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ROLES OF THE
METHYLCITRATE AND METHYLMALONYL-COA PATHWAYS
IN MYCOBACTERIAL METABOLISM AND PATHOGENESIS

Manisha Ulhas Lotlikar, Ph.D.
The Rockefeller University 2012

Mycobacterium tuberculosis has been a human pathogen for the history of
mankind, but we are only now beginning to understand how it is able to survive
and persist indefinitely in the host. Understanding carbon metabolism of the
pathogen during infection is key, not only as a source of potential drug targets,
but also for elucidating the environment in vivo, so that drugs can be tested under
relevant conditions.

Studies have revealed that, during infection, M. tuberculosis relies on
gluconeogenic carbon sources rather than sugars. Fatty acids, cholesterol, and
amino acids have all been demonstrated as usable carbon sources in vitro and
can all generate propionyl-CoA. The methyicitrate cycle, which, in M. tuberculosis,
uses a bifunctional isocitrate lyase/methylisocitrate lyase (ICL/MCL), is one of the
two routes for metabolism of propionyl-CoA. A mutant strain of M. tuberculosis
lacking the ICL/MCL was rapidly cleared from the lungs of infected mice.
However, the upstream enzymes of this pathway have been demonstrated to be
dispensable for infection and survival in the mouse model. The methylmalonyl-
CoA route of propionyl-CoA utilization can be activated in vitro by addition of the

vitamin B12 cofactor of the methylmalonyl-CoA mutase. This route may buffer



the loss of the methylcitrate cycle in vivo, depending on B12 availability or
production in the host.

The work here examines the relative use of the methyicitrate cycle and
methylmalonyl-CoA pathways in M. tuberculosis and in the related, non-
pathogenic species, M. smegmatis, using genetic mutants of either or both of the
metabolic routes. It is shown here that, as for M. tuberculosis, M. smegmatis
preferentially uses the methylcitrate cycle for growth on propionate. In the
absence of the methyicitrate cycle M. smegmatis, in contrast to M. tuberculosis,
can eventually endogenously activate the methylmalonyl-CoA pathway in vitro,
presumably through B12 synthesis. In mutants of both species, lacking both
pathways, the use of other carbon sources in the media is inhibited in the
presence of propionate. This dominant inhibition implies the accumulation of
toxic metabolites derived from the inability to metabolize propionate, as has been
suggested by previous studies.

To detect propionate-derived intermediates, metabolite analysis by
targeted liquid chromatography-tandem mass spectrometry (LC-MS/MS) was
used in this study. Accumulation of these metabolites under propionate exposure
was identified in a strain of M. smegmatis impaired in both metabolic routes, but
not in the wild-type. These studies also revealed similar accumulation under
glucose growth, where the mutant strain displayed a slight growth defect, and
also under no-carbon conditions, where the mutant demonstrated a survival

defect compared to wild-type. These findings suggest a role of the propionate



pathways for endogenously derived propionyl-CoA as well as during starvation-
induced amino acid and/or fatty acid mobilization.

The M. tuberculosis mutant strains generated here were tested in the
mouse infection model. The methylmalonyl-CoA mutase was found to be
individually dispensable for growth in vivo. However, a strain with the additional
deletion of the methyicitrate cycle was attenuated during the early stage of
infection and caused less tissue pathology, even after the bacterial burden
reached wild-type levels. While propionate metabolism may not be required per
se for in vivo growth, the suggested accumulation of toxic intermediates,
demonstrated here in M. smegmatis, may indicate a required role for ICL/MCL in

M. tuberculosis for detoxification of propionyl-CoA in vivo.
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1. Background

1.1 Metabolism in mycobacteria

“There have been repeated attempts to fathom the nature of tuberculosis, but

thus far without success” - Dr. Robert Koch, 1884, translated

Dr. Koch wrote these words as an introduction to one of his seminal
papers, which then went on to elucidate the ‘nature’ of the disease, yet the
unfathomable nature of tuberculosis (TB) persists to the present day, in a
different sense. The global burden of the affliction is allocated to those least able
to deal with it; of the 3,800 daily worldwide deaths from TB in 2010, 95% were in
the developing world (World Health Organization 2011). The bacterium
responsible outpaces the efforts to stop it, with a rising incidence of multiple drug

resistant (MDR) and extremely drug resistant (XDR) cases.

1.1.1 Mycobacterium tuberculosis

The microorganism that causes tuberculosis in humans was identified in
1882 by Dr. Robert Koch as being ‘rod-shaped’ and belonging to the ‘group of
bacillf and came to be known as the ‘tubercle bacillus’. Mycobacterium
tuberculosis is now taxonomically classified as a member of the class

Actinobacteria, consisting of gram-positive and G+C-rich bacteria, and the



suborder Corynebacterineae, which lays claim to the important pathogen-
containing families of Corynebacterineae (diphtheria-causing Corynebacterium
diphtheria), Gordoniaceae (pulmonary pathogen Gordonia bronchialis), and
Nocardianceacea (opportunistic pathogens of Nocardia spp., plant pathogen
Rhodococcus fascians, and livestock and opportunistic human pathogen
Rhodococcus equi).

Within the genus of Mycobacterium, there exist pathogens that are
obligate (M. leprae), facultative (e.g., M. bovis), and opportunistic (e.g., M. avium),
as well as environmental, non-pathogenic strains (e.g., M. smegmatis). The
members of the genus display a wide range of growth rates. M. smegmatis,
considered a ‘fast-grower’, has an average doubling time in rich media around 3-

4 hours, whereas M. tuberculosis divides every 20-24 hours, on average.

- Cell wall

The family of Mycobacteriaceae and genus Mycobacterium are named for
the mycolic acids they produce, a characteristic of the coryneform bacteria, that
are a major component of their complex cell walls, which consist of a variety of
long chain lipids, glycolipids, and polysaccharides, in addition to the
peptidoglycan layer characteristic of Gram-negative bacteria (Brennan 2003).
The mycolic acid layer is responsible for recalcitrance of mycobacteria to Gram
staining but also the retention of ‘acid-fast’ Ziehl-Neelsen stain used to identify

mycobacteria in clinical samples.



- Tuberculosis disease

Infection characteristically occurs through inhaled bacterium-containing
droplets spread by aerosols generated by the coughing or sneezing of individuals
with active disease. These aerosolized particles are small enough to pass
through the mucociliary action of the bronchi to reach the terminal alveoli, where
the bacilli are internalized by the resident immune phagocytic cells
(macrophages).

Following phagocytosis, the tubercle bacillus resides in a membrane-
bound organelle termed the ‘phagosome’. M. tuberculosis is able to block the
fusion of the phagosome with the acidic lysosome that otherwise occurs as a line
of host defense. Thus, the infectious agent is able to survive and replicate within
this compartment until the onset of the adaptive T-cell mediated immune
response, signaled by activated dendritic cells that traffic to lymph nodes. This
trafficking may also spread the infection to other sites within the lung or, in some
cases, systemically.

Disease progression involves the recruitment of host immune cells, which
form a physical encasement of the infected macrophages, known as a granuloma.
The continual balance of replication of mycobacteria and macrophage uptake
and killing results in an on-going stimulation of the host immune system.

Individuals that can control the infection are able to contain the bacilli in
these granulomas, whereas in some individuals the lesions turn necrotic, with

continued replication of the bacteria, phagocytic killing, chronic inflammation, and



concomitant tissue damage. This results in further spread of the bacilli and
progressive lung tissue damage from the immune response that, if untreated,
results in death of the host.

As the bacteria are not necessarily eliminated from even the ‘quiescent’
lesions, they are able to persist in a latent form of infection unless and until the
immune status of the host is compromised and the granulatomous lesions
reactivate, undergo necrosis and caseation, allowing the pathogen to exit the
lung in sputum to be spread to new hosts (reviewed in Bloom 1994).

Protective immunity does not appear to be afforded by prior infection,
which may explain, in part, the varying efficacy (0% - 80%) reported for the
widely-used Bacille-Calmette-Guérin (BCG) vaccine (Behr and Small 1997). This
live, attenuated vaccine was developed from a lab-passaged strain of the closely

related bovine pathogen M. bovis.

- Drug therapy

Although chemotherapeutic agents have existed for over half a century,
tuberculosis disease remains a leading cause of morbidity and mortality. This
can be attributed to the long duration of treatment times and the spread of drug-
resistant bacteria.

The current antibiotics target cell wall mycolic acid biosynthesis (isoniazid
(H)), cell wall arabinogalactan synthesis (ethambutol (E)), (putatively) fatty acid

synthase | (pyrazinamide (Z)), and RNA polymerase (rifampicin (R)). The long



course of drug therapy, a standard two months of four drugs (HREZ) followed by
a continued four months of two drugs (HR), is necessitated by the occurrence of
spontaneous single-drug resistant mutants and a persistent fraction of the
bacterial load that is not eliminated in the initial phase. Targeting this persistent
sub-population is believed to be the key to cutting treatment time and more
effectively combating the current epidemiology of the tuberculosis disease.

It is thought that either the physiological environment or the metabolic
state of the persistent fraction of bacteria renders this sub-population resistant to
killing (Bigger 1944). Examples of phenotypic heterogeneity of clonal populations
of bacteria have been known to contribute to differential response to antibiotics
(Dhar and McKinney 2007). Until the physiological basis of persistence in
tuberculosis is understood, additional antibiotic targets need to be validated for
drug discovery efforts to continue and attempt to catch up to the rapidly evolving

drug resistance of the pathogen.

1.1.2 Understanding pathogen metabolism

While screening efforts are underway with large chemical compound
libraries, natural product libraries, and target-based drug design, it has become
evident that to improve the success rate and avoid wasted effort, in vitro assay
conditions should attempt to approximate the in vivo environment experienced by
the bacteria. A recent large-scale drug-screening effort, which vyielded

candidates with potent activity in whole cell assays, failed in vivo, as they



inhibited growth in a glycerol-dependent manner. While glycerol was the carbon
source used in the synthetic medium for the in vitro assays, it was found not to be
available to the bacteria in vivo (Pethe et al 2010).

Historically, bacteria have been cultivated in laboratory environments on
medium components that enabled rapid and abundant growth, usually involving
formulations replete in sugars, amino acids, and supplements (Middlebrook and
Cohn 1958). However, the pathways employed by bacteria in their natural
environment can be vastly different from laboratory conditions in a Petri dish or
culture flask.

To understand pathogen metabolism, it is critical to understand what
routes of biosynthesis and energy production an organism is capable of, as well
as what the nutrient availability and physical constraints of the host environment
are like. Historically, the former was interrogated by in vitro tests for growth upon
various permutations of substrates and trace nutrients. With the advent of
genomics and bioinformatics, the metabolic potential of the pathogen, even if it
cannot be cultured in vitro, can be investigated through the contents of the
genome. As newly sequenced genomes are annotated via homology to better
studied organisms, a caveat exists that a novel gene function may get overlook

or misattributed based on the ‘tyranny of the majority’ (de Carvalho et al 2010a).



- The genome of M. tuberculosis

The sequencing of the M. tuberculosis lab reference strain H37Rv
revealed a 4.4 megabase genome of 65.6% G+C content that encoded for
around 4,000 genes. The genomic potential indicated prototrophy for essential
amino acids, vitamins, and co-factors and the ability to utilize a wide array of
carbon substrates, including carbohydrates, alcohols, and carboxylic acids. The
pathways of glycolysis and gluconeogenesis, the pentose phosphate pathway,
the tricarboxylic acid cycle, and the glyoxylate cycle, as will be described
subsequently, were all identified (Cole et al 1998).

The 20 genes encoding P450 cytochrome monoxygenases and
associated enzymes, which can act in the oxidation of xenobiotics and organic
compounds (e.g., long chain fatty acids, sterols), are thought to be remnants of
genes required for a saprophytic, soil-dwelling lifestyle of the evolutionary
ancestor (Cole et al 1999).

A large portion of the genome is dedicated to fatty acid metabolism, with
over 100 genes sharing homology for fatty acid degradation enzymes. In
keeping with the primacy of the complex waxy cell wall that surrounds the
bacterium, the genome encodes ‘examples of every known lipid and polyketide
biosynthetic system encoded in the genome’ of both mammalian and plant origin
(Cole 1999). These include the mycolic acids, the methyl-branched fatty acids,
the mycocerosic and mycolipenic acids, and the phthiocerols (Lin et al 2006).

(Figure 1.1)



To better understand how the metabolic capabilities of M. tuberculosis
compare to those of other organisms and to interpret the work described herein,

a basic introduction to some central carbon metabolic pathways follows.
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Figure 1.1 Chemical structures of M. tuberculosis mycolic acids and multimethyl-
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schematic of a proposed cell envelope architecture (Lin et al 2006).



1.1.3 Overview of central carbon metabolism

- Glycolysis vs. gluconeogenesis

Sugars provide a source of carbon for biosynthesis and energy contained
within their bonds. Of the three metabolic routes, the Entner-Duodoroff pathway
(EDP), the pentose phosphate pathway (PPP), and the Embden-Meyerhof-
Parnas pathway (EMPP), M. tuberculosis possesses components of the PPP and
EMPP, which will be discussed.

Oxidation of glucose through the PPP results in the formation of a
glyceraldehyde-3-phosphate (GAP), the release of 3 molecules of carbon dioxide
(COy), and the generation of the reduced coenzyme NADPH. The intermediates
of this pathway, including ribose-5-phosphate (R5P), one of the pentose
phosphates for which it is named, and erythrose-4-phosphate (E4P), act as the
precursors for nucleotide biosynthesis and aromatic amino acid synthesis,
respectively (Fraenkel 1996).

The EMP can be used in either of two directions, depending on whether
the goal is the breakdown or the formation of sugars. In the direction of
breakdown, the pathway is known as glycolysis and results in the transformation
of the sugar to pyruvate and the release of energy, which is stored in the
formation of adenosine triphosphate (ATP) and the reducing equivalents of
FADH, (reduced flavin adenine dinucleotide) and NADH (reduced nicotinamide

adenine dinucleotide). The unique steps to this direction, from the irreversible



transformations catalyzed, are the reactions catalyzed by phosphofructokinase
(pfk) and pyruvate kinase (pyk). (Figure 1.2)

The operation of the pathway in the opposite direction, known as
gluconeogenesis, is thought to be the original direction in which the pathway was
utilized in evolutionary terms (Romano and Conway 1996). In this direction,
reducing equivalents and energy are used to generate sugar from non-
carbohydrate carbon sources. The unique, ‘committed’ steps in this direction are
the reactions catalyzed by the phospho-enol-pyruvate (PEP) synthase (pps) or
pyruvate phosphate dikinase (ppdK) and fructose-1,6-bisphosphatase (fbp).
(Figure 1.2)

The end product of glycolysis, pyruvate can then be converted to acetyl-
CoA by pyruvate dehydrogenase, for further oxidation and formation of
biosynthetic intermediates in the citric acid cycle. In the reverse direction, the
entry point metabolite of the gluconeogenic pathway, PEP, can be synthesized

by PEP carboxykinase (pck) using oxaloacetate generated by the citric acid cycle.
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- Citric acid cycle

The citric acid cycle, also known as the tricarboxylic acid (TCA) cycle or
Krebs cycle, serves as a route for energy generation, as well as a pool of
biosynthetic precursors that can be siphoned off for formation of amino acids,
purines, pyramidines, hemes, and porphyrins. (Figure 1.3A)

However, in the anaerobic conditions that dominated the origins of life, the
cycle is believed to have originally run in ‘reverse’, acting as a reductive TCA
(rTCA) cycle, where CO- could be fixed into organic compounds by the cell at the
energetic cost of the redox transformations involved. (Figure 1.3B) The
introduction of oxygen in the atmosphere allowed the cycle to operate in an
oxidative direction, which, instead, releases CO, and generates reduced
energetic equivalents. (Figure 1.3A)

Given the thermodynamic reversibility of most of the reactions of the cycle,
the operation of the rTCA cycle requires only two enzymes that do not participate
in the oxidative direction: an ATP-(dependent)-citrate lyase and alpha-
ketoglutarate synthase. This pathway is still used for CO; fixation by some
chemoautotrophic bacteria and archaea. A variation thereof is used in
heterotrophic anaerobic organisms lacking a complete TCA cycle, or for
metabolic flexibility, as in yeast during fermentative metabolism (Srinivasan and

Morowitz 2006).
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As various forms or parts of the TCA cycle are extant in all domains of life,
it is believed that the last common ancestor possessed an intact version of the
cycle, from which various species, whose TCA cycles posses a different
architecture, have retained or lost components. As several components of the
TCA cycle (alpha-ketoglutarate, succinyl-CoA, and oxaloacetate) are precursors
for essential cellular components (glutamate, heme, and aspartate, respectively),
the segments of the cycle involving the formation of these compounds are
retained in free-living or facultative organisms (Huynen et al 1999).

Despite the ‘central’ role of the TCA cycle in aerobic metabolism, the
pathogenic lifestyle allows for modifications and ‘streamlining’ that reduce
metabolic flexibility but optimize growth in the adaptive niche. In the extreme
case of Borrelia burgdorferi (the agent of Lyme disease), the TCA cycle is absent,
resulting in obligate pathogenesis (Somerville et al 2003, Cordwell 1999).
Incomplete TCA cycles, as for Yersinia pestis, result in specific amino acid
auxotrophies (Brubaker and Sulen 1971). In other microorganisms, such a
Plasmodium falciparum, the pathogen may encode for a complete cycle, but still
operate it in a branched fashion to meet the constraints of the host environment

(Olszewski et al 2010).

- The citric acid cycle of M. tuberculosis

The citric acid cycle of Mycobacterium was thought to be complete, but in

vitro assays failed to detect an alpha-ketoglutarate dehydrogenase (KDH) activity
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that converts alpha-ketoglutarate to succinyl-CoA (Tian et al 2005). The activity
of an alpha-ketoglutarate decarboxylase (KDC) was proposed to produce a
succinic semialdehyde (SSA), which is subsequently converted to succinate via
the action of SSA dehydrogenases (SSADH).

However, subsequent assays indicated that the decarboxylase function
could be a side reaction of the enzyme, encoded by the apparently essential
gene Rv1248c. Assays using the expressed enzyme in a heterologous M. bovis
BCG extract indicated the formation of hydroxyoxoadipate, formed from alpha-
ketoglutarate and glyoxylate, whose significance is still unknown (de Carvalho et
al 2010a).

Additionally, = an  anaerobic-type  alpha-ketoglutarate  ferredoxin
oxidoreductase (KOR) was identified that was able to form succinyl-CoA under
ambient atmospheric conditions. This pathway was utilized more during growth

on fatty acids and less for use of carbohydrates (Baughn et al 2009).

