alignment through

sequence weighting, position-specific gap penalties and weight matrix choice.
Nucleic Acids Res 22(22): 4673-80.

Tjalsma, H. and J. M. van Dijl. 2005. Proteomics-based consensus prediction of
protein retention in a bacterial membrane. Proteomics 5(17): 4472-82.

Volpe, E., G. Cappelli, M. Grassi, A. Martino, A. Serafino, V. Colizzi, N.
Sanarico, and F. Mariani. 2006. Gene expression profiling of human

macrophages at late time of infection with Mycobacterium tuberculosis.
Immunology 118(4): 449-60.

Wasinger, V. C. and I. Humphery-Smith. 1998. Small genes/gene-products in
Escherichia coli K-12. FEMS Microbiol Lett 169(2): 375-82.

Wu, C. H,, J. J. Tsai-Wu, Y. T. Huang, C. Y. Lin, G. G. Lioua, and F. J. Lee.
1998. Identification and subcellular localization of a novel Cu,Zn superoxide
dismutase of Mycobacterium tuberculosis. FEBS Lett 439(1-2): 192-6.

Young, D. B. and T. R. Garbe. 1991. Lipoprotein antigens of Mycobacterium
tuberculosis. Res Microbiol 142(1): 55-65.

224

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter VI

Final Discussion and Future Directions

6.1  TB serodiagnosis

Identification of Mrb antigens has been achieved through a myriad of
experimental techniques, yet few studies have attempted to evaluate antigenic responses
on a proteome scale. It was recently shown that different stages of disease were
distinguishable via 2-D Western blot analyses of Mtb CF proteins (20); however, this
methodology is not suitable for high-throughput testing. Advances in protein microarray
technology provide a realistic mechanism to screen a large number of serum samples
against thousands of proteins to identify biomarkers of disease states. This work
established techniques to generate a first generation protein microarray with native CF
and cytosolic proteins of Mth. Evaluation of serological reactivity from 42 patients in
three tuberculosis disease states and healthy PPD+ individuals demonstrated that HIV
negative cavitary- and noncavitary-TB patients recognized 126 and 59 fractions,
respectively. Sera from HIV+TB+ patients recognized 20 fractions, of which five
overlapped with those recognized by non-HIV TB patients and 15 were unique to the
HIV+TB+ disease state. The repertoire of antigens recognized by each disease state
confirmed earlier observations that a subset of antigens is recognized early in disease
progression (20). The seroreactive components in each fraction were identified with MS-
based methods, resulting in 11 previously known antigens and four newly identified
antigens. The seroreactivities of recombinant forms of these four antigens were validated

by ELISA, bringing this study to a conclusion.
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Unique seroreactivity profiles were observed for noncavitary TB patients, cavitary
TB patients, and HIV+TB+ patients. These results should enhance our understanding of
antigen recognition and disease progression, and this knowledge could assist in
developing a future diagnostic assay. The protein microarray specifically described in
this work has the capability to assess seroreactivity patterns across other TB disease
states. Extrapulmonary TB and pediatric TB contribute significantly to the global TB
burden, but have been largely neglected in terms of diagnostic strategies. An
understanding of the antigens recognized by these two groups would greatly aid in
designing strategies for their diagnosis. Comparative studies are also needed to further
address recent proposals that some antigens can differentiate between inactive, latent TB
and active TB (4, 5). Testing large numbers of sera banks from different geographic
locations should result in further statistical significance and may reveal distinct trends
across patient cohorts.