1.1.4 Alternative carbon sources

In a nutrient-limiting environment, a pathogen may need to rely on
alternative, non-sugar carbon sources and utilize the gluconeogenic route
described previously for formation of important biosynthetic intermediates.
Specific pathways are utilized for metabolizing these substrates in order to derive

carbon and energy.
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- Beta-oxidation of fatty acids

The bonds forming the hydrocarbon chains of fatty acids are a rich source
of energy. The substrate must first be activated via ligation of a CoenzymeA
moiety. Acyl-CoA synthetases (fadD) perform this step through ATP hydrolysis.
The breakdown of these CoA-activated substrates then involves the iterative
cycling of reactions that first catalyze oxidation of the acyl chain at the beta-
carbon, forming a double bond, with concomitant reduction of FAD" via acyl-CoA
dehydrogenase (fadE). This step is followed by hydration of the double bond by
enyl-CoA hydratase (ech) and subsequent oxidation of the hydroxyl group to form
a keto group, coupled to the reduction of NAD® by 3-hydroxyacyl-CoA
dehydrogenase (fadB). The bond between the keto groups is broken by 3-
ketoacyl-CoA thiolase (fadA), which adds a CoA group to the end of the
truncated chain, releasing a 2-carbon acetyl-CoA unit. (Figure 1.4A)

Repeated cycling of these enzymatic activities results in the fatty acid
substrates being sequentially broken down into 2-carbon acetyl-CoA units that
can be used for biosynthetic purposes via the citric acid cycle (Clark and Cronan
1996). Odd chain-length fatty acids will produce a terminal 3-carbon propionyl-
CoA unit, which must be metabolized via alternative pathways, as described in
subsequent chapters, to form intermediates that can be metabolized via the citric

acid cycle. (Figure 1.4B)
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- Cholesterol

While the full pathway of cholesterol degradation has not been worked out,
it is believed to yield a mixture of acetyl-CoA, propionyl-CoA, and pyruvate. The
aliphatic side chain from C17 can be broken down by beta-oxidation to yield an
acetyl-CoA and two propionyl-CoA units. The fate of the bicycloalkanone from
rings C and D is yet unknown. Enzymatic transformations to cleave the B ring
and aromatise and subsequently open the A ring enable the beta-oxidation
cleavage to yield pyruvate and a propionyl-CoA unit (van der Geize et al 2007,

Griffin et al 2011). (Figure 1.5)
- Amino acids

As well as being formed from TCA cycle intermediates, amino acids can
be broken down, using similar pathways, to serve as a carbon source or to
replenish the pool of precursors. (Figure 1.6) A few of the routes of amino acid
degradation are described here.

Some amino acids are easily deaminated to yield TCA cycle intermediates.
In this way, alanine can form pyruvate, and aspartate and asparagine (after
hydrolysis to aspartate) can form oxaloacetate, via transamination reactions.
Serine forms pyruvate from a dehydratase reaction.

Arginine can be converted to ornithine via arginase, which is, in turn,
converted to a glutamate-gamma-semialdehyde that is transaminated to

glutamate. Glutamine can also be transformed to glutamate via a glutaminase
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reaction. Glutamate can be converted by glutamate dehydrogenase

transaminase to alpha-ketoglutarate.
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Figure 1.5 Cholesterol degradation pathway, with M. tuberculosis proteins in red.

Breakdown products include acetyl-CoA, propionyl-CoA, and pyruvate (Ouellet et

al 2011).
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Figure 1.6 Biosynthesis pathways are linked to central carbon metabolism.
Amino acids can be formed from sugar and carboxylic acid precursors and serve
as precursors themselves for formation of structurally- and chemically- related
classes of amino acids (Buchanan et al 2002).

The branched-chain amino acids valine, leucine, and isoleucine undergo
the same initial transamination with alpha-ketoglutarate or oxidative deaminative
by an amino acid dehydrogenase to yield their respective keto-acids. This is

followed by oxidative decarboxylation by the branched-chain alpha-keto acid

dehydrogenase (BCKDH) to form their respective acyl-CoA derivatives:
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isobutyryl-CoA, isovaleryl-CoA, and 2-methylbutyryl-CoA. An acyl-CoA
dehydrogenase forms the methylacrylyl-CoA, tiglyl-CoA, and 3-methylcrotonyl-
CoA derivatives. Subsequent independent processing results in the formation of
propionyl-CoA from valine, acetyl-CoA from leucine, and both propionyl-CoA and
acetyl-CoA from isoleucine (Massey 1976). (Figure 1.7)

Methionine degradation requires a number of steps involving the
intermediates S-adenosylmethionine and homocysteine and the subsequent
formation of alpha-ketobutyrate and cysteine. An alpha-ketobutyrate
dehydrogenase can catalyze the conversion of alpha-ketobutyrate to propionyl-
CoA.

A threonine dehydratase forms alpha-ketobutyrate from threonine, which

is then oxidatively decarboxylated to form propionyl-CoA (Bell and Turner 1976).

- Anaplerosis

If the citric acid cycle operated solely as a respiratory pathway, the levels
of the intermediates would remain balanced. However, whether growth occurs
on glycolytic or gluconeogenic carbon sources, citric acid cycle intermediates are
withdrawn for biosynthetic purposes (cataplerosis) to form fatty acids, nucleotide
bases, porphyrins, hemes, and amino acids. Therefore, for the continued
operation of the TCA cycle, these precursors must be replenished by anaplerotic

reactions (Kornberg 1965).
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Figure 1.7 Branched-chain amino acid catabolic pathways in bacteria (Massey
1976).

During growth on glucose, carbon anaplerosis can be accomplished by the
carbon fixing actions of pyruvate carboxylase (pyc) or PEP carboxylase (pca)
(Kornberg 1965). The PEP carboxykinase (pck) reaction can also be run in
reverse, albeit inefficiently (Schobert and Bowein 1984).

However, for growth on acetate or fatty acids, the two carbons entering as
acetyl-CoA units are lost in the full course of the TCA cycle via the two
decarboxylation steps enabling the conversion of isocitrate to alpha-ketoglutarate

and subsequent conversion to succinate or succinyl-CoA. Thus, in the absence
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of additional sources of carbon, exclusive use of the TCA cycle would result in no
net biomass synthesis.

To circumvent this loss of carbon, many organisms that can subsist on
fatty acids as the sole carbon source encode a shunt across the TCA cycle to
bypass the decarboxylation steps, forming succinate and malate to replenish the
key TCA cycle and gluconeogenic intermediates. Carbon anaplerosis via this
glyoxylate cycle (GC) is accomplished through the action of two enzymes,

isocitrate lyase (ICL) and malate synthase (MLS). (Figure 1.8)

1.1.5 Glyoxylate Cycle

The glyoxylate cycle was originally studied in plants where it plays a role,
along with fatty acid beta-oxidation, in the catabolism of stored oils as a carbon
source during the germination of seedlings (Kornberg and Beevers 1957). The
glyoxylate cycle is also utilized during leaf senescence for the remobilization of
carbon sources (Graham et al 1992) and during fruit maturation (Baqui et al
1977). The canonical glyoxylate cycle enzymes from E. coli are encoded in the
ace operon, consisting of malate synthase (MLS - aceB), isocitrate lyase (ICL -
aceA), and the isocitrate dehydrogenase kinase/phosphatase (aceK). The AceK
kinase/phosphatase controls the flux between the TCA cycle and the glyoxylate
cycle by reversibly phosphorylating, and thus inactivating, the gatekeeper
enzyme, isocitrate dehydrogenase (ICD). With ICD inactive, ICL is no longer

outcompeted for binding to isocitrate and can cleave this substrate to form
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glyoxylate and succinate. The glyoxylate can be condensed with another acetyl-

CoA unit by MLS to form malate (LaPorte et al 1993, Walsh and Koshland 1985).
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Figure 1.8 Anaplerotic reactions of the TCA cycle. During growth on sugar

co,

substrates, carbon can be returned to the TCA cycle through pyruvate
carboxylase (PCA) or the PEP carboxykinase (PEPCK) reaction run in reverse.
For growth on 2-carbon substrates, the glyoxylate bypass across the TCA cycle
avoids loss of carbon from decarboxylation reactions via reactions catalyzed by

isocitrate lyase (ICL) and malate synthase (MLS).
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- Variations of glyoxylate cycle enzymes

Given the close relationship between the glyoxylate cycle genes, in terms
of physical location and coordinate regulation, it is notable that in the nematode
Caenorhabditis elegans and the unicellular protist Euglena gracilis, the ICL and
MLS enzyme activities are fused onto a single polypeptide (Liu 1995, Nakazawa
et al 2005). In contrast, the genomic loci for ICL and MLS in Aspergillus nidulans
are unlinked, yet the regulation by carbon source appears coordinate and non-
sequential, as an ICL-deficient strain retains MLS activity and vice versa (Armitt
1970, Armitt 1971).

Despite defining the ‘canonical’ glyoxylate cycle, E. coli actually encodes
two isoforms of malate synthase that are differentially regulated. The type A MLS,
encoded by aceB and co-located with the ICL-encoding aceA, is induced by
acetate, whereas the type G MLS, encoded by glcB, lies within an operon of
genes that are induced by and metabolize glycolate (proceeding via a glyoxylate
intermediate) (Molina et al 1994). However, the two MLS enzymes (type A and
type G) are able to functionally complement each other in mutants lacking one or
the other (Vanderwinkel and de Vlieghere 1968).

The type G MLS has been found in very few organisms, given the wide
distribution of the type A MLS across the domains of plants, fungi (and yeasts),
and bacteria (Chan and Sim 1998). Besides E. coli, Mycobacterium spp.,
Corynebacterium glutamicum, Pseudomonas aeruginosa, and Bacillus

halodurans also encoded the G type MLS by sequence analysis
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(Balasubramanian et al 2002). Whereas amino acid similarity between the type
A MLS proteins range from ~40% - 98% (with ~40% - 50% across the plant-
fungal-bacterial domains), the homology between type A and type G classes
shows only 15 - 18% of amino acid sequence similarity. The type G MLSs of E.
coli and C. glutamicum share 59% similarity by amino acid sequence (Chan and
Sim 1998).

The budding yeast Saccharomyces cerevisiae also encodes two MLS
enzymes subject to differential regulation, with MLS1 being carbon responsive
and DAL7 being affected by nitrogen metabolism from allantoin degradation
(Hartig et al 1992). Both of these enzymes are A type MLS and cluster closely
together, phylogenetically, suggesting a chromosomal duplication event (Chan

and Sim 1998, Wong and Wolfe 2005).

- The glyoxylate cycle of M. tuberculosis

Mycobacteria encode two isoforms of isocitrate lyase that share only 27%
amino acid identity to each other. ICL1 is of bacterial origin whereas the larger
ICL2 more closely resembles fungal/eukaryotic ICLs, sharing ~35% amino acid
identity, but clustering separately, along with other mycobacterial ICL2s (Munoz-
Elias and McKinney 2005). In some strains of M. tuberculosis, including the
reference strain H37Rv, the icl2-coding region has a single nucleotide
polymorphism (SNP) that encodes a premature stop codon, thus forming a

pseudogene. Assuming there is no read-through based on error-prone
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polymerases, these strains would be natural ic/l2 mutants. The malate synthase
encoded by the glcB gene (Rv1837c) is of the more rare G-type. It does not
appear to be induced by acetate or any other carbon source that has been tested,
aside from a modest (two-fold) induction by glycolate (Smith et al 2003).

In mycobacteria, the genes encoding the enzymes ICL (icl1, icl2) and MLS
(glcB) are encoded in separate genomic loci and do not appear to be subject to
coordinate regulation. While the RamB regulator of C. glutamicum was found to
negatively regulate the genes of the ace operon and ack-pta (Gerstmeier et al
2003), the M. tuberculosis homolog (Rv0465c) was found to bind and regulate
only the icl1 gene as well as its own promoter, but was capable of
complementing a AramB strain of C. glutamicum (Micklinghoff et al 2009).

Mutants were generated via marked deletions in the ICL-encoding genes,
separately and in combination, in the M. tuberculosis Erdman background,
denoted as icl1::hyg and icl2::aph (Munoz-Elias and McKinney 2005). The
icl1::hyg single mutant and the icl1::hyg icl2::aph double mutant were found to
have a slight, but reproducible, growth defect in glucose-containing liquid media
and a significant 3 week lag to form comparably-sized colonies on plates, relative
to wild-type. This suggested some flow of carbon through the glyoxylate bypass
during growth on carbohydrate substrates (EJ Munoz-Elias PhD thesis 2005).

The single icl1::hyg and icl2::aph strains were both able to grow on
acetate, indicating a degree of functional redundancy for ICL activity, whereas

the double mutant was not. The double mutant was also unable to grow on
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longer, even-chain fatty acids, consistent with the anaplerotic role of the
glyoxylate cycle for this carbon source. The icl1::hyg icl2::aph strain was
additionally unable to grow using propionate, while the single icl1::hyg strain
showed an attenuated phenotype (Munoz-Elias and McKinney 2005). This result
was surprising, as there is not an established role for the glyoxylate cycle for
growth on this carbon source. It was subsequently determined that the ic/7 and
icl2 genes of M. tuberculosis encoded bifunctional enzymes that also function in
the propionate-metabolizing methylcitrate cycle (Munoz-Elias et al 2006), as will
be explored later.

The relative importance of the above-described pathways of central
carbon metabolism will be looked at in the next section in the context of

experimental findings in infection models of M. tuberculosis.

1.1.6 Studying the host environment

Acquiring knowledge of the host environment poses a significant challenge
given the complex localization of an intracellular pathogen, as M. tuberculosis
resides within a sub-cellular compartment of human cells, which are further
imbedded within the heterogeneous milieu of the granuloma. Some efforts have
been made to develop in vitro models of granulomas (Peyron et al 2008), to
directly assess the metabolic content of lesions (Somashekar et al 2011), to

measure the elemental composition of the phagosomes of infected and
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uninfected macrophages (Wagner et al 2005), or to detect transcripts in situ
within lesions (Fenhalls et al 2002).

The pathogen itself can be used as a means of investigating the
conditions encountered in vivo, by analyzing the transcriptome of bacteria rapidly
isolated from macrophage cultures or from infected lungs or by screening for
genetic mutants that are attenuated for replication in mice (Schnappinger et al
2003, Camacho et al 1999, Sassetti and Rubin 2003). To confirm and extend
these findings, a mutant strain encoding lesions of candidate enzymes or
pathways can be tested for the ability to infect, replicate, and persist, with the
phenotype taken as the read-out of whether the pathway is required by the

pathogen in vivo.

1.1.7 Carbon metabolism of Mycobacterium tuberculosis in vivo

- Nutrient limited environment

The aforementioned techniques have been applied to M. tuberculosis,
whose transcriptome and proteome during ex vivo and in vivo infection has been
used as a ‘read-out’ to sketch a picture of the intracellular environment.
Upregulation of genes involved in fatty acid degradation, gluconeogenesis, iron
scavenging, and SOS and DNA damage responses have been found, amongst
others (Graham and Clark-Curtiss 1999, Dubnau et al 2002, Schnappinger et al
2003). As M. tuberculosis mutants deficient for phosphate transport, pH-

dependent magnesium transport, amino acid biosynthesis, or cofactor
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biosynthesis are attenuated for growth in macrophages, the scarcity of these
nutrients in the phagosome have been inferred (Rengarajan et al 2005, Peirs et

al 2005, Buchmeier et al 2000, Appelberg 2006).

- Evidence of fatty acid utilization

In stark contrast to the carbohydrate-rich medium used for in vitro culture,
the carbon substrates preferentially metabolized by M. tuberculosis rapidly
extracted from the lungs of infected mice were fatty acids (n-heptanoic acid,
octanoic acid, and oleic acid) rather than carbohydrates or carboxylic acids
(glucose, glycerol, lactate, or pyruvate) (Segal and Bloch 1956). These
observations suggested that, in vivo, the bacilli are adapted to utilizing fatty acid
substrates.

Fatty acids are putatively available to the bacteria within the phagosomal
environment of the macrophage, as rat alveolar macrophages were shown to
phagocytose and catabolize lung surfactant into free fatty acids and the
phagocytic vesicles of rabbit alveolar macrophages showed enrichment of
phospholipid (Grabner and Meerbach 1991, Miles et al 1988, Mason et al 1972).

The four phospholipase C genes of M. tuberculosis, predicted from whole-
genome sequencing and bioinformatics analysis, were found to be jointly
required for late-phase growth in the mouse infection model in genetic knockout

studies. It was noted that the membrane localization of these apparently non-
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secreted enzymes suggests a role for nutrient acquisition rather than host tissue
destruction (Wheeler and Ratledge 1992, Raynaud et al 2002).

These findings accord well with the extensive duplication of fatty acid
metabolic genes in the genome of M. tuberculosis (Cole et al 1998), which may
reflect the adaptation of this pathogen for utilizing fatty acid substrates during

infection.
- Dispensability of glycolysis

A de facto indication of the dispensability of sugar utilization for
pathogenesis is found in the genomes of Mycobacterium bovis (bovine and
human opportunistic pathogen), Mycobacterium microti (vole pathogen), and
Mycobacterium africanum (diverse animal pathogen). All three species ‘naturally’
contain a SNP in the pyk gene encoding pyruvate kinase and are therefore
defective in the last step of glycolysis. In the lab, these ‘natural’ pyk mutants
require pyruvate supplementation in order to grow on glycerol- or glucose-

containing media, yet they remain fully virulent in vivo (Keating et al 2005).

- Requirement of gluconeogenesis

As a corollary, a mutant strain generated in M. bovis with an insertion in
pckA encoding PEP carboxykinase, thus interrupting the first committed step of
gluconeogenesis, renders the bacillus avirulent in guinea pigs (Collins et al 2002).
This finding was extended to M. tuberculosis where a deletion of the homologous

gene pckA (Rv0211) was generated and found to result in a failure of the mutant
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strain to survive in murine lungs, with clearance of detectable bacilli before 8
weeks. Moreover, it was shown that ‘turning off’ this gene, via a
doxycycline/tetracycline-inducible copy in the inoculated bacteria, even as late as
6 weeks post-infection, resulted in a sharp decline of the CFU burden, thus
validating PEPCK as a potential drug target (Marrero et al 2010). These
experiments provided clear evidence that the pathway for generation of sugar
intermediates de novo was required for survival during infection, suggesting

reliance upon alternative, non-glycolytic carbon substrates for this environment.

- Role of cholesterol

Cholesterol appears to be present within the macrophage, specifically
accumulating at the site of entry of the pathogen, and may play a role in uptake
of mycobacteria (Gatfield and Pieters 2000). Several mutants that were
attenuated for intracellular growth (igr) mapped to a region (Rv3540c-Rv3545c)
previously identified as being upregulated in and required for growth in
macrophages and predicted to be required for growth in mice (Chang et al 2007).
Although the function of these genes was originally unknown, they were part of a
large genomic region (Rv3574-Rv3492c) in M. tuberculosis that was largely
conserved and homologous to a 58-gene span encoding enzymes involved in
cholesterol catabolism in Rhodococcus sp. RHA1. This suggested that the locus
in M. tuberculosis conferred the ability to degrade cholesterol (van der Geize et al

2007).
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Mutants defective in the various steps of the cholesterol degradation
pathway were generated and tested in vivo. Deletion of the igr locus attenuates
the bacteria for infection in mice by 1-3 logio CFU until about 10 weeks, by which
time the CFU burden of the mutant catches up. (Chang et al 2009) A mutant in
the fadA5-encoded thiolase (Rv3546), involved in beta-oxidation of the sterol side
chain, was found to replicate like wild-type during the initial phases of infection of
mice, followed by a decline after the onset of cellular immunity, known as a
‘persistence’ defect (Nesbitt et al 2010).

A choD (Rv3409c) deficient strain, missing the putative cholesterol
oxidase responsible for activation of cholesterol, was without an in vitro defect,
perhaps due to a redundant enzyme activity; however, this strain exhibited a
reduced CFU burden in mouse lungs at a single timepoint (Brzostek et al 2007).
A mutation of the Rv1106 gene encoding the hypothesized redundant activity did
abrogate the ability to use cholesterol in vitro, but did not have a phenotype in
vivo (Yang et al 2011).

The kshAB-encoded (Rv3526, Rv3571) two-component oxygenase
enzyme is responsible for the hydroxylation reaction leading to the B ring opening
and A ring aromatization. In the mouse infection model, the AkshA and AkshB
strains exhibited a progressive 3-4 logio loss of CFU over the course of 13 weeks
(Hu et al 2010).

A mutation of the hsaC (Rv3568c)-encoded dioxygenase responsible for

cleavage of the A ring exhibited catechol-intermediate toxicity in vitro and
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exhibited a modest growth defect in guinea pig lungs and spleen (Yam et al
2009).

Three cytochrome P450 enzymes of M. tuberculosis (CYP125, CYP142,
and CYP124) were all capable of catalyzing the three sequential oxidation steps
in vitro that functionalize the sterol side chain before it can be activated to enter
the beta-oxidation cycle. Although the different enzymes catalyze different
stereospecificities of the products, functional redundancy was seen in vitro.
Partial complementation resulted in toxicity from cholest-4-en-3-one (Johnston et

al 2010).

- Role of amino acids

An M. tuberculosis strain lacking a lipoamide dehydrogenase (AlpdC), a
shared component of the pyruvate dehydrogenase (PDH), peroxynitrite
reductatse/peroxidase  (PNR/P), and the branched-chain keto acid
dehydrogenase (BCKADH), was rapidly cleared from the lungs of mice before 1
week post-infection (Venugopal et al 2011). This phenotype was more dramatic
than that of a strain lacking dihydrolipoamide acyltransferase (AdlaT), which is a
shared component of the PDH and PNR/P only. Thus, a role for branched chain
amino acids as a carbon source in the lung is plausible. This phenotype was
somewhat recapitulated by the double deletion of AdlaT ApdhC, which
additionally eliminates the function of the BCKADH in the PDH- and PNR/P-
deficient background. Although the AdlaT ApdhC double mutant was not

completely cleared from the lungs it was more attenuated than the AdlaT single
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knockout. However, the ApdhC knockout alone did not cause a phenotype, so
branched-chain amino acid metabolism appears to be individually dispensable

for growth in vivo.

- Role of the glyoxylate cycle

Upregulation of the ic/1 transcript during macrophage infection, in the
mouse infection model, and in samples of human tuberculous lesions strongly
suggested the importance of this pathway in vivo (Graham and Clark-Curtiss
1999, Dubnau et al 2002, Schnappinger et al 2003, Timm et al 2003). An
icl1::hyg icl2::aph strain was attenuated for survival in resting and activated
macrophages, and in intravenously infected mice the icl1::hyg icl2::aph strain
was cleared from the lungs in less than four weeks post-infection (Munoz-Elias
and McKinney 2005). These experiment were intended to investigate the
requirement of the glyoxylate cycle, and thus the need for anaplerosis during
growth on C2-forming compounds, during the course of infection. However, this
simple interpretation was subsequently cast into doubt by the discovery that the
enzymes encoded by ic/1 and icl2 are bifunctional and participate in both the
glyoxylate cycle (as isocitrate lyases) as well as the methylcitrate cycle (as
methylisocitrate lyases), a pathway for catabolism of propionate (Munoz-Elias et

al 20086).
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1.1.8 Role of the glyoxylate cycle in pathogenesis

The role of the glyoxylate cycle was subsequently studied in other
pathogens and demonstrated to be required for virulence in several cases,
including the opportunistic fungal pathogen Candida albicans (Lorenz and Fink
2001), the livestock pathogen Rhodococcus equi (Wall et al 2005), and the
phytopathogenic fungi Leptosphaeria maculans (ldnurm and Howlett 2002) and
Magnaporthe grisea (Lee et al 2007).

However, there are also examples where ICL was not found to play an
essential role in pathogenesis, as in Salmonella enteria serovar Typhimurium,
where ICL-deficiency only seemed to have a minor role in persistence (Kim et al
2006). Similarly, an ICL-deficient strain of the filamentous fungal pathogen
Aspergillus fumigatus did not differ in virulence from wild-type (Schobel et al
2007). Although the Cryptococcus neoformans icl transcript was upregulated in a
rabbit meningitis model, an ICL-deficient strain showed no phenotype in
macrophages and perhaps only an early and modest defect in one of two animal
infection models (Rude 2002).

There have been fewer studies examining the role of the second enzyme
of the glyoxylate pathway, malate synthase. In the phytopathogenic fungus
Stagonospora nodorum, the apparent role of MLS for pathogenesis was actually
due to the requirement of the glyoxylate shunt for germination. When tested in
infection assays that did not involve germination, the MLS-deficient strain had

comparable virulence to wild-type. The requirement for the glyoxylate cycle for
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germination may have contributed to the ‘virulence’ defect of an ICL-deficient
strain of L. maculans (Solomon et al 2004). Consistent with the finding of
Schobel et al., an MLS-deficient strain of A. fumigatus also retained full virulence
(Olivas et al 2008).

However, in the phytopathogenic Rhodococcus fascians, a mutation
causing attenuated virulence was mapped to a gene encoding an MLS with high
identity to the type G MLS enzymes of Pseudomonas fluorescens (72%), M.
tuberculosis (66%), M. leprae (66%), C. glutamicum (60%), and E. coli (55%).
The mutant strain accumulated glyoxylate to levels that appeared to be growth
inhibitory. Although behaving like a glyoxylate shunt enzyme on acetate, the
MLS was also induced by leafy gall extracts (Vereecke et al 2002a, Vereecke et
al 2002b).

Notably, the R. fascians gene encoding MLS was unlinked to the genomic
location of the gene encoding ICL and, moreover, was located in a region
syntenic to that of M. tuberculosis and M. leprae, including the genes of the
glycine cleavage system (gcv), which encode the enzymes responsible for the
oxidative decarboxylation of glycine to glyoxylate. Interestingly, a R. fascians
mutant of the glycine dehydrogenase P (GDH-P) homolog displayed reduced
virulence. While the gcvP gene was not transcribed when glycine was provided
as the sole nitrogen source (as in E. coli and S. cerevisiae), the expression was

induced by plant gall extracts, similar to MLS (Vereecke et al 2002b).
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- Non-glyoxylate cycle functions of MLS?

Given the conserved nature of the genomic location of a type G MLS with
glycine-metabolizing region of the genome, it is tempting to speculate that the
MLS could be acting in a second pathway. Atypical functions of the MLS of M.
tuberculosis are further suggested by the production of antibodies against the
protein in the sera of tuberculosis patients, its presence in culture filtrate
(Sonnenberg and Belisle 1997, Laal et al 1997, Samanich et al 2001), and its
reported extracellular localization (Kinhikar et al 2006). Some indications of an
alternative or additional function for the M. tuberculosis MLS stem from a report
of an adhesin-like domain at the C-terminus of the enzyme that is not conserved
in MLS enzymes in other mycobacteria (Kinhikar et al 2006). This appears to
also be the case for the MLS of the pulmonary fungal pathogen Paracoccidioides
brasiliensis (da Silva Neto et al 2009). While secondary or ‘moonlighting’
functions for metabolic enzymes have been reported (Huberts and van der Klei
2010), and a laminin-binding function has been suggested for another metabolic
enzyme of M. tuberculosis, the fructose-1,6-bisphosphatase (de la Paz
Santangelo 2011), the evidence from in vitro binding assays needs to be
supplemented with specific domain deletions that are tested in vivo in
comparison to catalytic site mutations that impair enzymatic activity while leaving

the putative adhesin domain intact.
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- Non-glyoxylate cycle functions of ICL?

The bifunctionality of the ICL enzyme in a propionate metabolic pathway
has already been alluded to, but another MLS-independent role for ICL has been
known to exist in the serine pathway of bacterial species that are capable of
growth on one-carbon substrates, such as methanol and methylamine (Anthony
2011).

There is also the possibility that another enzyme, rather than MLS, plays
the dominant role in metabolizing ICL-produced glyoxylate. This hypothesis
stems from the observation of coordinately high levels of induction of both ICL
activity and glycine dehydrogenase (GDH) activity in M. tuberculosis during
microaerophilic growth (Wayne and Lin 1982). The ICL activity could function to
generating glyoxylate for subsequent reduction by GDH, thereby regenerating the
oxidized NAD" pool during hypoxic conditions. A gene knockout-based study of
this activity in M. tuberculosis is complicated by the presence of three putative
genes encoding this functionality and the predicted essentiality of the most likely
candidate, gcv (Rv1832) (Cole et al 1998, Wayne and Sohaskey 2001, Sassetti

et al 2003).

- Uncoupling the ICL/MCL bifunctionality

The key to understanding the underpinnings of the inability of an ICL/MCL
mutant to survive in vivo lies in being able to distinguish between the two

functional roles of the enzymes in the glyoxylate cycle (ICL) and methylcitrate
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cycle (MCL). In effect, the relative contribution of the two pathways that
converge at the ICL/MCL enzymes must be tested independently.

To independently interrogate the requirement of the glyoxylate cycle in
pathogenesis, the in vivo role of the second enzyme of the pathway, MLS, could
be tested. However, previous and ongoing efforts have indicated its likely
essentiality (E.J. Munoz-Elias PhD thesis, 2005; N. Dhar, personal
communication; S. Ehrt, personal communication; Griffin et al 2011). As the
glyoxylate cycle is not expected to be essential for growth on glucose, this poses
an intriguing but confounding factor. MLS may be required to avoid the
accumulation of gloxylate, which may be toxic to the cell; testing this hypothesis
will require the use of a mutant strain that is engineered to conditionally express
MLS.

To independently interrogate the requirement of the of the methyicitrate
cycle in pathogenesis, a separate, independent lesion should be made in this
route. This is the approach that was taken previously by the lab, and the results

are discussed in the next section.
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1.2 Methylcitrate cycle

1.2.1 Propionate

Propionic acid and other short-chain fatty acids are predominant in the soil
(Chin & Conrad 1995) as well as in the gut (Cummings et al 1987), where they
are formed as by-products of fermentative bacteria, and then oxidized by other
commensal bacteria.

Propionate is also of interest in the food production industry for its historically
known anti-bacterial and anti-fungal properties, and its consequent use as a
preservative (Salmond et al 1984).

For its use as a growth substrate, propionate must first get activated by
the addition of a Coenzyme A group via thioesterification, as will be described
subsequently. Propionyl-CoA can also be derived from the breakdown of odd-
chain length fatty acids (Clark & Cronan 1996), the breakdown of the amino acids
valine, isoleucine, methionine, and threonine (Hesslinger et al 1998), the
catabolism of the cholesterol side chain (Griffin et al 2012), and the aerobic and
anaerobic degradation of 1,2-propanediol (a product of rhamnose and fucose
fermentation in the gut) (Obradors et al 1988, Baldoma et al 1988, Bobik et al
1999).

A number of pathways of metabolism have been proposed, based on the
possible transformations of the different carbon positions of the common
precursor, propionyl-CoA (Wegener et al 1968, Textor et al 1997). (Figure 1.9A)

While the dehydrogenation to acryloyl-CoA, subsequent beta-hydration to 3-
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hydroxypropionyl-CoA, and reductive carboxylation to 2-oxobutyrate has been
reported for certain organisms, these pathways are utilized in the direction of
formation of propionate, rather than breakdown (Eisenreich et al 1993, Tholozan
et al 1990, Vagelos and Earl 1959).

Despite a number of reports indicating the function of an acrylate pathway
in organisms such as Escherichia coli (E. coli), Salmonella enterica serovar
Typhimurium (S. Typhimurium), and Pseudomonas aeruginosa (P. aeruginosa),
the labeling experiments were found not to distinguish between the operation of
the acrylate and methylcitrate pathways (Bramer et al 2002). The oxidation of
propionate is now thought to proceed in bacteria and fungi via the methyicitrate

cycle and in a wide distribution of organisms via the methylmalonyl-CoA pathway.
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Figure 1.9 A) Proposed routes of propionate breakdown: 1: alpha-
hydroxyglutarate, 2: citramalate, 3: methylmalonyl-CoA, 4: acryloyl-CoA, 5: 2-
methyicitric acid cycle (Horswill and Escalante-Semerena 1999a). B) Routes for
propionate activation in S. Typhimurium: acetate kinase (AckA), propionate
kinase (PduW), phosphotransacetylase (Pta), propionyl-CoA synthetase (PrpE),
acetyl-CoA synthetase (Acs) (Palacios et al 2003).
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- Propionate activation to propionyl-CoA

As for acetate conversion to acetyl-CoA, propionate must be activated to
propionyl-CoA before it can be utilized in cellular processes. One route, used by
acetyl-CoA synthetases (Acs) and propionyl-CoA synthetases (Pcs or PrpE),
ligates a Coenzyme A, coupled to ATP cleavage to AMP. A second pathway
invokes two proteins, an acetate or propionate kinase (Ack, Pck) and a
phosphotransacetylase (Pta), in a sequential reaction of phosphorylation of the
fatty acid followed by the transfer of the acetyl- or propionyl- group to Coenzyme
A (Chou and Lipmann 1952, Lipmann 1944). Acetyl-CoA and propionyl-CoA may
also be formed by a CoA transferase reaction from a Coenzyme A donor to an
acetate or propionate acceptor (Heider 2001, Fleck and Brock 2008, Veit et al
2009).

Although dedicated propionate-activating enzymes exist, the substrate
specificities of ACS and ACK-PTA enzymes have been known to be ‘relaxed’ and
accept propionate as a substrate. S. Typhimurium encodes ack, pta, acs and
prpE as well as propionate kinases pduW and tdcD. Unsurprisingly, significant
redundancy was seen in knockout mutants (Palacios et al 2003). (Figure 1.9B)
Similar overlapping functionality is seen for systems of propionate activation in E.
coli (Hesslinger et al 1998). Corynebacterium glutamicum (C. glutamicum) has
an ACK-PTA system that utilizes both acetate and propionate as substrates, but

is reported not to have an acetyl- or propionyl-CoA synthetase enzyme. However,
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this organism possesses a cat-encoded CoA transferase that can activate

acetate and propionate in the absence of the alternative system (Veit et al 2009).
1.2.2 Methylcitrate cycle

The methylcitrate cycle was first biochemically elucidated in the yeast
Candida (formerly Yarrowia) lipolytica, where propionyl-CoA was metabolized to
pyruvate and succinate via a set of reactions analogous to those of acetyl-CoA
by the glyoxylate cycle. The first step involves the hydrolytic condensation of a
propionyl-CoA with oxaloacetate by a methyicitrate synthase (MCS), forming
methyicitrate. An isomerization reaction converts methylcitrate to 2-
methylisocitrate via a cis-2-methylaconitate intermediate. This step is carried out
by the sequential action of a methylcitrate dehydratase (MCD) followed by
hydration by an aconitase (ACN). Methylisocitrate is then cleaved by a
methylisocitrate lyase (MCL) to produce pyruvate and succinate. The net result is
that of the alpha-oxidation of propionate to pyruvate, as succinate re-forms
oxaloacetate via the TCA cycle (Tabuchi and Serizawa 1975). (Figure 1.10) As
the hydrolysis involved in methyicitrate synthesis is irreversible, this pathway
cannot be used for propionate formation (Brock et al 2000).

The genetic basis of this pathway was first identified in S. Typhimurium
from a mutant strain (prp) impaired in propionate metabolism (Hammelman et al
1996). Using genomic mapping, the lesion was localized to two divergent
transcriptional units (Horswill and Escalante-Semerena 1997). By homology, a

cluster of corresponding genes was identified in E. coli (Textor et al 1997).
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- prp operon

The genomic region identified in S. Typhimurium featured an upstream,
divergently-transcribed prpR gene, with homology to transcriptional activators of
the sigma-45 (RpoN) family. This was designated as the activator of the genes
contained within the adjacent prp locus. The 264 bp intergenic region separating
the transcriptional units was found to contain a consensus binding site for RpoN.
Consistent with this, an rpoN mutant strain was unable to grow on propionate
(Horswill and Escalante-Semerena 1997). (Figure 1.10)

As no internal promoters were identified in the short gaps between the
prpB, prpC, prpD, and prpE open reading frames, and complementation of single
insertion mutants required all the genes (implying polar effects), the proBCDE
genes were found to constitute an operon (Horswill and Escalante-Semerena
1997). (Figure 1.10)

Although meaningful homology was difficult to establish at the time for this
‘novel’ set of genes given the paucity of sequenced organisms, subsequent
biochemical studies of the individual mutants with labeled propionate enabled
identification of their respective roles. A mutant was not found in prpE, as it
encodes a propionyl-CoA synthetase (PCS), whose function was found to be
redundant with other encoded enzymatic activities, as explained earlier (Horswill
and Escalante-Semerena 1999b). prpC, homologous to citrate synthases,

encoded the methyicitrate synthase (MCS) activity.
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prpD, which showed homology only to proteins of unknown function, was
found to carry out only the dehydration of 2-methylcitrate to form 2-methyl-cis-
aconitate, and thus acted as a methylcitrate dehydratase (MCD). The activity to
carry out the hydration of this intermediate to 2-methylisocitrate was determined
to be encoded outside of the operon (Horswill and Escalante-Semerena 1997,
Horswill and Escalante-Semerena 1999a). It was subsequently found that this
aconitase-like reaction was, in fact, carried out by one of the aconitase (ACN)
enzymes (encoded by acnA or acnB) of the TCA cycle (Horswill and Escalante-
Semerena 2001). prpB, was found to encode the methylisocitrate lyase activity

(MCL) (Horswill and Escalante-Semerena 1999a, Grimek et al 2003).
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Figure 1.10 Genomic locus of prp operon in S. Typhimurium and reactions of the
methylcitrate cycle. PrpE: propionyl-CoA synthetase (PCS), PrpC: methylcitrate
synthase (MCS), PrpD: methyicitrate dehydratase (MCD), AcnA/B: aconitase
(ACN), PrpB: methylisocitrate lyase (MCL) (Tsang et al 1998).
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The prp locus in E. coli is syntenic to that in S. Typhimurium, with the
exception of a region between prpB and prpC in E. coli (Textor et al 1997).
Rather than being an ORF, as originally described, Horswill and Escalante-
Semerena noted that the increased ‘gap’ in E. coli actually corresponded to four
91-bp repeats, perhaps indicative of genomic rearrangements of the locus. This
difference between the operons of the two organisms could affect the relative
expression levels of the genes, and thus be responsible for the long lag phase in

E. colion propionate (Horswill and Escalante-Semerena 1999a).

- Alternative operon arrangement

Unlike S. Typhimurium and E. coli, other bacteria seem to encode within
their prp operons genes homologous to those for aconitate hydratases, but
clustering distinctly from the TCA cycle enzymes by phylogeny (Bramer and
Steinbuchel 2001). One gene bears homology to the acnA of S. Typhimurium,
and is denoted as acnD (elsewhere, acnM), whereas the other was denoted prpF
(previously ybhH or ORF5) (Horswill and Escalante-Semerena 2001, Bramer and
Steinbuchel 2001, Grimek and Escalante-Semerena 2004). These variations

are diagrammed in Figure 1.11.
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Figure 1.11 Comparison of genomic loci of prp operons in different species.

prpR: transcriptional regulator, prpB: methylisocitrate lyase, prpC; methyicitrate
synthase, prpD: methyicitrate dehydratase, prpE: propionyl-CoA synthetase,
acnD: aconitase, prpF: unknown, ackA: acetate kinase — homologous to E. coli
tdeD, strains marked with an asterisk (*) contain a 789 bp ORF in between prpC

and acnD (Grimek and Escalante-Semerena 2004).

Shewanella oneidensis, Burkholderia sacchari, and  Ralstonia
metallidurans (formerly eutropha) CH34 encode a prp operon with an acnD and
proF in place of prpD, and lack a prpE (Bramer and Steinbuchel 2001, Grimek
and Escalante-Semerena 2004).

R. eutropha HF39, Bordetella pertussis, Pseudomonas aeruginosa, and
Pseudomonas putida have operons resembling the first type, but with the

addition of a prpD homolog (Grimek and Escalante-Semerena 2004). As a further
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variation, a second putative acnD homolog is downstream of, but divergently
transcribed from, the prp locus of P. putida (Bramer and Steinbuchel 2001).

Neisseria spp. have similarly arranged operons to the first type, but with a
789 bp ORF between prpC and prpD and downstream of prpF, a 1200 bp ORF
homologous to the E. coli tdcD-encoded propionate kinase (Grimek and
Escalante-Semerena 2004).

prpR homologs were not identified in R. metallidurans CH34 or in N.
meningitidis, but were found to be transcribed collinearly in the two
pseudomonads. The prp operon in Vibrio cholerae thus appears to be
intermediate in these variations, with a collinear prpR, an acnD and prpF, and still
retaining a prpE (Bramer and Steinbuchel 2001).