This work revealed a distinct reactivity profile for HIV+TB+ patients. The
majority of fractions recognized by this group were not recognized by HIV-negative TB
individuals, suggesting aspects of HIV infection result in differential immune recognition
of Mtb antigens. These disparities in recognition could be due to an altered immune
response, atypical disease progression, or modification of bacterial gene expression in
response to the host environment. Regardless of the underlying cause, an antigen specific
for HIV-coinfection could aid in the development of a targeted diagnostic assay. The
similar fractionation characteristics of the 15 unique spots suggested a single antigen may
be solely responsible for the unique HIV+TB+ profile. Unfortunately, attempts in

identifying this antigen were unsuccessful, and were hindered by limited quantities of
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both sample and patients’ sera. Future attempts in identifying this antigen will require
careful consideration of experimental design. Large amounts of CF proteins will be
required as starting material, and fractionation procedures will need to be optimized for
isolation of the antigen. Evaluating the reactivity of fractions with HIV+TB+ patients’
sera in an ELISA-based format should aid in the purification. Appropriate controls will
be essential for this assay, including healthy controls, HIV-TB+, and HIV+TB- patients’
sera. Although the identification of an HIV-specific antigen is intriguing, two other
antigens, MPT51 and GlcB, were recently shown to provide 91% sensitivity for
HIV+TB+ patients (23). In contrast, similar success has not been achieved in identifying
antigens capable of diagnosing smear-negative, noncavitary TB patients, suggesting
research efforts should instead be more focused on this patient cohort.

The extensive protein fractionation scheme significantly reduced the complexity
of cytosolic and CF proteins and permitted the identification of both previously identified
and novel antigens. As a case in point, for one particular fraction the novel antigen SodC
was enriched for approximately 1000-fold. Furthermore, a relationship was observed
where antigens were more often identified in fractions of low complexity than that of
high complexity. However, we were unable to identify the reactive components of ~1/3
of the reactive fractions primarily due to insufficient remaining protein quantities. These
combined observations suggest the separation scheme walked a fine line between antigen
enrichment and sufficient end protein yields for further analysis. As discussed in Chapter
2, alternative fractionation strategies may be expected to result in a different list of
identified antigens that displays minimal overlap with the set of antigens identified in this

work. However, our work identified 11 previously characterized antigens, with nine of
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these repeatedly described in the literature, suggesting our approach was fairly
comprehensive. Despite efforts to enrich for proteins of low abundance, we recognize
that a relatively small number of novel antigens were identified in this study. An
explanation for the low number of newly identified antigens is that the discovery of new
serodiagnostic antigens from in vitro grown Mtb cytosolic and CF protein pools is nearly
exhausted. In contrast, the cell envelope protein pool of M. tuberculosis is under-
exploited for serodiagnostic antigen discovery. Indeed this works suggests the cell
envelope may be in fact rich in diagnostic molecules, as each of the four novel antigens
described in this work were abundant in the cell wall and membrane fractions, similar to
a recent finding regarding Mtb T cell antigens (12). The methodologies described in this
work lay a foundation for serodiagnostic antigen discovery with the cell envelope
fraction, although fractionation of membrane proteins will likely pose unique technical
challenges. Future fractionation strategies may consider the use of denaturating agents to
further improve protein resolution and increase antigen detection; however, such an
approach might also destroy conformational epitopes.

Further Mtb antigen discovery will likely be realized once microarray technology
is applied to a complete Mrtbh recombinant protein library that potentially represents all
3,989 ORFs. Despite this exciting prospect, it is highly unlikely that a single antigen will
be revealed as a “magic bullet”, able to diagnose TB disease in all of its manifestation
with near 100% accuracy. Thus, a diagnostic assay will probably be based on several
antigens with overlapping sensitivities across patient samples. To test this hypothesis,
purified forms of the serodiagnostic candidates described thus far could be

simultaneously analyzed with the microarray platform. These targeted arrays would have
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the potential to identify optimal antigen combinations. Moreover, some antigens (like
GlcB) may be useful in identifying all stages of infection, including early infection, while
other antigens (like HspX) may be able to fine-tune the prediction and indicate active
versus latent infection. These data would make it possible to develop clinical assays
based on multiple antigen “barcodes” that will not only enable serodiagnosis of TB, but
also the determination of disease severity. Further adding to this approach, a more
refined analysis of the top antigens at hand may provide fruitful data. Arrays that display
overlapping peptides derived from antigenic proteins may result in the identification of
highly reactive epitopes. In addition, peptide arrays should identify non-informative
peptides or even epitopes possessing cross-specificity, both of which would contribute to
increased background noise in an assay. Development of a clinical assay from the
ground up may greatly benefit from inclusion of peptides with high performance that
possess defined epitopes and exclusion of peptides that could hinder the assay.
Combined with technical improvements such as detection of low titers of antibodies and
development of lateral flow and immunochromatographic tests, the identification of
optimal antigenic and peptide combinations should provide optimism for a successful
serodiagnostic assay in the future.