A bioinformatics search of the pathogenic Burkholderia pseudomallei
genome indicated another variation of the prp operon structure, with divergently-
transcribed prpR and prpB prpC acnD prpF in one locus and prpD acnA genes in
a second operon located elsewhere on the same chromosome, both lacking a
specific prpE (P. Nichayapun M.Sc. thesis, 2005).

Bacillus subtilis has a reduced and rearranged operon structure of prpCDB.
Corynebacterium glutamicum, a close relative to Mycobacterium tuberculosis
encodes a prpDBC arrangement (that has been duplicated) with a regulator that
is located downstream of the apparently ‘non-functional’ duplicated locus (Claes
et al 2002, Plassmeier et al 2011). This will be described further in a subsequent

section. Pathogens Corynebacterium diphtheriae and Mycobacterium leprae do
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not appear to encode any prp homologs (Claes et al 2002). The function of these

phylogenetically-distinct aconitase enzymes was investigated further.

- PrpD vs. AcnD/PrpF vs. AcnA/AcnB

The acnA and acnB genes of S. Typhimurium exhibited some overlapping
ability to function as methyl-cis-aconitate hydratases, with AacnB showing a more
severe defect, requiring glutamate for growth on propionate. Although the
authors concluded that AcnB played a dominant role on propionate (Horswill and
Escalante-Semerena 2001), it may be a consequence of the dominant role of
AcnB for functioning in the TCA cycle. The double AacnA AacnB strain was
unable to grow on propionate, with or without glutamate, aerobically or
anaerobically, indicating there was no other source of hydratase activity (Horswill
and Escalante-Semerena 2001).

The acnD and prpF genes from both S. oneidensis and V. cholerae were
able to complement a AprpD strain of S. Typhimurium, during aerobic and
anaerobic growth on propionate, but only when provided jointly. Both cross-
species pairs were functional as well. The E. coli Ybhd (with 22% identity and
37% similarity to S. oneidensis AcnD) and YbhH (34% identity and 47% similarity
with V. cholerae PrpF) were unable to complement the S. Typhimurium prpD
mutant, whether provided together (ybhHIJ) or in combinations with the S.
oneidensis and V. cholerae enzymes. Neither the acnD / prpF nor ybhJ /| ybhH

gene pairs were able to functionally complement an AacnA AacnB stain of S.
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Typhimurium grown on pyruvate, indicating that the encoded enzymes could not
act as aconitases in the TCA cycle (Grimek and Escalante-Semerena 2004).

A AprpD of R. eutropha HF39 did not accumulate 2-methylcitrate or show
any phenotype (Bramer and Steinbuchel 2001). Unlike prpD, acnD of S.
oneidensis encodes a protein with Fe-S clusters, similar to those in aconitase
enzymes, but still was only able to catalyze the first, dehydratase step of the
reaction, after anoxic reactivation (Grimek and Escalante-Semerena 2004). PrpF
failed to show hydratase or dehydratase activity with any of the tested substrates
in oxic or anoxic conditions. Although exhibiting weak homology (~24% amino
acid similarity) to the pduG-encoded diol dehydratase reactivation factor of S.
Typhimurium, PrpF did not improve the kinetics when added to reactions with
AcnA (Bramer and Steinbuchel, 2001, Grimek and Escalante-Semerena 2004).
Thus, while required for 2-methylcitrate dehydratase activity, the precise
functional role of PrpF is unknown.

Despite lacking sequence similarities, the MCD enzymes of S.
Typhimurium and C. lipolytica were similar to class Il fumarase enzymes in
having dehydratase activities in the absence of metal cations, reducing agents, or
Fe-S clusters. In contrast, Class | fumarases do contain Fe-S clusters. The
existence of multiple aconitase and fumarase systems and the presence of both
acnD | prpF and prpD in the prp operons of several bacteria (R. eutropha, B.

pertussis, and Pseudomonas spp.), could imply that the flexibility of having both
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Fe/S-dependent and independent metabolic routes is advantageous (Horswill

and Escalante-Semerena 2001, Grimek and Escalante-Semerena 2004).

- prp loci in C. glutamicum

Corynebacterium glutamicum, a soil-dwelling bacterium in the same sub-
order of Actinomycetes as M. tuberculosis, presents a much reduced prp operon
structure with a shuffled gene order with respect to S. Typhimurium, consisting of
prpDBC, found in two distinct clusters in the genome. Separated by ~38 kbp, the
surrounding regions do not share homology between each other and neither
encodes a prpE or acnD | prpF. The paralogs from the two clusters, termed
prpD1B1C1 and prpD2B2C2 exhibit between 70-75% identity on the nucleotide
level and 73%-80% identity of amino acid sequence, indicating a gene
duplication event followed by some diversification. Compared to the
corresponding genes from S. Typhimurium, C. glutamicum shares ~26%, ~42%,
and ~40% amino acid identity to prpD, prpB, and prpC, respectively. In absence
of a PrpE, the activation of propionate is expected to occur via the ACK-PTA
system, as ACS was not previously detected nor encoded in the genome (Claes
et al 2002, Reinscheid et al 1999).

Growth upon propionate as the sole carbon source caused a 5 to 7 day
lag, compared to growth on glucose or acetate. Propionate had a dominant
effect even in the presence of glucose, although the lag was reduced to ~36 hr,

while growth on acetate was only slightly affected by the presence of propionate.
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Growth was monophasic on all mixtures, indicating co-utilization of the substrates
(Claes et al 2002).

By a 2D PAGE analysis, all six spots that differed prominently between
propionate and acetate grown cultures were assigned by mass spectrometry to
the prpD2B2C2 cluster, with each protein being represented by two spots,
suggestive of posttranslational modifications. By mutational analysis, none of the
individual or combined deletions in the prpD1B1C1 operon had an effect for
growth on propionate, whereas all individual deletions in the prpD2B2C2 cluster
abrogated growth. This indicated the requirement of the prp2 gene cluster and
the dispensability of the prp1 locus for propionate growth under the conditions
tested (Claes et al 2002). Surprisingly, the prp1 locus did show upregulation in a
microarray of propionate grown cultures compared to acetate cultures (Huser et

al 2003).

- Regulation / activation of the prp operon

The activator of the prpBCDE operon in S. Typhimurium is proposed to be
2-methylcitrate (Tsang et al 1998), as propionate itself did not induce the operon
in a lacZ fusion strain (Hammelman et al 1996), and a AprpC strain had the most
severe induction defect. This suggested the product of the PrpC reaction, 2-
methylcitrate, was required as the co-activator for PrpR, albeit at low levels (as a
leaky plasmid copy could cause induction). Additionally, defects in propionyl-

CoA formation, from mutations in the redundant activating systems, also
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decreased the levels of induction as they affected an upstream step of 2-
methylcitrate formation (Tsang et al 1998).

proR and consequent prp operon induction was shown to be required for
propionate utilization, as a AprpR strain in S. Typhimurium was unable to grow on
the substrate. The defect could be complemented in trans, with the basal, ‘leaky’
plasmid transcription sufficient for complete rescue. A constitutive expression of
the prp operon, in a AprpC strain lacking the putative co-activator, could be
obtained by eliminating the activation domain of PrpR, thought to be responsible
for signal recognition (Palacios and Escalante-Semerena 2000).

Induction also required the ntrA gene (encoding the RpoN (sigma-54)
transcription factor), in keeping with the sigma-54 consensus sequence at the
promoter of the prp operon, as well as the ihfB gene, which has been shown to
activate sigma-54 promoters (Palacios and Escalante-Semerena 2000). Both
prpR and the prp locus were found to be subject to global cyclic-AMP (cAMP) -
cAMP receptor protein (CRP)-mediated catabolite repression under glucose and
glycerol in E. coli (Lee et al 2005).

No homolog to the S. Typhimurium and E. coli prpR was found in C.
glutamicum by sequence similarity. However, a mutant with disregulated MCS
activity was isolated and the locus responsible, termed proR (Radmacher and
Eggling 2007), contained a lambda repressor-like DNA binding domain. This
gene was surprisingly located in anti-parallel orientation to, but downstream of,

the genetically dispensable prpD1B1C1 cluster, rather than the prpD2B2C2
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cluster that it activates. The protein itself had closest homology (39% identity,
55% positives) within the organism to RamB, the acetate metabolic regulator
(Plassmeier et al 2012, in press).

The prpD2B2C2 transcript appeared to be the only target under
propionate addition. Localization or copy number of prpR did not affect
transcription levels. The prpR transcript itself was constitutively expressed, and
thus requires a co-activator to induce the operon under propionate conditions
(Plassmeier et al 2012, in press).

The PrpR transcriptional start site had a SigA (sig 70, housekeeping)
consensus site. The prpD2B2C2 locus start site had a weaker match to SigA.
The prp operator was defined to be the 121 bp region between -176 to -56. A
clear band shift in an electrophoretic mobility shift assay (EMSA) was only seen
with the addition 2-methyicitrate, although structurally similar metabolites citrate
and methylisocitrate showed a broadening of the band. This suggested that 2-
methylcitrate, as in S. Typhimurium, was the co-activator (Plassmeier et al 2012,
in press).

The sequence and functional similarity of PrpR and RamB could indicate a
shared evolutionary origin. The use of a sigma70 family regulator in C.
glutamicum, compared to the sigma54 type in S. Typhimurium and E. coli,
suggests a difference in regulation of the prp operon by these organisms

(Plassmeier et al 2012, in press).
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1.2.3 Specificity of citric acid cycle vs. methyilcitric acid cycle

enzymes

The careful regulation of the prp encoding genes could be construed as a
safety mechanism to avoid the potential interference of the methyicitric acid
enzymes with those catalyzing analogous reactions in the citric acid cycle, as
common catalytic mechanisms are assumed (Textor et al 1997). (Figure 1.12)

The ability of these enzymes to ‘cross-react’ can be assessed by in vitro
assays, enzymatic activity in extracts grown on different carbon sources, or, most
convincingly, by functional complementation in mutant strains. Earlier, the
redundant ability of the acetate activation systems to utilize propionate was
discussed. Similarly, the evidence for other analogous reactions will be

considered.
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Figure 1.12 Analogous reactions and metabolites of the glyoxylate cycle and the
methylcitrate cycle. CS: citrate synthase, ACN: aconitase, ICL: isocitrate lyase.
MCS: methylcitrate synthase, MCD: methylcitrate dehydratase, MCL:

methylisocitrate lyase. The number of carbons in the intermediates are shown.

- Citrate synthase (CS) vs. Methyicitrate synthase (MCS)

An apparent ‘revertant’ (but actually a suppressor) of a citrate synthase
mutant (AgltA) of E. coliled to the discovery of the ‘second citrate synthase’ gene
(prpC) (Patton et al 1993), which indicated the ability of the MCS to functionally
complement the CS when overexpressed (Gerike et al 1998, Danson et al 1979).
In contrast, the CS of E. coli was demonstrated to bind, but not to have activity
with propionyl-CoA (Man et al 1995). The relaxed substrate specificity of MCS
compared to CS is supported by the crystal structure of Arthrobacter MCS having,

at the active site, increased substrate accessibility (Gerike et al 2001).
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The gltA-encoded citrate synthase and prpC1/C2-encoded methylcitrate
synthases of C. glutamicum exhibit ~32% amino acid identity (Claes et al 2002).
A low level of CS activity of a AgltA strain was abolished in a AgltA AprpC1,
indicating that the prpC genes could contribute this activity, albeit at levels that
could not sustain growth (Radmacher and Eggling 2007). However, the
constitutive expression of either prpC1 or prpC2 was able to rescue the
glutamate auxotrophy of the AgltA strain (Claes et al 2002).

Similarly, in the filamentous fungus Aspergillus nidulans, the MCS could
substitute for loss of CS only under de-repressing carbon sources, or with a
secondary mutation in the carbon catabolite repressor creA site (Murray and
Hynes 2010).

In contrast, the CS activity of prpC was sufficient to rescue the glutamate
auxotrophy of a AgltA strain of S. Typhimurium on propionate. And as will be
discussed in a subsequent section, in the absence of proC and consequent
excess of propionyl-CoA, the CS of S. Typhimurium can form 2-methylcitrate, but
does not rescue growth on propionate. (Horswill et al 2001)

Interestingly, the presence of some MCS activity with CS of archaea
(Gerike et al 1998) suggests evolution of MCS by duplication of CS. Consistent
with this, the closer relatedness of fungal MCS to eukaryotic CS and bacterial
MCS to bacterial CS would indicate that the duplication event took place after

these branches diverged (Brock et al 2000).
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- Aconitase (ACN) vs Methyicitrate dehydratase (MCD)

As the known prpD- and acnD-encoded enzymes are unable to carry out
the hydration of methyl-cis-aconitate to methylisocitrate, the demonstrated use of
the citric acid cycle aconitase to perform this reaction already indicates the
relaxed substrate specificity of this enzyme (Horswill and Escalante-Semerena
2001).

Purified AcnA (TCA enzyme) of S. Typhimurium could utilize citrate, cis-
aconitate, 2-methyl-cis-aconitate, 2-methylisocitrate, and 2-methyicitrate
produced by PrpC (‘poorly’) as substrates (Grimek and Escalante-Semerena
2004, Horswill and Escalante-Semerena 2001). While assays with purified PrpD
showed citrate was a poor substrate and isocitrate was not a substrate, cis-
aconitate could be used, comparably to 2-methylcitrate (Horswill and Escalante-
Semerena 2001). Purified AcnD from S. oneidensis indicated activity with citrate,
cis-aconitate, and 2-methyicitrate as substrates (Grimek and Escalante-
Semerena 2004), but acnD/prpF could not complement an AacnA AacnB strain of
S. Typhimurium for growth on pyruvate (Grimek and Escalante-Semerena 2004).
In E. coli, proD was shown to be responsible for the 5% residual ACN activity in
an AacnA AacnB strain (Blank et al 2002).

The ability of mammalian Acn and bacterial AcnA and AcnB to catalyze
only 2-methylisocitrate dehydration (and not 2-methyicitrate) while being able to
perform the full, reversible transformation of citrate to isocitrate, has been

attributed to the two ways in which the cis-aconitate intermediate can bind to the
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enzyme (Lauble and Stout 1995). An analogous rotation of 2-methyl-cis-aconitate,
to what would be the 2-methylcitrate position, is predicted to cause a steric clash
of the methyl group with the Asp165 residue in the crystal structure of
mammalian aconitase, a residue that is conserved in AcnA (Lauble et al 1992).
There are reports of an Acn, from a horse heart extract, that can form both 2-
methylcitrate and 2-methylisocitrate (Gawron and Mahajan 1966) and of an Fe/S
cluster-independent 2-methylisocitrate dehydratase activity in Y. lipolytica
(Tabuchi et al 1981, Tabuchi et al 1995) that would be exceptions to the trends

found in other eukaryotes and methyicitrate cycle enzymes, respectively.

- Isocitrate lyase (ICL) vs. Methylisocitrate lyase (MCL)

Saccharomyces cerevisiae icl2 encodes a dedicated MCL, that even when
expressed in multi-copy cannot complement an ic/1 null strain (Heinisch 1996).
In contrast, ICL1 can provide some MCL activity in ic/2 null mutants. Both
transcripts are expressed under ethanol growth and repressed in glucose,
suggesting an evolutionary artifact of cross-regulation. However, icl2 is
specifically expressed with threonine in glucose-limited media (Luttik et al 2000).

An MCL-deficient strain of A. nidulans is unable to grow on propionate, but
is unaffected on glucose or acetate, thus MCL does not play a role on acetate
growth and ICL cannot compensate for loss of MCL activity (Brock 2005). In the
plant pathogen Giberella zaea, an MCL-deficient strain was unable to utilize

propionate, but had no defect on acetate. icl transcription was increased on
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propionate, although this did not serve a function in the utilization of the substrate
in a MCL-mutant and perhaps indicates an evolutionary holdover of
transcriptional cross-regulation (Lee et al 2009).

The conserved tryptophan, phenylalanine, and threonine residues of ICL
enzymes are thought to define the position of glyoxylate within the active site.
The analogous residues in bacterial MCL (phenylalanine, leucine, and proline),
are believed to provide a more hydrophobic binding pocket to allow for the methyl
group of the pyruvate product (Grimm et al 2003).

The conserved KKCGH sequence, surrounding the catalytic site of all ICLs,
is altered to a KRCGH in MCLs (Brock et al 2001). A change in the MCL active
site of S. Typhimurium from the ‘MCL’-type to the ‘ICL’-type (R122K), resulted in
a 50% loss of activity with 2-methylisocitrate, and no gain of ability to cleave
isocitrate. Rather than being important for catalysis, this residue is proposed to
serve a similar function to K189 in M. tuberculosis ICL (Sharma et al 2000), for
closing the active loop site over the substrate (Grimek et al 2003). Further
evidence for its non-catalytic role, is the finding that in the E. coli structure of
PrpB, this residue was found facing away from the active site (Grimm et al 2003).
In the complementary experiment, a mutation of the E. coli ICL active site to that

of MCL results in an 89% loss of ICL activity (Rehman and McFadden 1997).
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- Anaplerosis on propionate

The ability of E. coli to metabolize propionate was found to be dependent
on the glyoxylate cycle (Textor et al 1997). However, in another strain,
oxaloacetate regeneration was shown to occur through PEP-synthase and
PEPCK (Kay 1972). It appeared that the disparity in dependence on the
glyoxylate cycle in the studies was related to the concentration of propionate
used in the medium. As the lag on propionate could be decreased by
supplementation of the media with 4-carbon substrates, the time for induction of
the glyoxylate cycle could account for the delay of growth (Wegener et al 1968).

In S. Typhimurium, neither ICL (aceB), MLS (aceA), nor the ICD
kinase/phosphatase (aceK) was required for propionate or pyruvate metabolism,
whereas PEP-synthase mutants failed to grow on these substrates (Horswill and
Escalante-Semerena 1999a). However, the glyoxylate cycle was found to serve
an anaplerotic role in R. eutropha where ICL1 or MLS-deficient strains exhibited
reduced growth on propionate media (Wang et al 2003).

In C. glutamicum, the use of anaplerotic pathways was detected by GC-
MS analysis of metabolites in wild-type bacteria grown on different carbon
substrates. The glyoxylate shunt was less active when propionate was added to
acetate in the medium than on acetate alone, with higher levels of alpha-
ketoglutarate and lower levels of malate detected. In the presence of propionate,

the transcript of pyc and the metabolite pool of pyruvate were increased,
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suggesting the action of pyruvate carboxylase for anaplerosis (Plassmeier et al

2007).

1.2.4 Role of the methylcitrate cycle in pathogenesis

An MCS-deficient strain of Aspergillus fumigatus, the fungal pathogen
causing invasive aspergillosis, was shown to be attenuated in the insect infection
model, particularly when spores exposed to propionate were used as inoculum
(Maerker et al 2005). In a macrophage model of infection, both wild-type and the
MCS-deficient A. fumigatus strains were taken up and killed at a similar rate.
However, the addition of propionate decreased the survival of mutant, but not the
wild-type strain, indicating that the inability to catabolize propionyl-CoA, and not
propionate itself, was deleterious (Ibrahim-Granet et al 2008).

The spores recovered by bronchial lavage from infected mice at 19 and 48
hours post-infection were also less viable (as assessed by FITC fluorescence) in
the case of the mutant, indicating the MCS-deficient strain was killed more in vivo.
The virulence in mice of the mutant strain was found to be reduced by at least
one order of magnitude, as the effect of 1075 conidia of the mutant represented a
more attenuated outcome than infection of 1074 of the wild-type strain. A
histopathology time course demonstrated the delayed onset of inflammation and
the reduction of growth and distribution of hyphae in the mutant strain compared

to the wild-type (lbrahim-Granet et al 2008).
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Of relevance to the ability of citric cycle enzymes to compensate for loss-
of-function of the methylcitrate cycle analogs, an MCL-deficient strain of the
cereal pathogen Gibberella zeae had a slight defect in one of the infection
models. However, the double ICL- and MCL- deficient mutant had reduced
disease severity in both plant models tested (Lee et al 2009). In this light, the
apparent dispensability of ICL and MCL in S. Typhimurium for virulence in the
mouse model (Kim et al 2006) may result in their partial redundancy in vivo,
although this has not been tested.