This work led to the identification of four previously unidentified antigens (BftB,
LppZ, SodC, and TrxC) with potential serodiagnostic utility. Recombinant forms of
these antigens were produced in E. coli and M. smegmatis, and were evaluated in a more
traditional ELISA-based format with patients’ sera. Each antigen displayed greater than
40% sensitivity in identifying individuals with cavitary TB, thereby validating the

methodologies developed in this work that were used for their initial discovery.
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However, further testing with larger panels of patients’ sera is required to obtain more
statistically accurate estimates of their serodiagnostic characteristics, especially regarding
their ability to identify individuals with the various clinical manifestations of TB.
Notably, noncavitary TB patients’ sera were not included in this initial validation study,
and serological data from this cohort is needed to compare with the microarray profiles
generated from this group.

An interesting finding from this work is that the novel recombinant antigens
produced in M. smegmatis consistently demonstrated greater seroreactivity than the forms
produced in E. coli. These differences may suggest M. smegmatis is a superior
recombinant host for antigen production; however, future studies should be approached
with great caution. The differences in seroreactivity are likely due to contaminating M.
smegmatis seroreactive molecules separate from the recombinant protein of interest.
Isolation, identification, production, and characterization of these components across
multiple patient cohorts are needed before they are included in a diagnostic assay.
Otherwise, similar to crude mycobacterial preparations (3), the presence of undefined
components may provide poor specificities.

In the course of validating the seroreactivities of the four novel antigen candidates
identified in this work, recombinant forms were produced and analyzed via SDS-PAGE.
This led to the observation that the molecular mass of rSodC produced in M. smegmatis
was larger than that of SP-rSodC produced in E. coli. Western blot analysis with the
lectin ConA suggested this molecular mass difference was due to glycosylation of rSodC
in M. smegmatis. However, naturally the question arises as to whether glycosylation of

rSodC influences its seroreactivity, as has been shown for MPT32 (13). Indeed, the
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ELISA data demonstrated that a greater number of cévitary TB patients’ sera recognized
rSodC from M. smegmatis versus SP-rSodC from E. coli; however, each of the
recombinant proteins produced in M. smegmatis was more seroreactive than their E. coli
counterpart, and glycosylation alone cannot account for these differences as a whole.
Further experimentation suggested SodC glycosylation does not affect its seroreactivity.
Western blot analyses with pooled patients’ sera indicated no observable differences in
the seroreactivities of SP-rSodC from E. coli, rSodC from M. smegmatis, and rSodC from
Mtb (data not shown). Furthermore, treatment of rSodC from Mrb with a-mannosidase
did not coincide with an observable decrease in seroreactivity by Western blot (data not
shown). However, these preliminary results require further validation, and analyses with
a large panel of individual patient’s serum in a more quantitative ELISA format would
likely provide more definitive results. Such information could be of importance, as the
additional serological recognition of mycobacterial-specific glycosylated epitopes could
provide extra sensitivity and/or specificity in a diagnostic assay. The finding that rSodC
produced in M. smegmatis was glycosylated corroborated a previous observation (9), and
provided the opportunity to characterize an Mrb glycoprotein with a well-defined
function and high-resolution crystal structure. This marked a shift in the research focus
of this work, and resulted in a detailed structural analysis of the sites and extent of
glycosylation of rSodC produced in Mtb.
6.2  Mycobacterial protein glycosylation