However, a genome wide transcription study of S. Typhimurium isolated
from the intestinal lumen of the chicken gut indicated that propionate metabolic
genes prpC, prpD, prpE, and pduW (propionate kinase) were upregulated. The
redundancy between the propionyl-CoA synthetase and propionate kinase-pta
pathways to propionate activation may explain why a prpE mutant did not show a
reduction in a gut colonization assay. In contrast, expression of the acetate
kinase, ack, was also upregulated, and mutants in ack and pta were found to
have poor colonization ability (Harvey et al 2011).

Given the similar pulmonary site of infection and intracellular lifestyle of M.
tuberculosis and the Legionella pneumophila pathogen causing Legionnaire’s
disease, it was interesting that a macrophage- and amoeba-model attenuated
strain of L. pneumophila was found to have a mutation in prpD (Stone et al 1999).

It appears from the available genome sequence that in L. pneumophila, the prp
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locus consists of only prpC and prpD with the annotated putative MCL encoded

separately. The glyoxylate cycle does not appear to be present in this organism.

- Methylcitrate cycle in M. tuberculosis

The prp locus of M. tuberculosis was found to consist of only the MCD-
encoding prpD (Rv1130) and MCS-encoding prpC (Rv1131) genes located
downstream of a divergently transcribed regulator (Rv1129c). (Figure 1.13B) The
MCL function was found to be provided by bi-functional ICL/MCL enzymes
encoded by the icl/1 and icl2 genes. (Munoz-Elias et al 2006) The crystal
structure of the M. tuberculosis ICL1 enzyme indicated that the active site could
accommodate the methyl group of methylisocitrate, despite the enzyme not
having the signature residues of canonical MCLs (Gould et al 2006).

This organization of the prp locus is conserved in the closely-related M.
bovis pathogen. However, the opportunistic pathogens M. avium and M.
marinum, as well as the non-pathogenic M. smegmatis, encode a prpB between
the prpD and prpC homologs. (Figure 1.13A) In contrast, the pathogen M. leprae,
known for its reduced genome (Cole et al 2001), lacks the prp region altogether.
The prp locus in M. tuberculosis was found to be subject to local regulation by the
putative upstream regulator Rv1129c and global regulation by sigE (Datta et al

2011).
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Figure 1.13 Chromosomal locus encoding methylcitrate cycle genes in A) M.

smegmatis and B) M. tuberculosis.

A AprpDC strain of M. tuberculosis was unable to grow on propionate in
vitro, but was unaffected for growth on acetate. Notably, the strain was
dominantly inhibited by propionate, even with the addition of the alternative
carbon substrates of glucose or acetate (Munoz-Elias et al 2006). The icl1::hyg

icl2::aph mutant of M. tuberculosis has been shown to be unable to grow on
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either acetate- or propionate-containing media (Munoz-Elias and McKinney 2005),
consistent with its identified bifunctional role in the glyoxylate and methylcitrate
cycle (Munoz-Elias et al 2006). Cholesterol, from which propionyl-CoA can be
derived, was shown to be less-utilized by the AprpDC and AprpR (Arv1129c)
strains generated in the H37Rv background of M. tuberculosis (Griffin et al 2012).
Pertaining to the possible in vivo role of the methylcitrate cycle,
transcripts of Rv1129c, prpC, and icl/1 were highly upregulated in bacteria in
resting and activated macrophages, as well as in bacteria isolated from the
mouse lung (Schnappinger et al 2003, Shi et al 2010). PrpD was also detected in
2D gels of proteins from intraphagosomal M. tuberculosis (Mattow et al 2006).
Correspondingly, a AprpDC strain of M. tuberculosis was unable to
replicate in resting or activated murine bone marrow-derived macrophages
(Munoz-Elias et al 2006), although this phenotype was less severe than that of
the ICL/MCL-deficient strain (Munoz-Elias and McKinney 2005). However, in an
aerosol infection of mice, the AprpDC strain showed no difference in growth,
persistence, or immunopathology compared to the wild-type strain of M.
tuberculosis (Munoz-Elias et al 2006), and therefore did not recapitulate the
phenotype of the ICL/MCL-deficient strain (Munoz-Elias and McKinney 2005).
Thus, while the methyicitrate cycle appeared to be required for growth on
propionate and propionyl-CoA-generating carbon substrates in vitro and for
replication ex vivo, it was found to be dispensable for growth in vivo. Possible

reasons for the disparity included the differences between bone marrow-derived
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and alveolar macrophages in terms of nutrient availability or antibacterial ability,
the concentration of inhibitory metabolites in macrophages but not in mouse
lungs, or the activation of a ‘latent’ buffering pathway in vivo but not during
growth in vitro or in macrophages (Munoz-Elias et al 2006).

An alternative route for propionate metabolism, the methylmalonyl-CoA
pathway, was identified in the genome of M. tuberculosis, but its functionality was
initially unknown.  Moreover, one of the enzymes of the pathway, the
methylmalonyl-CoA mutase, utilizes a vitamin B12 coenzyme. Thus, the
functioning of this pathway would hinge upon the ability of M. tuberculosis to

synthesize or acquire this cofactor. These possibilities will be described further.

1.3 Methylmalonyl-CoA pathway

While the methyicitrate cycle has, thus far, only been reported to function
in bacteria and fungi, the methylmalonyl-CoA route for propionyl-CoA utilization
can be found represented in all domains of organisms, except for plants (Zhang
et al 2009). This diversity in distribution is reflected by the array of adaptive uses
for this pathway.

The methyl-branched intermediates of the pathway are utilized in the
synthesis of complex polyketides by soil bacteria that are of great interest for
industrial production of antibiotics and biodegradable polymers. Polyketides are
chains resulting from iterative addition of building blocks, such as propionyl-CoA

and malonyl-CoA, linked by decarboxylative condensations. Large multienzyme
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complexes, called polyketide synthases, are able to perform these reactions in a
manner similar to fatty acid synthesis. Complexity is built from altering the starter
or chain extension unit, the formation of chiral centers, and cyclizations (Khosla
et al 1999).

Addition of methylmalonyl-CoA results in a methyl branch in the chain.
Thus, in the production of polyketides, such as antibiotics, there is interest in
using succinyl-CoA or sugars as the fermentation carbon source and engineering
the methylmalonyl-CoA route into industrial-scale compatible microorganisms,
such as Saccharomyces cerevisiae and Escherichia coli (Mutka et al 2006,
Zhang et al 2010).

In the anaerobic and carbohydrate-rich environment of the gut,
fermentative bacteria can utilize the pathway in the direction of propionate
formation. Humans make use of the pathway in mitochondria, for the degradation
of long-chain fatty acids and branched-chain amino acids. The importance of this
pathway is evident from the severe metabolic disorders (propionic aciduria and
methylmalonic acidemia) that arise from genetic mutations in the enzymes and
cofactors involved (Fenton et al 2001).

The pathway has also been of interest to chemists due to the radical
chemistry and carbon skeletal rearrangement involved in the methylmalonyl-CoA
mutase reaction. This step of the pathway will be discussed in detail later but a
basic introduction to the vitamin B12 cofactor and its involvement in these

complex rearrangement mechanisms will be given first.
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1.3.1 Vitamin B12

Around 20 enzymatic reactions are known that rely on vitamin B12 or one
of its variations, falling under the categories of: methylations, isomerizations,
ribonucleotide reductases, and the rare halogenations (Martens et al 2002). The
process of de novo cobalamin synthesis is one of the most complex biological
reactions known, requiring at least 25 unique enzymes and up to 20 enzymatic
steps, and resulting in a rare carbon-metal bond to a cobalt atom (Raux et al

2000).

- Distribution of B12 utilization vs. B12 synthesis

In addition to Salmonella enterica serovar Typhimurium and other well-
studied vitamin B12 producers, the full synthetic pathway is known to occur from
genome sequences in some other bacteria and archaea. No eukaryotic genome
indicates the ability to synthesize B12 (Warren et al 2002). Of the prokaryotes
with sequenced genomes that were found to utilize cobalt (evidenced by cobalt-
transporters or cobalt-dependent enzymes), 75% of archaea and 50% of bacteria
also possessed the B12 biosynthetic pathway. Of the 30.6% of sequenced
eukaryotic genomes that appeared to be B12 users, most were of higher order
taxonomic groups, with the exception of insects, who appear to have evolved to
use nickel-dependent reactions rather than cobalt / B12-type (Zhang et al 2009).

The essentiality of B12 as a nutrient for many eukaryotes is due to the

presence of the B12-dependent methionine synthase (MetH) and methylmalonyl-
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CoA mutase (Mcm). The half of algal species that require vitamin B12
corresponds to the same subset that have lost the B12-independent methionine
synthase (MetE), events that have occurred independently across lineages
(Helliwell et al 2011). More perplexing is the subset of bacteria that produce B12

without requiring any of the B12-dependent enzymes for growth (Roth et al 1996).

- Vitamin B12 structure

Briefly, vitamin B12 is composed of four pyrroles in a planar corrin ring,
forming a porphyrin-like structure. The rings donate four equatorial nitrogens to
coordinate a central cobalt (Co) ion. The cobalt is also ligated by two components
in the axial positions, with the upper, beta-ligand lying on one side of the
tetracorrinoid core and the lower, alpha-ligand, a nucleotide base, on the other.
The substituents at the beta position determine the reactivity of the complex,
whereas the variations of alpha-ligands do not (Martens et al 2002, Takahashi-
Iniguez et al 2012, in press).

Cyanide as the beta-ligand (an artifact of the industrial purification
process), forms the relatively inert cyanocobalamin, which requires activation by
the cell via an adenosyliransferase reaction. Methylcobalamin has a methyl
group as the upper ligand and is the cofactor for the B12-dependent methionine
synthase (encoded by metH). Coenzyme B12 or adenosylcobalamin has a 5’-

deoxy-5-adenosine in this beta-position. Cobalamins have 5,6-
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dimethylbenzimidazole (Dmb) as the nucleotide base at the alpha-axial position

(Takahashi-Iniguez et al 2012, in press).

- Vitamin B12 synthesis

Pseudomonas denitrificans can synthesize B12 under aerobic conditions,
whereas S. Typhimurium and Propionibacterium freudenreichii subspecies
shermanii (P. freudenreichii) only do so anaerobically, with the early steps of the
pathway being oxygen sensitive (Jeter et al 1984). The biosynthesis of the
central ring is related to that of siroheme, heme, and chlorophyll and is thought to
have originated to produce B12 in the context of internal electron sinks for
anaerobic small molecule fermentation (Eschenmoser 1988). The components of
B12 are synthesized separately and then assembled (Roth et al 1996). (Figure
1.14)

Uroporphyrinogen Il (Urolll) is the precursor for the corrinoid ring, which
undergoes a number of modifications. Cobalt insertion and adenosylation occurs
early or late in the sequence, depending on whether synthesis occurs
anaerobically or aerobically, respectively (Mueller et al 1991). An aminopropanol
side-chain is formed from threonine and is attached to the ring structure, forming
adenosylcobinamide (Ado-Cbi). The dimethylbenzimidazole is synthesized from
a flavin precursor, to which ribose, derived from an NAD synthesis intermediate

(nicotinic acid mononucleotide), is added, forming the nucleotide DmbMN. This
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is then added to the activated form of the aminopropanol side-chain of Cbi (GDP-

Cbi), forming the nucleotide loop of the complete Ado-B12 (Roth et al 1996).
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Figure 1.14 Chemical structure of B12 (adenosylcobalamin). Components that

are synthesized separately are indicated (Roth et al 1996).

75



- cob locus of S. Typhimurium

In S. Typhimurium, cbi mutants in the first 17 genes of a 20 gene locus are
rescued by provision of cobinamide (Cbi), which is the corrinoid ring with the
aminopropanol side chain. Mutants in the next two genes, cobU and cobS
synthesize Dmb and Cbi, but cannot join them. The last gene, cobT, appears to
function in both joining the components and in forming Dmb (Roth et al 1996).

A putative cobalt transport system is encoded by the cbiNQO gene cluster
of the cob locus. cobA, cobB, cobC, cobD, and cysG mutants map outside of this
main operon, but rather than functioning in the de novo synthesis, they either
utilize exogenous precursors for B12 synthesis or play an auxiliary role (Roth et

al 1996). (Figure 1.15)

- B12 transporters

E. coli has lost the ability to carry out de novo B12 synthesis, but can
utilize a cobinamide precursor (Volcani et al 1961). Transport of B12 across the
outer membrane of S. Typhimurium and E. coli has been demonstrated to involve
binding of B12 by a high affinity outer membrane transporter BtuB and movement
into the periplasm by the energy-coupling protein TonB. Once in the periplasm,
B12 associates with a periplasmic binding protein (BtuF in S. Typhimurium)
before being transported across the inner membrane by BtuC and BtuD, which

contains an ATP-binding site (Roth et al 1996).
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- The ‘paradox’ of B12

While S. Typhimurium only synthesizes B12 anaerobically, the metabolic
pathways that utilize B12 in this organism, those for ethanolamine and
propanediol breakdown, require oxygen, when used for growth (Roth et al 1996).
Moreover, mutants of S. Typhimurium unable to transport or synthesize vitamin
B12 have no phenotype in vitro (aerobically or anaerobically) or in infection
models (Sampson and Gotschlich 1992, Bjorkman et al 1996). The finding of an
electron acceptor, tetrathionate, that could be used with propanediol
anaerobically (Price-Carter et al 2001), and found to confer a selective advantage
in the gut (Winter et al 2010), may provide a resolution of the paradox.

In S. typhimurium, the genes encoding the cob locus are located
downstream and are divergently transcribed from those encoding the pdu operon
for 1,2-propanediol utilization (Rondon and Escalante-Semerena 1992). In P.
freudenreichii, the mutA and mutB genes are similarly placed with respect to the
B12 locus. A B12 binding consensus sequence is found in the region between
the loci (Roessner et al 2002). The requirement for B12 by these enzymes will be

addressed in the following section.
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Figure 1.15 Biosynthetic route to B12 (adenosylcobalamin) and other
tetrapyrrolic cofactors. Gene names are listed using S. Typhimurium
nomenclature. Genes similar to P. denitrificans are in shared gray blocks, with

chelatases in black boxes (Rodionov et al 2003).
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- Radical carbon rearrangements

Vitamin B12 serves to generate the radicals that enable the class of 1,2
intramolecular rearrangement reactions, where a carbon-bound hydrogen is
exchanged with the group on an adjacent carbon. The family of
adenosylcobalamin  (AdoCbl)-dependent enzymes catalyzing such carbon
skeleton isomerizations consists of methylmalonyl-CoA mutase, ethylmalonyl-
CoA mutase, glutamate mutase, methyleneglutarate mutase, and isobutyryl-CoA
mutase. Only the methylmalonyl-CoA mutase and B12-methionine synthase are
shared between bacteria and humans (Mancia et al 1996, Takahashi-Iniguez et
al 2012 in press).

The adenosylcobalamin, or Vitamin B12, co-factor is needed for the
mutase reaction to stabilize the radical carbon intermediate during the catalytic
transformation. The weakness of the bond between the Co(lll) and the 5’-carbon
of the 5’-deoxyadenosyl group enables the split that forms two free radicals. This
leaves the Co(ll) pentacoordinated in the cobalamin and allows the 5’-
deoxyadenosyl radical to abstract a hydrogen from the (methylmalonyl-CoA)
substrate, generating a substrate radical. After rearrangement (via a migration of
the O=C—CoA group), the product radical abstracts a hydrogen from the
adenosine, thus re-forming the adenosyl radical and the product (succinyl-CoA),
completing the ‘radical roulette’ (Mancia et al 1996, Takahashi-Iniguez et al 2012

in press). (Figure 1.16) The importance of the vitamin B12 cofactor to the
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enzymatic reaction catalyzed by the MCM now established, an explanation of the

pathway it takes part in follows.
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Figure 1.16 Coenzyme B12 and ‘radical roulette’ catalytic mechanism for carbon
skeletal rearrangements. A) 5’-deoxyadenosyl-cobalamin, dashed lines connect
to axial coordinating ligands. B) Minimal mechanistic scheme showing radical
intermediates and generic (X) migrating group. C) Rearrangement reaction
catalyzed by methylmalonyl-CoA mutase (MCM) with migrating O=C-CoA
thioester group (Mancia et al 1996)
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1.3.2 Methylmalonyl-CoA Pathway

- Pathway description

As mentioned in the previous section, in the direction of propionate
utilization, propionate is first activated to propionyl-CoA or propionyl-CoA is
derived directly from the catabolism of odd-chain or methyl-branched fatty acids,
cholesterol, and the amino acids valine, isoleucine, methionine, or threonine.

Propionyl-CoA undergoes a carboxylation reaction by a propionyl-CoA
carboxylase (PCC), a member of the acyl-CoA carboxylase family that uses a
biotin prosthetic group, yielding an (S)-methylmalonyl-CoA product. The (S)-form
undergoes an isomerization reaction by methylmalonyl-CoA epimerase (MMCE)
to generate the (R)-methylmalonyl-CoA form. This intermediate can be used for
biosynthetic reactions or as a substrate for the methylmalonyl-CoA mutase
(MCM), which uses an adenosylcobalamin (vitamin B12) co-factor to carry out a
carbon skeletal rearrangement to generate succinyl-CoA, a TCA cycle metabolite.

(Figure 1.17)

- Genes of the MMCoA pathway

The propionyl-CoA carboxylase is encoded by 2 or 3 genes for the
different subunits (alpha and beta, or in the case of some actinomycetes: alpha,
beta, and epsilon). Most genomic loci consist of a conserved sigma factor
regulator, located upstream and transcribed divergently from the structural genes.

The epimerase is encoded by an epi gene. The methylmalonyl-CoA mutase can
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be encoded by 2 genes corresponding to the alpha- and beta- subunits or by a
single mut gene for homodimeric enzymes. Adjacent to these genes is a

conserved associated protection / chaperone factor encoded by meaB.

- PCC

Propionyl-CoA carboxylase is a member of the acyl-CoA carboxylase
family which further includes methylcrotonyl-CoA carboxylases, geranyl-CoA
carboxylases, and acyl-CoA carboxylases of unknown specificity. These
enzymes catalyze the formation of precursors for synthesis of long-chain fatty

acids and secondary metabolites (Lombard and Moreira 2011).

PEC

!

MMC

MCM

@ MeaB

Figure 1.17 Methylmalonyl-CoA pathway. PCC: propionyl-CoA carboxylase,
MMCE: methylmalonyl-CoA epimerase, MCM: methylmalonyl-CoA mutase, B12:

coenzyme B12 (adenosylcobalamin), MeaB: protection factor.
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These enzymes consist of 3 activities: biotin carboxylase (BC), biotin
carboxyl carrier protein (BCCP), and carboxyltransferase (CT). In both
eukaryotes and bacteria, the highly conserved propionyl-CoA carboxylase
enzyme is comprised of two separately encoded chains: an alpha-chain
containing the biotin carboxylase (BC) and biotin carboxyl carrier protein (BCCP)
domains (Hunaiti and Kolattukudy 1982), and a beta-chain, corresponding to the
carboxyltransferase (CT) domain, which confers substrate recognition (Erfle 1973,
Henrikson & Allen 1979, Rodriguez et al 2001, Rodriguez & Gramajo 1999).
However, for actinomycetal ACCases, a third, epsilon subunit is required for holo

complex activity (Diacovich et al 2002, Gago et al 2006). (Figure 1.18)

a-subunit 0 f-subunit g-subunit
(AccA3, Rv3285) (AccDS, Rv3280) (Acc/PecE, Rv3281)
b 7
- s V7770 O
in M. tuberculosis
ATP/HCO, PcC CB
AcC
o-subunit o B-subunit g-subunit
(AccA2) (PceB) (PecE)

in 8. coelicolor

PCC 7 A— —Eea
PcC CB

a-subunit o B-subunit e-subunit
(AccA2) (AccB) (AccE)

A 77— e
AcC CB

in §. coelicolor
ATP/HCOy

Figure 1.18 Domain organization and similarity between acyl-CoA carboxylase of
M. tuberculosis and S. coelicolor. ACC: Acetyl-CoA carboxylase, PCC: Propionyl-
CoA carboxylases BC: biotin carboxylation domain, BCCP: biotin carboxyl
carrier protein, CT: carboxyltransferase domain, CB: carboxylbiotin (Oh et al
2006).
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A recently recognized domain, denoted as BT, located in between the BC
and BCCP regions, was shown to be the site of interaction between the alpha
and beta subunits in the crystal structure of the holoenzyme of human PCC
(Huang et al 2010). This interaction domain was recognized to be helical in
structure. Enzymes that lack this helical region corresponded to those that use
the additional AccE subunit for domain interaction. It is suggested that the helical
structure of AccEs might be used to compensate for alpha-subunits lacking a BT
domain (Lombard and Moreiera 2011).

In the first step of the reaction, the biotin carboxylase domain couples CO,
to the biotin moiety affixed to BCCP to form carboxybiotin. This is followed by the
transfer of the carboxyl group from biotin to the specific acyl-CoA substrate,
generating the alpha-carboxylated acyl-CoA product. Carboxylation of acetyl-
CoA would yield malonyl-COA, whereas utilization of propionyl-CoA produces

methylmalonyl-CoA (Lombard and Moreira 2011).

- MMCE

While the propionyl-CoA carboxylase produces the S-epimer of
methylmalonyl-CoA, the conversion to succinyl-CoA by methylmalonyl-CoA
mutase requires the R-epimer. The methylmalonyl-CoA epimerase (MMCE),
(also called methylmalonyl-CoA racemase) catalyzing this interconversion is
metal-ion dependent, forming a dimer with the Co2+ bound at the bottom of the

active site (McCarthy et al 2001). The human form was identified by a search by
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homology to genes often found adjacent to bacterial and archaeal MCMs. These
genes were previously misannotated as lactoylglutathione (LGSH) lyases (Bobik

and Rasche 2001).

- MCM

The methylmalonyl-CoA mutase enzyme from P. freudenreichii was found
to consist of the heterodimeric alpha-subunit (~79 kilodaltons (kDa)) and beta-
subunit (~65 kDa). The genes encoding these subunits were found to be located
adjacently in the chromosome (Marsh et al 1989).

Subsequent cloning of the human and murine forms of MCM indicated that
these enzymes were comprised of homodimeric (two alpha) subunits (Jansen
1989, Wilkemeyer et al 1990). There is not a clear delineation between genomes
encoding homodimeric and heterodimeric forms, as both types were found
amongst the MCMs encoded by members of the Rhizobiaceae (Miyamoto et al
2003).

Each dimer contains one binding site for the acyl-CoA substrate and for
B12. The beta chain does not appear to contribute much to the binding of the
substrate or the cofactor, consistent with the sequence having lost many of the
key binding and active site residues. (Mancia et al 1996).

In the crystal structure of the P. freudenreichii enzyme, the active site was
found to be deeply buried in the long tunnel where the substrate is bound, thus

protecting the reactive radical intermediates from side reactions. The mutase
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enzyme must favor the breaking of the Co-C bond of the coenzyme while
disfavoring the formation of the irreversibly inactive hydroxycobalamin (Mancia
et al 1996).

The adjacent genes (mutA, mutB) of S. cinnamonensis have overlapping
start and stop codons, allowing for translational coupling and production of
stoichiometric amounts of each. There is high sequence similarity amongst all
the MCM-encoding genes between the large subunits of bacterial enzymes with
mammalian enzyme, and between small subunits of bacterial enzymes. The 51%
similarity of the small unit to the large subunit is indicative of a gene duplication
event (Birch et al 1993).

The high levels of nucleotide sequence conservation between mammalian
and bacterial MCM-encoding genes suggest that the constraints placed on the

structure by the enzymatic reaction limits genetic drift (Jackson et al 1995).

- MeaB

The susceptibility of radical-driven rearrangement reactions to side
reactions and ‘suicide’ inactivation is evidenced by the class of chaperones that
exist to ‘reactivate’ the enzyme. This class of ‘eliminases,’ that catalyze the
exchange of inactivated co-factor for enzymes such as the glycerol dehydratase,
does not function with MCM (Mori et al 1997, Toraya and Mori 1999, Seifert et al

2001).
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However, a ‘protection’ factor, MeaB, was found to be highly conserved in
its neighboring location to the MCM-encoding genes. It is commonly
misannotated in genomes as a lysine / arginine / ornithine (LAO) transporter, as it
was originally identified in a transporter mutant screen of E. coli, perhaps due to
its GTPase activity (Celis et al 1998). The strong association between the genes
encoding MCM and MeaB in the genomes of prokaryotes, led to the identification
of the gene in humans. This gene corresponded to the cblA complementation
group of methylmalonic acidemia-causing defects (Bobik and Rasche 2001,
Dobson et al 2002). Other proteins of this P-loop GTPase family are accessory
proteins to enzymes with metallic cofactors, and are thought to act in their
assembly (Leipe et al 2002).

This factor was first studied in Methylobacterium extorquens AM1 where
an interrupted meaB gene resulted in a loss of MCM activity (Korotkova et al
2002). Complexes of MeaB and MCM were demonstrated in non-denaturing gels
and a GTP- and MgCI2-dependent increase in MCM specific activity was seen in
the presence of MeaB (Korotkova and Lidstrom 2004). The GTPase activity of
MeaB was enhanced, by two orders of magnitude, by MCM. Moreover, the
addition of B12 resulted in preferential binding of MCM to the GTP-bound form of
MeaB (Padovani et al 2006). However, the catalytic ability to hydrolyze GTP is
essential for the binding. Thus, it was determined that MeaB ‘gates’ B12-binding
to the MCM in a GTP-dependent manner. The MeaB protein also seemed to

confer oxidative shielding effects to MCM when bound. These effects were GTP-
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independent and seemed to be exerted on the level of conformational changes
from binding (Padovani and Banerjee 2006). A similar effect of initial protection of
MCM and subsequent GTP-dependent reactivation was found using the human

homologs, MMAA and MCM (Takahashi-Ifhiguez et al 2011).

- Genomic loci

There exist some examples of the close clustering of genes for the
enzymes that interact in a pathway. The gene encoding the homodimeric MCM
of Sinorhizobium meiloti was found to be adjacent to a gene encoding the alpha-
subunit of an apparent propionyl-CoA carboxylase. A GntR-type regulator was
found further upstream (Charles and Aneja 1999).

In Streptomyces sp. DSM4137 the mutA and mutB genes are found
adjacent to those for cobalamin synthesis. These were all found within a cluster
for polyketide synthesis of the macrodiolide elaiophylin (Haydock et al 2004).

The coding region for the epi gene in the myxobacterium Sorangium
cellulosum was located just upstream of, and overlapping 9 bp of, the gene
encoding a homodimeric MCM. A putative sigma-factor regulator lies upstream

of and a meaB homolog lies downstream of this mcm gene (Gross et al 2006).
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- Other functions of MCM or routes to methylmalonyl-CoA

In light of the bifunctional ICL/MCL encoded by M. tuberculosis, it seems
appropriate to evaluate possible alternative roles of enzymes so observed
phenotypes can be interpreted accordingly.

Escherichia coli has been mistakenly thought not to encode a
methylmalonyl-CoA mutase although B12 addition had been demonstrated to
stimulate growth on propionate (Evans et al 1993). When a gene was identified
with homology to known MCMs, it was named sbm for ‘sleeping beauty mutase’
(Roy and Leadlay 1992). The sbm was located in a cluster of four genes,
adjacent to a ygfD gene encoding a protein of undetermined function (Haller et al
2000). This ‘undetermined’ gene was found to be 75% similar to the meaB lying
downstream of the mutAB genes in S. cinnamonensis (Birch et al 1993), 48%
similar to meaB of M. extorquens (Korotkova and Lidstrom 2004), and 46%
similar to the human homolog encoding MMAA. The ability of the MeaB protein
to bind to the methylmalonyl-CoA mutase in vitro, to co-immunoprecipitate from
cells, and to possess GTPase function was demonstrated (Froese et al 2009).

Of the remaining two genes in the operon, yfgG was found to encode a
methylmalonyl-CoA decarboxylase (MMDC) and yfgH produced a CoA
transferase that showed preference for shuttling CoA between succinate and
propionate. However, this decarboxylase did not share sequence similarity to the
previously characterized MMDCs that included biotin domains and coupled the

energy released from the decarboxylation to sodium transport (Huder and
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Dimroth 1993, Bott et al 1997). As E. coli was found not to encode a propionyl-
CoA carboxylase or an epimerase, the enzymes encoded by the sbm locus were
predicted to enable a cycle to convert succinate to propionate (Haller et al 2000).
The functionality of the sbm-encoded enzyme was shown by addition of vitamin
B12 (Dayem et al 2002). E. coli does not synthesize this co-factor de novo, but
can synthesize the DMB nucleotide loop and phosphoribosyl-group, and can thus
use cobinamide to carry out the final assembly (Lawrence and Roth 1996).
Methylmalonyl-CoA mutase is used in the Wood-Werkman cycle by P.
freudenreichii to ferment lactate to propionate, releasing CO., providing the
characteristic flavor and holes of aged Swiss cheese, respectively. This cycle is
comprised of the enzymatic activities of MCM, MMCE, and a methylmalonyl-CoA
carboxytransferase. A carboxyl group from methylmalonyl-CoA is transferred to
pyruvate to produce propionyl-CoA and oxaloacetate (Falentin et al 2010).
Recently, a number of MCM-like enzymes and reactions have been
identified, including the isobutyrl-CoA mutase (ICM) that was first thought to be
restricted to Streptomyces spp., but is now recognized to exist more broadly
distributed in archaea and in bacteria. The icmA and icmB subunits can be
encoded together or separately in the genome. The smaller unit possesses the
B12-binding function, but the Meal chaperone factor can associate with either
subunit. As a further variation, for some of these species, the ICM activity is
provided by an icmF ‘fused’ gene which includes a B12-binding domain, a MeaB-

like domain (Meal), and the ICM large subunit domain (Cracan et al 2010).
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Streptomycetes and possibly some strictly anaerobic bacteria seem to be
able to form S-methylmalonyl CoA from oxidation of isobutyryl-CoA, formed from
the ICM conversion of n-butyryl-CoA, which is an intermediate of valine
metabolism (Zerbe-Burkhardt et al 1998, Tholozan 1988, Matthies and Schink
1992). This routing appeared active during monensin production of Streptomyces
cinnamonensis when an oil-based medium was used (Li et al 2004).

As another variation in the canonical roles of enzymes, the epimerase in
Rhodobacter sphaeroides acts in a promiscuous fashion as the epimerase for the

ethylmalonyl-CoA mutase (ECM) in this species (Erb et al 2008).

1.3.3 Acyl-CoA carboxylases (ACCase) in M. tuberculosis and

related organisms

While most organisms possess 1 or 2 acyl-CoA carboxylases,
Mycobacterium tuberculosis and Mycobacterium bovis encode 3 alpha (BC and
BCCP-containing) subunits (accA1-3), 6 beta (CT substrate-binding) subunits
(aceD1-6), and 1 epsilon subunit (accE5 - Rv3281) (Kurth et al 2009). accA3,
accD4, accD6, and accE5 have been predicted to be essential in M. tuberculosis
by high-density transposon mutagenesis (Sassetti et al 2003).

The massively reduced genome of M. leprae contains genes for one
alpha-subunit, three beta-subunits, and one epsilon-subunit. The retention of
fully functional accD4 and accD5 homologs in M. leprae and C. glutamicum

suggests the essential, core-function of these, whereas accD1, accD2, and
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accD6 may account for more mycobacterial-specific functions. accD4 is found in
a genomic locus that is conserved in all Mycobacterium, Corynebacterium, and
Rhodococcus genomes analyzed, downstream of fadD32 and pks13 (Gande et al
2004).

The closely-related and mycolic acid-producing C. glutamicum encodes 1
alpha subunit and 4 beta subunits (Gande et al 2004). The S. coelicolor genome
encodes for 2 epsilon subunits, for specific interaction with the ACC and PCC

complexes (Diacovich 2002).

- Biochemical and genetic studies of the ACCases of mycobacteria

AccD4 appeared to be required for mycolic acid biosynthesis and was
correspondingly found to be essential in M. smegmatis using a conditional
knockout (Portevin et al 2005).  This is consistent with its predicted essentiality
in M. tuberculosis (Sassetti et al 2003).

Reconstituted ACCase 6 (AccA3 + AccD6) showed similar catalytic
efficiency with both acetyl-CoA and propionyl-CoA. However, the genomic
grouping of accD6 with genes of the fatty acid synthase Il (Fas Il) complex,
suggested an acetyl-CoA carboxylase function in mycolic acid biosynthesis was
the authentic role within the cell (Daniel et al 2007).

While the alpha and beta subunits of AccA3 and AccD5 were able to bind
in vitro, only a minimal activity was seen. Addition of the epsilon subunit at a 5:1

ratio was required for peak catalytic activity. This ACCase 5 accepts acetyl-CoA
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and propionyl-CoA, but with a five-fold preference for propionyl-CoA) (Gago et al
2006).

Despite this activity with acetyl-CoA, the components of ACCase 5 are
unable to compensate for the loss of accD6 in a conditional mutant of M.
smegmatis, which causes the loss of fatty acid synthesis, growth arrest, and
subsequent loss of viability (Kurth et al 2009).

The gene encoding the epsilon subunit (accE5) is co-transcribed with
accD5. During in vitro growth, the epsilon subunit is more highly expressed
during exponential phase. The organization of this locus is well conserved in M.
tuberculosis, M. bovis, M. leprae, and M. smegmatis (Oh et al 2006). (Figure

1.19)

- Methylmalonyl-CoA pathway in M. tuberculosis

Methylmalonyl-CoA acts a building block to produce the variety of lipids
that contribute to the cell wall architecture and pathogenic lifestyle of
Mycobacterium tuberculosis, including polyketides, mycolipanoic and mycolipenic
acids, and mycocerosic acids (Camacho 2001, Sirakova 2001, Sirakova et al
2003, Dubey et al 2002, Fernandez and Kolattukudy 1997). (Figure 1.1)

Lipid profiles of in vitro-grown M. tuberculosis exhibited forms of two
known virulence lipids, sulfolipid (SL-1) and phthiocerol dimycocerosates (PDIM),
of greater mass and abundance when propionate was added in the media. This

seemed to imply channeling from propionate to an increased pool of the
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methylmalonyl-CoA precursor (Jain et al 2007). A similar shift was seen when
cholesterol was provided as the sole carbon source (Yang et al 2009).
Interestingly, the lipid profiles of M. tuberculosis isolated from the lungs of
infected mice were found to share a similar lipid profile of higher mass forms of
PDIMs (although SL-1 levels were too low from in vivo-isolated extracts to

analyze) (Jain et al 2007).
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Figure 1.19 Conservation of genes in Mycobacterium spp. for biotin ligase, alpha

subunit, beta subunit, and epsilon subunit of ACC5 (propionyl-CoA carboxylase)
(Oh et al 2006).

Overexpression of the mutAB-encoding genes in M. tuberculosis caused a
shift in the lipid profiles towards increased mass forms of SL-1 and PDIM,

94



consistent with an increase of the precursor pool. However, this was
accompanied by a decreased overall abundance of lipids, thought to be due to
draining of TCA intermediates (Jain et al 2007).

While the full functionality of the methylmalonyl-CoA pathway was
originally unknown, M. tuberculosis is known to encode two other B12-dependent
enzymes: the B12-dependent methionine synthase (metH) and a class I
ribonucleotide reductase (nrd2). In studies on a AmetE strain lacking the B12-
independent enzyme, the metH was only able to functionally complement the
defect when the media was supplemented with cyanocobalamin (vitamin B12).
This indicated that M. tuberculosis could transport and activate, but not produce,
sufficient vitamin B12 for the activity of this enzyme (Warner et al 2007).
Surprisingly, M. tuberculosis was found to encode the full complement of genes
for de novo B12 synthesis, via the oxygen dependent route (Raux et al 2000).
(Figure 1.20)

Based on the previously described biochemical studies (Gago et al 2006),
the genes encoding the alpha, beta, and epsilon subunits of propionyl-CoA
carboxylase (PCC) were assigned to accA3 (Rv3285), accD5 (Rv3280), and
acce5 (Rv3281). Rv1322A had 40% identity and 60% similarity to the
methylmalonyl-CoA epimerases (MMCEs) characterized from P. freudenreichii
(Leadlay 1981) and Pyrococcus horikoshii (Bobik and Rasche 2004).
Downstream of a divergently transcribed conserved hypothetical (Rv1491c), the

MCM components are encoded by the two adjacent genes mutA (Rv1492) and
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mutB (Rv1493), for the beta and alpha subunits, respectively. The putative
meaB (Rv1496)-encoded protection factor was located downstream, separated
from the MCM-encoding genes by a MazEF-type toxin-antitoxin module (Savvi et
al 2008). (Figure 2.1B)

This pathway appeared unable to compensate for the loss of the
methylcitrate cycle in a AprpDC strain, which could not grow in standard media
containing propionate as a carbon source (Munoz-Elias et al 2006). However,
addition of cyanocobalamin to the media enabled the growth of this mutant strain
(generated in the H37Rv background). When the mutAB genes were additionally
deleted in the AprpDC strain, this double knockout (AmutAB AprpDC) could no
longer be rescued by exogenously supplied B12, demonstrating the MCM-
specific effect of the co-factor. In comparison, a AmutAB strain, also generated in
the H37Rv background, was found to be unimpaired in the ability to metabolize
propionate compared to the wild-type (Savvi et al 2008). B12 supplementation
was also shown to rescue the impaired growth of a AprpDC strain on the
propionyl-CoA generating substrate of cholesterol (Griffin et al 2012).

The role of the methylmalonyl-CoA pathway in the macrophage
environment, where the methyicitrate cycle appeared to be essential for ex vivo
growth of M. tuberculosis (Munoz-Elias et al 2006) was recently examined in this
context. The addition of B12 to the media of bone marrow-derived macrophages
infected with AprpDC M. tuberculosis resulted in a rescue of the survival defect

(Griffin et al 2012).
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Whether the full virulence of a AprpDC strain in the mouse infection model
can be attributed to the dispensability for propionate metabolism or to the in vivo
activation of the methylmalonyl-CoA pathway, had not yet been investigated.
Testing the phenotypes of a AmutAB and AmutAB AprpDC strain in vivo was one

of the goals of this work.
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Figure 1.20 Cobalamin biosynthetic gene arrangements. Blue highlighted genes
are specific to the oxygen-dependent pathway, yellow highlighted genes are
specific to oxygen-independent pathway, and red highlighted genes are found in
both pathways. Asterisk * indicates the oxygen-dependent (cob) route, other
strains considered to contain the oxygen-independent route (cbi) (Raux et al
2000).
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1.4 Propionate toxicity

Given the long history of fermentation as a method of food preservation
and the modern use of propionate as an additive in the food industry, it is
perhaps not surprising that this short-chain fatty acid compound is inhibitory to a
wide range of fungi and bacteria. The inability to metabolize propionate has been
thought to exert adverse effects on the level of acid stress and by the dissipation
of the proton-motive force (Baronofsky et al 1984, Salmond et al 1984,
Cherrington 1991, Russell 1992). However, the ability to metabolize propionate
has been found in microbes residing in soil and gut environments containing high
levels of short-chain fatty acids, and may represent a means of detoxification.