Complete structural descriptions have been provided for two mycobacterial
glycoproteins, MPT32 and MPB83 (6, 15). This work identified the sites and extent of

glycosylation of a third glycoprotein belonging to the MTBC. Similar to MPT32 and
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MPBS83, SodC possessed multiple O-glycosylated Thr residues localized near the N-
terminus that were each modified with a mannose, a mannobiose, or a mannotriose. In
addition to Thr O-mannosylation, Ser residues were also shown to be O-mannosylated.
The structural characterization of SodC is significant for two reasons. First, this work has
effectively doubled the number of identified mycobacterial O-mannosylation sites from
six to 12, and this data should aid in the design of glycosylation-site prediction tools
specifically trained on mycobacterial O-mannosylation sites. The development of such a
tool would greatly aid in defining the repertoire of mycobacterial glycoproteins, an
invaluable set of information. If 12 glycosylation sites are not sufficient to build an
accurate prediction tool, then the MS-based analyses methods developed in this work
should aid in further identifying glycopeptides and O-glycosylated residues within the
mycobacterial proteome. Second, the SodC glycoprotein structure provides clues as to
the biological significance of mycobacterial protein mannosylation, a concept further
discussed below.

An unresolved question from our current studies is the nature of the carbohydrate
linkages in SodC. The Mfb secreted MPT32 was found to contain o1—2)-linked
mannose residues (6) while the mannobiose of the M. bovis lipoprotein MPB83 was
found to possess an a(1—3) linkage (15). These linkage disparities may be due to
differences in glycoprotein biosynthesis between mycobacterial species, or may be the
result of glycosylation differences of lipidated versus nonlipidated secreted proteins. The
latter scenario would be especially intriguing, because it would suggest the presence of
multiple PMTs with unique specificities, in addition to the established PMT Rv1002¢

postulated to transfer the initial single mannose residue (25). Linkage analysis of SodC, a
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glycosylated Mrb lipoprotein, would seem to help address the nature of the linkage
differences. However, this work brings into question whether SodC is truly lipidated, and
whether the signal peptide is processed with a type I or type II SPase. Therefore, linkage
determination of SodC oligomannosides would most likely result in ambiguous
interpretations, leaving such questions unanswered. Instead, continued oligomannoside
structural analyses of Mtb and M. bovis confirmed lipoproteins and secreted proteins are
needed to address the nature of the differences in carbohydrate linkages.

The identification of glycosylated Ser residues was unexpected, considering(that
strictly Thr O-glycosylation has been demonstrated in Mycobacteria spp. to date (6, 7,
10, 15). This finding raises questions regarding mycobacterial glycoprotein biosynthesis,
namely whether a single mycobacterial PMT can recognize and glycosylate Thr and Ser
residues, or whether separate PMTs are required for each hydroxy amino acid. The
future identification and analyses of additional PMTs from M¢b should aid in the
understanding of PMT substrate specificity. However, the specificity of the PMT
Rv1002¢ could readily be determined with an experimental procedure similar to that
described by VanderVen et al. (25). Specifically, synthetic peptide acceptors could be
designed that are based on the SodC N-terminal glycosylated sequence with and without
Thr residues substituted with Ala residues. Mycobacterial cytoplasmic membrane
extracts expressing recombinant »vI002¢ could then be assayed for the ability to transfer

radiolabelled mannose from GDP-['*C]-mannose onto the various peptide acceptors, and
in this manner the ability of Rv1002¢ to transfer mannose to Ser residues could be

determined. Comparing the relative PMT activities of membrane extracts from a strain
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expressing rvI002c versus a strain containing an empty vector would be necessary to
establish Rv1002c¢ substrate specificity.

The function of protein glycosylation in mycobacteria is an enigma. Protein
mannosylation has been shown to influence immune recognition (11, 13, 19) and
interactions with the host cell (18). Although such effects on Mrb pathogenesis are
intriguing, protein glycosylation likely serves a more fundamental role in the physiology
of the bacillus. This hypothesis is supported by the essentiality of the PMT Rv1002¢
gene product for in vitro growth as proposed by transposon mutagenesis studies (22).
Furthermore numerous studies, including this work, have shown Mtb protein sequences
to be glycosylated when produced in M. smegmatis (2, 8, 9), demonstrating the presence
of intact protein mannosylation systems in both pathogenic and nonpathogenic
mycobacteria. In addition to providing the mannoprotein structure of SodC, this work
resulted in two important findings that should contribute to the future elucidation of the
primary role of mycobacterial protein glycosylation.