Two of these metabolic routes, the methylcitrate cycle and the
methylmalonyl-CoA pathway, were described in previous sections. The originally
isolated prp- mutant strain of S. Typhimurium that identified the genomic locus for
the methylcitrate cycle was found to grow with a lag on glucose or glycerol in the
presence of propionate. Moreover, it was no longer able to use succinate when
propionate was added to the media (Hammelman et al 1996). Therefore,
propionate appeared to exert a dominant inhibitory effect on the ability of the
mutant to catabolize alternative carbon substrates. As the WT strain is not
affected in this manner, it would suggest that the lesion in the propionate
metabolic pathway is contributing to this negative effect.

In the absence of an alternative pathway for propionate metabolism, it is

likely that the breakdown products that form upstream of the defective enzyme
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would accumulate. This accumulation could exert a negative effect on other
aspects of metabolism. There are many examples of this in the literature and this

section will address the cases in methylcitrate cycle mutants.

1.4.1 Dominant inhibition by propionate

While the filamentous fungus Aspergillus nidulans is able to utilize
propionate as a sole carbon source (albeit with a lag for germination and reduced
growth yields), its growth on glucose is dominantly inhibited by the presence of
propionate. This inhibition was more pronounced for a MCS-deficient strain.
However, in the presence of acetate, propionate was not inhibitory for WT growth
and only exerted a mild effect on the MCS-deficient strain. Addition of acetate to
mixtures of glucose and propionate improved the growth of both strains on this
media, but did not completely alleviate the inhibition (Brock et al 2000).

An MCL-deficient mutant of A. nidulans, unaffected for growth on glucose
or acetate, was completely inhibited in the ability to use glucose in the presence
of propionate, and required acetate at a higher ratio than used for WT, to
compete with the effects of propionate (Brock 2005).

In another example, MCS- or MCL- deficient Corynebacterium glutamicum
strains are able to utilize acetate in the presence of propionate, but an MCD-
deficient strain is not (Plassmeier et al 2007). This would suggest the

accumulation of different metabolites with different lesions of the pathway, where
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some exert inhibition, and others do not. The difference could be addressed by

identifying the putative accumulating metabolites in these strains.

1.4.2 Accumulation of propionate-derived metabolites

The accumulation of pathway intermediates has been demonstrated, via
13C-NMR and GC-MS using strains of S. Typhimurium and C. glutamicum,
respectively, with mutations in the MCS, MCD, and MCL activities of the
methylcitrate cycle. Propionyl-CoA could not be detected in either method due to
technical issues and 2-methyl-cis-aconitate was not detected by GC-MS for lack
of an authentic standard. Samples derived from the MCD-deficient strains
accumulated 2-methylcitrate. An MCL-deficient strain in  S. Typhimurium
accumulated a mix of 2-methylcitrate, 2-methyl-cis-aconitate, and 2-
methylisocitrate, by 13C-NMR. Both 2-methylcitrate and 2-methylisocitrate was
seen to accumulate in the MCL-deficient strain on C. glutamicum by GC-MS.
The mix of products detected presumably represented the equilibrium of the
reaction forming 2-methylisocitrate, where the activity of MCL is required to drive
the reaction to completion (Horswill and Escalante-Semerena 1999a, Plassmeier
et al 2007).

In Ralstonia eutropha, 2-methyicitrate and 2-methylisocitrate were
detected by GC/MS in the supernatants of a prpB null-allele mutant incubated in
propionate and succinate (Bramer et al 2001). Similarly, in an MCL-deficient

strain of the fungus Aspergillus nidulans, 2-methylisocitrate, measured

100



enzymatically, was found to be excreted into the medium, in proportion to the
ratio of propionate to the alternative carbon source provided (Brock 2005).
Propionyl-CoA accumulation was found, by enzymatic assay, in an MCS-deficient
strain of A. nidulans incubated in the presence of propionate (Brock and Buckel

2004).

1.4.3 Mechanism of inhibition

While elevated levels of metabolites have been demonstrated, the
mechanism by which the metabolite can exert toxic effects is not as clear to
establish. From numerous studies on the subject, the suggested target of
inhibition varies from enzymes of central carbon metabolism to the more recently
identified inhibition of secondary metabolism. Some of these targets will be

considered here.

- Inhibition of pantothenic acid synthesis

It was shown that propionate toxicity on E. coli, S. cerevisiae, and
Acetobacter suboxydans could be alleviated by addition of beta-alanine, and
even more so by pantothenate, but not by pantoic acid (Wright and Skeggs 1946).
This suggested that inhibition may be exerted on the level of pantothenate
biosynthesis, where propionate, which bears structural similarity to beta-alanine
(3-aminopropanoic acid), could compete for binding to the pantoate-beta-alanine

ligase enzyme (King and Cheldelin 1948). The requirement for pantothenate in
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coenzyme A synthesis and subsequent use of coenzyme A for a number of
central metabolic reactions indicates that inhibition at this level could have

widespread metabolic effects.

- Inhibition of pyruvate dehydrogenase

The rescue from propionate inhibition by the addition of acetate has been
demonstrated for a wide range of organisms, including the gut commensal
Enterococcus (formerly Streptococcus) faecalis, the photosynthetic purple
bacterium Rhodobacter (formerly Rhodopseudomonas) sphaeroides, the
cyanobacteria Synechococcus elongatus (formerly Anacystis nidulans) and
Gloeocapsa alpicola, and the filamentous fungus Aspergillus nidulans (Hill 1952,
Maruyama and Kitamura 1975, Smith and Lucas 1971, Brock et al 2000),
suggesting a common mechanism underlying the toxicity.

In cell free extracts of E. faecalis, pyruvate oxidation was inhibited by
propionate itself as well as by propionyl-P. Addition of lipoic acid and other even
chain-length fatty acids improved growth in the presence of propionate,
consistent with the enhancement of pyruvate oxidase function. Moreover, the
radioactivity from 14C-labeled acetate and 14C-labeled pyruvate added to the
mixtures was found to be incorporated into lipid fractions rather than evolved as
CO,, suggesting fatty acid biosynthesis was needed for growth in the presence of

propionate (Kamihara 1969).
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The excretion of pyruvate by R. sphaeroides, A. nidulans, and A.
fumigatus in the presence of propionate also suggested the inhibition of pyruvate
dehydrogenase activity (Maruyama and Kitamura 1975, Brock and Buckel 2004,
Maerker et al 2005). Propionyl-CoA rather than propionate itself was shown to
inhibit the partially purified pyruvate dehydrogenase enzyme, uncompetitive with
pyruvate, but competitive with CoA (Maruyama and Kitamura 1985).

Incorporation of propionate was stimulated by the addition of sodium
bicarbonate (NaHCO3), but not succinate. This effect was attributed to increased
carboxylation of propionyl-CoA and was eliminated in a propionyl-CoA
carboxylase (PCC) mutant strain. The growth of this mutant on propionate and
glucose could then be restored by addition of acetate. It was concluded that
inhibition was exerted at the level of propionyl-CoA and rescue could be enabled
by the metabolism of propionyl-CoA by the methylmalonyl-CoA pathway or by the
supply of acetyl-CoA from acetate (Maruyama and Kitamura 1985).

It is thought that glucose does not allow for growth in the presence
propionate as acetyl-CoA or oxaloacetate may be limiting. However, acetate,
which is able to form acetyl-CoA directly from activity of ACS, allows a bypass of
this inhibition. Consistent with this, the rescue of an MCS-deficient strain was
dependent on acetyl-CoA synthetase function. Moreover, an ACS-deficient strain
was inhibited even in propionate and acetate mixtures (Brock et al 2000).

Interestingly, while the addition of acetate to propionate was able to

alleviate inhibition of an MCS-deficient strain, propionyl-CoA levels were still high,
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indicating that acetate did not rescue the phenotype by competing with

propionate for activation (Brock and Buckel 2004).

- Inhibition of TCA cycle enzymes

Given the analogous structures of the methylcitrate cycle intermediates to
the authentic TCA cycle metabolites, the accumulation of the former could
interfere with the ability of the TCA cycle enzymes to use the latter. Examples of
TCA cycle enzymes having affinity and/or catalytic activity with the methylcitrate
cycle substrate were discussed in the previous section. A number of examples
were cited where a methylcitrate cycle enzyme was able to buffer the loss of the
analogous citric acid cycle enzyme, when overexpressed. On the other hand,
the TCA cycles do not seem to functionally compensate for methyicitrate cycle
mutants, although the S. Typhimurium citrate synthase can produce 2-
methylcitrate in an MCS-deficient strain (discussed in a subsequent section), it is
not sufficient to support growth on propionate (Rocco and Escalante-Semerena

2010).

- Inhibition of aconitase

The mixed data on the ability of 2-methyilcitrate to inhibit aconitase is
attributed to the differential use of pure enantiomers or synthetic mixtures, as well
as variability in aconitase preparations, for the assays (Cheema and Dhadli 1975,

Beach et al 1977, Horswill et al 2001). While WT and MCS-deficient A. nidulans
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were able to utilize glucose in the presence of propionate, an MCL-deficient
strain was not. This suggested that a lesion in the pathway at this step resulted
in a more severe phenotype. By way of hypothesis, the TCA cycle aconitase,
which appears to serve a dual function in the methylcitrate cycle for organisms
lacking acnM, was suggested as a possible point of inhibition.

Eukaryotic aconitases have been shown to bind and catalyze the reverse
reaction of 2-methylisocitrate to methyl-cis-aconitate. Thus, an accumulation of
2-methylisocitrate could inhibit the aconitase function in the TCA cycle, leading to
citrate accumulation (Brock 2005). ACN-deficient strains very quickly develop
secondary site mutations to compensate for their poor growth phenotypes. This
indicates that citrate accumulation could be quite deleterious for the cell (Viollier

et al 2001, Koziol et al 2009, Baumgart et al 2011).

- Inhibition of NADP+ isocitrate dehydrogenase

2-methylcitrate, tested against enzymes prepared from rat liver, caused
inhibition of a number of enzymes that normally interact with citrate or isocitrate,
including citrate synthase, aconitase, NAD+ and NADP+ isocitrate
dehydrogenases, and phosphofructokinase. Under the conditions tested, ATP
citrate lyase and acetyl-CoA carboxylase were not inhibited. Inhibition of the
citric acid cycle enzymes could have the effect of increasing the ratio of acetyl-
CoA and acyl-CoA relative to free CoASH as well as blocking gluconeogenesis

through a fall in ATP from citric acid cycle inhibition (Cheema and Dhadli 1975).
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2-methylisocitrate was found to be a potent inhibitor of the NADP isocitrate
dehydrogenase (ICD) enzyme from bovine heart, rat liver, and porcine heart,
competitive with isocitrate. The extent of this effect was shown to be dependent
on the isomers used, with a mixture or erythro- and threo- decreasing the
inhibition seen. D-threo-2-methylisocitrate is the form expected to be produced by
the aconitase enzyme (Plaut et al 1975, Beach et al 1977).

The (2R, 3S) 2-methylisocitrate isomer was the only form to competitively
inhibit the isocitrate dehydrogenase in crude extracts of A. nidulans grown in
glucose or acetate. Interestingly, isocitrate dehydrogenase activity measured
from extracts on an MCL-deficient A. nidulans strain grown on different carbon
sources, was higher than WT in every condition, including those with propionate,
except on lower concentrations of acetate, where they were similar. This was
interpreted as an indication that inhibition by 2-methylisocitrate was sensed and

compensated for by upregulation of activity (Brock 2005).

- Sequestration of metabolites

The accumulation of non-metabolizable  propionyl-CoA  (and
methylmalonyl-CoA) could exert inhibition at the level of ‘trapping’ CoA. This
could in turn affect processes that make use of thioesters, including fatty acid,
sterol, and polyketide synthesis (Brock et al 2000). In the case of 2-methyicitrate

or 2-methylisocitrate accumulation, these metabolites act as a sink of
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oxaloacetate, which is competed away from the citrate synthase by MCS, and is
not easily regenerated by the alternative carbon source (Brock 2005).
Propionyl-CoA and methylmalonyl-CoA accumulation in rat liver
hepatocytes was correlated with a wide range of metabolic sequelae, including
decreased pyruvate dehydrogenase activity, fatty acid oxidation, gluconeogenic

defects, and ureagenesis defects (Brass 1992, Glasgow and Chase 1976).

- Inhibition of fructose-1,6-bisphosphatase (FBPase)

As FBPase is allosterically bound and stabilized by citrate (Hines et al
2006, Hines et al 2007), it was hypothesized that an excess of 2-methyicitrate
could cause binding and inhibition of gluconeogenic activity. Consistent with this,
cell extracts from cultures grown with increasing amounts of propionate had
decreasing FBPase activity.

Glucose could partially alleviate the growth inhibition of propionate on
succinate of the prpC mutant of S. Typhimurium. In agreement with the
hypothesis, overexpression of FBPase could also restore the growth in the
absence of glucose on low concentrations of glucose (Rocco and Escalante-

Semerena 2010).

- Inhibition of secondary metabolism

High concentrations of propionate resulted in the loss of polyketide-

derived spore color in wild-type A. nidulans. The same effect was seen for an
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MCS-deficient strain but on a mixture of glucose and propionate (Brock et al
2000). Other phenotypes seen in the wild-type on high concentrations of
propionate, including the inability to synthesize a polyketide, sterigmatocystin
(ST), the loss of a sexual spore pigment, and the inhibition of sexual
development, were all phenocopied by an MCS-deficient strain, but in the
absence of propionate (Zhang et al 2004).

As an overexpression of MCS-activity helps to alleviate the phenotype and
propionyl-CoA was previously found to be accumulating in the MCS-deficient
strain (Brock and Buckel 2004), it was proposed that the excess of propionyl-
CoA was out-competing the acetyl-CoA substrate used by the polyketide
synthase (PKS) enzymes (Zhang and Keller 2004). Accordingly, the addition of
acetyl-CoA resulted in the restoration of spore pigmentation (Brock and Buckel
2004), whereas addition of 2-methyicitrate or pyruvate, downstream metabolites
of the methylcitrate cycle, did not (Zhang and Keller 2004).

Loss of pigmentation also occurred with the addition of branched-chain
amino acids or odd chain-length fatty acids, indicating alternative sources of
propionyl-CoA could cause the defects. Overexpression of propionyl-CoA
synthetase exacerbated the phenotype whereas an ACS-deficient strain
suppressed it (Brock and Buckel 2004). A deletion of the gene encoding the
propionyl-CoA synthetase in the MCS-deficient background also reverted these
phenotypes, whereas a deletion of the acetyl-CoA synthetase in the MCS-

deficient background resulted in partial alleviation. These data therefore implicate
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propionyl-CoA as the causative agent of secondary metabolism inhibition (Zhang

and Keller 2004).

- Citrate synthase as a suppressor mutant

A mutation of the gltA-encoded citrate synthase (CS) was able to rescue
the growth of an MCS-deficient strain of S. Typhimurium on mixtures of
propionate with succinate or malate, but not on mixtures with glucose or glycerol.
Toxicity was restored by the introduction of gltA on a plasmid. Thus, citrate
synthase activity in an MCS-deficient background enabled toxicity on propionate,
suggesting the formation of 2-methyicitrate, and not propionyl-CoA, as a toxic
metabolite (Horswill et al 2001).

Elimination of the citrate synthase in an MCD-deficient background did not
rescue toxicity, supporting the idea of 2-methyicitrate as the toxic metabolite. It
was further shown that the CS activity introduced into an MCS-/CS-deficient
strain was more toxic that introduction of MCS activity. The authors postulated
that the 2-methyicitrate produced by the CS enzyme was more toxic than 2-
methylcitrate produced from MCS. The difference between the metabolites
produced could arise from the different enantiomers formed by each synthase
reaction, and the toxicity from the inability of the stereospecific MCD to utilize
them. Thus, the most deleterious effects are not caused just by a general buildup
of the metabolite, but rather by the formation of a dominantly toxic form (Rocco

and Escalante-Semerena 2010).
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Alternatively, citrate synthase can be seen as competing with and
reducing the ability of MCS to bind oxaloacetate, causing toxicity at the level of
propionyl-CoA. An increased tolerance to propionate was seen in an A. nidulans
CS-deficient strain, supporting the idea that propionyl-CoA is more efficiently
metabolized in the absence of CS, although competition for aconitase could also
occur (Murray et al 2010). The hypothesis could be tested further by uncoupling
the oxaloacetate binding and catalytic activities, via site-specific mutations, if

these functions are contributed by distinct domains.
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1.4.4 Toxic metabolite hypothesis

“There are two basic metabolic methods of killing an organism. Either the flux
through an essential metabolic pathway can be decreased to the point where life
is no longer possible, or a metabolite concentration can be increased to toxic
levels.”

(Eisenthal and Cornish-Bowden 1998)

It has become evident that it is not just the loss of a pathway and
consequent inability to catabolize a substrate that causes a negative growth
phenotype, but also lesions within the pathway that can exert toxicity, from
intermediate accumulation. The resulting lack of growth can actually be a
dominant inhibition of cellular function that is not alleviated in the presence of
alternative substrates.

This has been demonstrated for the AprpDC and AprpR strains of
Mycobacterium tuberculosis for growth on propionate (in the presence of acetate
or glucose) and cholesterol (in the presence of glycerol), respectively (Munoz-
Elias and McKinney 2006, Griffin et al 2012).

A toxic metabolite hypothesis on dominant inhibition (Figure 1.21)
postulates that an interruption in a metabolic pathway leads to buildup of
intermediates upstream of the lesion. The accumulation may lead to spillover

into other, perhaps unrelated, pathways. As a corollary, the growth defects can
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be reverted by additionally interrupting a step upstream of the toxic metabolite-
generating step, assuming that this lesion does not, itself, generate toxic
metabolites.  Although the catabolic pathway remains non-functional, an
alternative growth substrate can be used.

The demonstration of this reasoning was carried out with mutant strains of
the methylcitrate cycle in Mycobacterium smegmatis. A strain lesioned in the
MCL-catalyzed step of the pathway exhibited dominant inhibition by propionate
on the ability to use glucose. This growth inhibition on glucose was relieved by
the further elimination of the upstream steps (MCS, MCD) of the pathway. The
removal of the pathway served to prevent the formation of the toxic metabolite
and, paradoxically, allowed for improved growth on the alternative carbon source
(Upton and McKinney 2007).

As there is evidence from a number of organisms on accumulating
metabolites and dominant toxicity for mutants of the methyicitrate cycle, the toxic
metabolite hypothesis constitutes a third possible explanation for the in vivo
attenuation of the ICL/MCL-deficient strain of M. tuberculosis. Namely that the
methyicitrate cycle acts as a detoxification pathway in vivo that can be knocked
out without consequence (as with AprpDC), but perhaps cannot be interrupted
(as with icl1::hyg icl2::aph) due to dominant toxic effects. The work presented

here also aims to explore this possibility.
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Figure 1.21 Schematic of the toxic metabolite hypothesis. When a pathway is
blocked in the mutant strain, accumulation of toxic intermediate C occurs.
Excessive amounts of this metabolite may enter alternative or unrelated
pathways from spillover. Making an additional mutation upstream of the formation

of the toxic metabolite prevents the accumulation and relieves the toxic effects.
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2. Experimental Results & Discussion

2.1 Studies of the propionate metabolism

pathways of M. smegmatis

To investigate carbon metabolism in mycobacteria, the use of
Mycobacterium tuberculosis as the organism of study presents significant
challenges. In addition to the requirement for a BSL3 biohazard facility and a
slow doubling-time of ~20-24 hours, there is great difficulty in cultivating the
organism on truly minimal media containing only a single potential carbon source.
Standard Middlebrook 7H9 growth media contains glutamate, which can serve as
both a nitrogen and carbon source for mycobacteria, bovine serum albumin, a
potential source of amino acids, and the dispersal agent Tween80, which can be
hydrolyzed by mycobacteria to produce oleic acid esters. Dubos medium is
based on copious amounts of glycerol and employs asparagine as a nitrogen
source, which can also be catabolized as a carbon source. Tyloxapol (WR-1339)
can be substituted as the dispersal agent and is widely cited as, and believed to
be, ‘non-hydrolyzable’ (Vandal et al 2008).