The first finding suggests glycosylation likely does not regulate the catalytic
activity of SodC. This hypothesis is based on a combination of SodC protein sequence
comparisons across diverse species and the likely physical separation of the unfolded,
extended glycosylated sequence from the previously determined folded enzymatic SOD
domain (24). Future SOD quantitative activity-based experiments are needed to validate
this hypothesis and to explore the potential effects glycosylation has on cofactor usage or
protein dimerization, and the various mutated and non-mutated rSodC expression
constructs described in this work should greatly aid in such experiments. Furthermore, as

crystal structures and functional domains of Mtb proteins continue to be defined, future
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comparisons with mycobacterial glycoprotein sequences, identified experimentally or
through advanced glycoprotein prediction tools, should help in addressing the
relationship between glycosylation and enzymatic activity.

The second finding adds to growing evidence that suggests mycobacterial protein
glycosylation may be directing proteolytic cleavage of lipoproteins. Several observations
support this hypothesis. We identified processed forms of SodC in the CF, and this was
similar to previous findings for two other glycolipoproteins, in which truncated forms of
the 38-kDa antigen and MPB83 were also observed in this fraction (1, 15). SodC
mannosylation is localized near the N-terminus, in general agreement with the predicted
location of glycosylation for most Mtb lipoproteins as determined through bioinformatic
analyses (9). Similar to a report for the 19-kDa lipoprotein (10), substitution of a SodC
glycosylated Thr cluster in the N-terminal region resulted in truncation of the N-terminus.
Thus, SodC data supports any of the three previous previously proposed mechanisms, 1)
glycosylation serves as a signal for cleavage, 2) glycosylation protects from further
amino-terminal degradation following proteolytic cleavage from the acylated anchor, or
3) glycosylation protects lipoproteins from initial proteolytic cleavage of the acylated
anchor (10, 15). Recently, parallels were drawn between mycobacterial and yeast
mannoprotein biosynthesis (25). Therefore, it may be hypothesized that mycobacterial
mannosylation serves similar functions to yeast O-glycosylation, which include
protection from proteolytic processing (14, 21) and proper protein localization (17).

The in vivo contribution of SodC glycosylation could be analyzed in two different
manners. Firstly, Piddington et al. (16) showed that an Mtb sodC null mutant was readily

killed in broth cultures supplemented with the extracellular superoxide-generating
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compounds hypoxanthine and xanthine oxidase. Thus, complementation of this mutant
with the non-mutated sodC and the various sodC mutants encoding Thr to Ala
substitutions could result in different survival phenotypes, suggesting glycosylation
affects the function of SodC. Secondly, perhaps of even greater interest is the finding
that an Mtb sodC null mutant showed increased susceptibility to killing by IFN-y-
activated murine macrophages (16). Complementation with chromosomal copies of non-
mutated sodC and the various sodC mutants encoding Thr to Ala substitutions could
demonstrate that Mtb protein glycosylation contributes to virulence, a significant finding.
Although both of these experiments could establish in vivo roles for protein glycosylation
in mycobacterial defense, these methods would not resolve the manner in which
glycosylation affects SodC function.

The proteolytic processing hypothesis supports an overall model where
mycobacterial protein glycosylation serves to regulate the turnover of cell wall proteins
and lipoproteins. By varying the extent of glycosylation, Mth may be able to finely
modulate the placement and activity of enzymes during different growth phases of the
bacillus. Recent insight gained into the biosynthesis of Mtb mannoproteins (25) along
with the tools and information from this current work will allow careful testing of this
hypothesis. Identification of the key players in these processes and elucidation of their
interactions could provide novel drug targets and a better understanding of mycobacterial
physiology and pathogenesis in general.
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