In contrast, Mycobacterium smegmatis, a close relative of M. tuberculosis,
is a non-pathogenic mycobacterium with a generation time in vitro that is about 4
to 10 times shorter (depending on the medium employed), which has made it a

model organism for many aspects of study of the tubercle bacillus. Of relevance
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to this study, M. smegmatis is capable of growth on minimal salts media without
the presence of a dispersal agent, allowing for investigations into single carbon
substrate usage with relative ease.

M. smegmatis was initially isolated, and thusly named, from chancre
secretions, but is more often found in soil as a saprophytic, free-living organism.
The widely used ‘wild-type’ mc?155 strain of M. smegmatis for genetic studies is
actually an ‘efficient plasmid transformation’ (epf) mutant (Snapper et al 1990)
isolated from the rough colony variant mc?6 parent (which itself was one of three
colony morphotypes found in the reference strain ATCC 607, designated mc?1)
(Jacobs 2000).

As the M. tuberculosis complex (MTC) comprising several slow-growing
pathogenic species is thought to have descended from an ancestral soil
bacterium (Cole et al 1998), studying a modern-day soil-dwelling bacterium of the
same genus, such as M. smegmatis, is of interest from an evolutionary
perspective. M. smegmatis strains lacking ICLs (Aicl1 Aicl2) (L. Merkov PhD
thesis, 2006), MCL and ICLs (AprpB Aicl1 Aicl2), and the methylcitrate cycle
enzymes MCD, MCL, MCS (AprpDBC) in combination with ICL (AprpDBC Aicl1
Aicl2) (Upton and McKinney 2007) were previously generated to study the impact
of loss or interruption of the methyicitrate cycle in this species.

Here, work is presented that investigates the contribution of an alternative
route of propionate metabolism, the methylmalonyl-CoA pathway, to the growth

of M. smegmatis in various carbon substrates and mutant backgrounds. To
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lesion the methylmalonyl-CoA pathway, the last enzyme of the pathway, the
vitamin B12-dependent methylmalonyl-CoA mutase, forming the citric acid cycle
product succinyl-CoA, was chosen. This strategy avoids disruption of the
propionyl-CoA carboxylase (PCC) or methylmalonyl-CoA epimerase (MMCE)
reactions, which are required for methyl-branched lipid biogenesis and appear to

be essential (Griffin et al 2012).

2.1.1 Methylmalonyl-CoA Mutase (MCM) in M. smegmatis

Based on the homology-based annotation of the SmegList database, the
corresponding genes encoding the methylmalonyl-CoA mutase enzyme were
found in a largely conserved location, 150 base pairs (bp) downstream of a
divergently transcribed ‘conserved hypotheticall open reading frame
(MSMEG_3157) of 245 amino acids (aa). The small subunit mutA
(MSMEG_3158) of 623 aa, was separated by only a 1 bp gap from the mutB
large subunit (MSMEG_3159) of 751 aa. Following a 7 bp gap, the meaB
(MSMEG_3160) homolog was found, of 325 aa in length, misannotated as an
‘LAO/AO transport system ATPase’. After a 52 bp intergenic region, a small 166
aa ORF was found (MSMEG_3161) encoding a ‘conserved hypothetical protein’
with no homolog in M. tuberculosis. A BLAST search using the sequence from
an analogously located, small gene from the MCM locus in Saccharopolyspora
erythraea termed mutR (Reeves et al 2007) produced a match with the ORF from

M. smegmatis. (Figure 2.1)
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Figure 2.1 Chromosomal locus encoding methylmalonyl-CoA mutase in A) M.

smegmatis and B) M. tuberculosis.

117



2.1.2 Deletion of mutAB in M. smegmatis

In-frame and unmarked deletions of the mutAB genes were made by
allelic exchange, using the two-step counter-selection method (Pelicic et al 1996a,
Pelicic et al 1996b). Homologous flanking regions were amplified from genomic
DNA that resulted in an in-frame fusion of the first 3 codons of mutA to the last 7
codons of mutB, with an Avrll site to replace the genomic locus. The AmutAB
deletion was made in the wild-type (WT) mc?155, AprpDBC, Aicl1 Aicl2, AprpB
Aicl1 Aicl2, and AprpDBC Aicl1 Aicl2 strain backgrounds (Upton and McKinney
2007, L. Merkov PhD thesis 2006). The AmutAB deletions were confirmed by

PCR amplification using primers binding outside of the cloned region. (Figure 2.2)
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2.1.3 in vitro characterization by growth curve analysis

The AmutAB strains of M. smegmatis were initially characterized by
growth in liquid culture media, measured by optical density (OD) at 600 nm
(ODeggo), in M9 minimal media base with carbon substrates added at 0.1% or
0.5% weight/volume (w/v) to compare growth to the corresponding parental

strains.

- Relative contributions of the methyicitrate and methylmalonyl-CoA

pathways

WT M. smegmatis could grow quite robustly on 0.5% propionate as a sole
carbon source. Higher concentrations were not tested in liquid culture media, but
1% propionate was found to be inhibitory in M9 solid culture medium. The
methylmalonyl-CoA mutase mutant (AmutAB) strain had no detectable phenotype
for growth on propionate relative to the WT. In contrast, the methylcitrate cycle
mutant (AprpDBC) strain exhibited a significant lag and slower doubling time for
growth. This lag did not disappear upon subsequent re-inoculation from
exponential phase cultures. In contrast, the double pathway mutant (AmutAB
AprpDBC) exhibited no growth on 0.5% propionate. (Figure 2.3) Similar results
were obtained when the AmutAB AprpDBC) mutant was tested on a lower (0.1%)
concentration of propionate (data not shown). Thus, the methylcitrate and
methylmalonyl-CoA pathways appeared to be the only routes for propionate

metabolism for M. smegmatis under the tested conditions.
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Figure 2.3 Growth of M. smegmatis strains in M9 + 0.5% propionate.

- Activation of the methylmalonyl-CoA pathway by B12 supplementation

To determine if the growth ‘lag’ of the AprpDBC strain was due to an
adaptation period, the propionate-grown cultures were re-inoculated into
propionate media from exponential phase in parallel with WT. This procedure did
not eliminate the lag or allow for an earlier onset of growth. (Figure 2.4) As this
strain would be relying upon the adenosylcobalamin-dependent pathway for
growth on propionate, it was hypothesized that perhaps the delay was caused by

the time required for B12 synthesis.
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Figure 2.4 Initial vs. re-inoculation (Re-inoc) growth of M. smegmatis in M9 liquid
medium + 0.5% propionate; arrow indicates time at which initial growth was taken

for re-inoculation.

To test whether vitamin B12 was limiting for growth of the AprpDBC strain
on propionate, exogenous B12 was added in the commercially available
cyanocobalamin form, at increasing concentrations of 0, 10, 20, 50, and 100
ug/mL. (Figure 2.5A) B12 addition resulted in the dose-dependent improvement
of the growth kinetics of the AprpDBC strain, achieving WT levels at 100 pyg/mL.

Higher concentrations or pre-incubations of B12 were not tested.
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To ensure that the B12 ‘rescue’ was MCM-dependent, 100 pg/mL
cyanocobalamin was added to all four strains (the WT parental strain, the
AprpDBC and AmutAB single-knockout strains, and the AmutAB AprpDBC
double-knockout strain) when inoculated into propionate media. Despite addition
of cyanocobalamin to the medium, the AmutAB AprpDBC strain remained unable
to grow on propionate as the sole carbon source. The stimulatory effect on
growth was seen only for the AprpDBC strain, suggesting that the methylmalonyl-
CoA pathway in the WT strain could not be (further) activated to contribute to
growth as measured by OD. (Figure 2.5B) These results suggest that the
methylcitrate cycle is the dominant pathway for growth on propionate, under the
tested conditions, while the methylmalonyl-CoA pathway plays a secondary role
but can fully compensate for loss of the methyicitrate cycle if the growth medium

is supplemented with cyanocobalamin.

- Growth phenotypes of the AmutAB AprpDBC double-knockout strain

All four strains (WT, AprpDBC, AmutAB, and AmutAB AprpDBC) were
capable of growth on M9 minimal medium containing glucose, but the AmutAB
AprpDBC strain reproducibly exhibited a slower doubling time of ~7-8 hr as
compared to ~5-6 hr for WT and single-pathway (AmutAB or AprpDBC) mutants
(data not shown). The AmutAB AprpDBC strain displayed a similar growth defect
when cells were grown in 7H9-based media supplemented with ADS (albumin,

dextrose, saline). This growth defect in liquid media corresponded to a lag in
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appearance of colony-forming units (CFU) on M9, LB, or 7H10+ADS solid culture
media as compared to the parental strains. Preliminary results showed that
addition of 0.5% glycerol to the 7H10+ADS media eliminated the lag (data not
shown). Attempts to test for glycerol ‘rescue’ in liquid culture were impeded by
the excessive aggregation (clumping) of M. smegmatis cells on this medium in
the absence of detergent, suggesting that glycerol might affect the composition
and physical properties of the cell wall.

The AmutAB AprpDBC strain also exhibited altered colony morphology on
M9 and LB solid culture media, forming smaller, smoother, and rounder colonies,
suggestive of differences in cell wall composition (data not shown). Interestingly,
it was noticed that both the AmutAB and AmutAB AprpDBC strains had a darker,
orange-toned coloration to the pellets formed when cells were collected by
centrifugation, presenting a phenotype that is caused by MCM deficiency (data

not shown).
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Figure 2.5 A) Addition of cyanocobalamin (Vitamin B12) in yg/mL to M.

smegmatis grown in M9 + 0.5% propionate. B) Growth of M. smegmatis strains in

M9 + 0.5% propionate with or without addition of 100 pg/mL cyanocobalamin

(vitamin B12).
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- Methylcitrate cycle and MCM are dispensable for growth on acetate

Growth of the methylcitrate cycle and methylmalonyl-CoA mutase mutants
was examined on acetate-containing media to verify that these propionate-
metabolizing pathways did not affect growth upon C2 substrates. The strains
were inoculated alongside ICL-deficient (Aic/1 Aicl2) and MLS-deficient (AglcB)
strains to confirm their respective phenotypes on acetate. Although dispensable
for growth on glucose (data not shown), ICLs were found to be essential for
growth upon acetate, while MLS was previously found to be dispensable due to
the presence of the alternative glyoxylate-carboligase (gc/)-mediated route for
glyoxylate metabolism identified in M. smegmatis (L. Merkov PhD thesis, 2006).

The WT, AmutAB, AprpDBC, and AmutAB AprpDBC strains grew with
similar kinetics in medium containing 0.5% acetate as the sole carbon source,
whereas the Aicl1 Aicl2 strain was unable to grow and the AglcB strain grew with
a slight lag. (Figure 2.6A) Of potential interest, addition of vitamin B12 to the
strains when inoculated into acetate-containing medium appeared to affect the
peak OD reached; this effect was MCM-dependent as it was not observed for the
AmutAB or AmutAB AprpDBC strains. (Figure 2.6B) Although these findings are
preliminary, they might indicate a convergence of acetate metabolism with

propionate metabolism at the level of the MCM-catalyzed reaction.
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- Role of glyoxylate cycle for anaplerosis on propionate

As the ICL activity of M. smegmatis can be eliminated without affecting the
methylcitrate cycle (this is not possible for M. tuberculosis, which lacks a
dedicated MCL enzyme), the requirement for the glyoxylate cycle on both
propionate-metabolizing pathways could be addressed directly. To this end,
growth of the propionate pathway mutants (AmutAB and AprpDBC) was
compared in the presence and absence of glyoxylate cycle activity, by
introducing the propionate pathway mutations into WT and Aicl/1 Aicl2 genetic
backgrounds. The absence or presence of ICL activity had no apparent effect on
the growth kinetics of any of the mutant strains tested in 0.5% propionate liquid
culture medium. Nor did ICL or MLS deficiency affect growth in liquid medium
containing 0.5% propionate, confirming that the glyoxylate cycle is not required

for growth on this substrate. (Figure 2.7)
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Figure 2.6 A) Growth of M. smegmatis strains in M9 + 0.5% acetate. B) Growth
of M. smegmatis strains in M9 + 0.5% acetate with or without addition of 100

pg/mL cyanocobalamin (vitamin B12).
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2.1.4 Dominant growth inhibition and toxicity of propionate

Although the AmutAB AprpDBC strain was capable of growth on medium
containing glucose as the sole carbon source, albeit with a slightly slower
doubling rate, addition of 0.5% propionate to the medium partially inhibited
growth of the mutant on liquid culture medium containing 0.1% glucose; a growth
lag and overall lower growth yield were observed as compared to cultures
containing glucose alone. (Figure 2.8) In contrast, the WT, AmutAB, and
AprpDBC strains could utilize both carbon substrates (propionate and glucose).
Addition of glucose improved the growth kinetics of the AprpDBC strain on
propionate-containing medium, but did not completely revert the lag. (Figure 2.8)
This effect appears to be dependent on the ratio of the two substrates provided
and could be overcome by increasing the amount of added glucose. However,
growth of the bacteria on equal mixtures of glucose and propionate (0.1% : 0.1%)
was found to result in increased clumping, making OD measurements unreliable.

To elucidate the viability of the AmutAB AprpDBC strain during non-growth
in propionate-containing medium, a time series was done by plating culture
aliquots for CFU recovery on agar plates at intervals over the course of
incubation. In parallel, aliquots of the culture were imaged by fluorescence
microscopy ‘snapshots’ after staining with propidium iodide (PI). Pl is a DNA
intercalating dye that is excluded from cells with intact membranes; it can enter
and fluorescently stain damaged or dead cells and thus can be used as a

surrogate marker of viability.

130



AmutAB

3WT [’\‘"\ T

==Gluc
(=]
8 22
22 a [a)
8 o ——Gluc +
Prop
1 —~ 1
f Prop
w5 o= P « «‘_l_
0 =% 0 ==
0 50 100 150 0 50 100 150
Time (hr) Time (hr)
AmutAB AprpDB
AprpDBC utAB AprpDBC
3 A 1.0
' ——Gluc
g g
a ? a
(@) (@]
0.5 =—Gluc +
1 f,f" prop
0 BrERA 0.0 & Prop
0 50 100 150 0 50 100 150
Ti h
Time (hr) ime thr)

Figure 2.8 Growth of M. smegmatis strains in M9 + 0.1% glucose, M9 + 0.5%

propionate, or M9 + 0.1% glucose + 0.5% propionate.

Decreasing numbers of CFU were recovered from the culture as a function
of time time, resulting in a ‘kill curve’ kinetic of the AmutAB AprpDBC strain from
the apparently toxic effects of propionate. (Figure 2.9B) Declining numbers of
CFU correlated with an increased proportion of Pl-stained cells seen by
microscopy, although the latter could not be quantified due to the

macroscopically and microscopically visible and progressive aggregation of cells.
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(Figure 2.9A) Attempts to use flow cytometry as a means to quantify the PI-
positive and Pl-negative populations were unsuccessful due to the extent of
clumping, which could not be reduced by vortexing with beads, waterbath
sonication, or probe sonication.

Surprisingly, incubating the AmutAB AprpDBC strain in liquid M9 medium
containing no carbon substrate resulted in similar kinetics of cell death as
compared to incubation of this strain in medium containing propionate. This
effect was not seen when the WT strain was incubated in liquid M9 medium
containing no carbon substrate, although the differences in initial inoculation
density between experiments gave some variation in the apparent ‘stability’ of the
numbers of CFU over time. (Figure 2.9B) Preliminary data indicates that the
Aicl1 Aicl2 mutant might have a similar, and possibly even more pronounced,

phenotype (data not shown).
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Figure 2.9 A) Propidium iodide (PIl) staining, and B) CFU enumeration
timecourse of AmutAB AprpDBC M. smegmatis incubated in A) M9 + 0.5%
propionate, or B) M9 + 0.5% propionate or M9 (no-carbon). Wild-type (WT)

control on no-carbon shown.
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2.1.5 Complementation with mutAB vs. mutAB meaB in M.

smegmatis

Complementation of a AmutAB AprpDBC Aicl1 Aicl2 mutant was attempted
using a single-copy attB-integrating plasmid that contained the full-length coding
sequences of mutA and mutB along with 174 bp of the upstream intergenic
region. This plasmid complemented the growth defect of the AmutAB AproDBC
Aicl1 Aicl2 strain on glucose-containing medium but failed to restore growth on
propionate-containing medium.

To account for any promoter elements that might lie further upstream,
perhaps within the upstream flanking gene (which is divergently transcribed from
mutAB), the full-length mutA and mutB genes were integrated upstream of the
AmutAB deletion, via homologous single-crossover recombination, in a AmutAB
AprpB Aicl1 Aicl2 strain. However, this approach still failed to complement the
defect for growth on propionate-containing medium.

Taking into consideration the known role of the downstream meaB-
encoded protection / reactivation factor of the methylmalonyl-CoA mutase
enzyme (Korotkova et al 2004), a single-copy attB-integrating plasmid was
constructed that contained all three genes (mutA, mutB, and meaB) plus 174 bp
of the 5'-flanking sequences. Complementation with this plasmid successfully
restored growth of the AmutAB AprpDBC strain on propionate-containing medium.

(Figure 2.10)
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Figure 2.10 Complementation of AmutAB AprpDBC M. smegmatis with a single-
copy attB-integrating plasmid encoding mutA, mutB, and meaB, and strains

containing pND235 (empty vector) grown in M9 + 0.5% propionate.

2.1.6 Alternative approaches to studying mutant phenotypes

- Suppressor screen

Initially, a genetic approach was envisaged to elucidate the mechanisms
of propionate toxicity by selecting for suppressor mutants that could overcome
propionate toxicity and form colonies on agar plates by utilizing an alternative
carbon source included in the medium (such as glucose). In practice, however,
this approach did not readily work with the AmutAB AprpDBC strain, as the ‘semi-

dominant’ nature of 0.5% propionate toxicity in medium that also contained 0.1%
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glucose provided only a brief lag period as the window for the selection of ‘early’
suppressors. Moreover, if the suppressor mutation itself caused a growth defect
on the provided alternative carbon source, it would not appear within this window.
Thus, despite repeated attempts, no reliably ‘early’ colonies appeared when the
AmutAB AprpDBC strain was mutagenized and plated on solid culture medium

containing 0.5% propionate and 0.1% glucose.

- Microfluidic-based time-lapse microscopy

The ability to visualize, in real-time, the effect of introducing an inhibitory or
toxic compound to a growing population of cells, and the consequence of the
compound’s withdrawal, would provide a wealth of time-resolved information
about the kinetics of growth and the fate of individual cells over time. While the
microfluidic-based time-lapse microscopy platform allows for this approach
(Balaban et al 2004), a number of confounding factors were found for interpreting
the results from this method.

The use of M9 minimal media (vs. the richer 7H9-based medium) resulted
in a long adaptation phase to growth in microfluidic devices. The use of
fluorescent imaging negatively synergized with ‘stress’ due to growth on M9
minimal medium and the subsequently added propionate. Thus, cells that were
unable to re-grow following a transient exposure to propionate in experiments
performed with fluorescence imaging were able to recover when fluorescence

was not used.
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As an additional complication, there appeared to be a cryptic carbon
source in one or more components of the microfluidic device, which was
fabricated from a glass cover slip, a micropatterned PDMS chip, and a semi-
permeable cellulose membrane. This was evident from the ability of the WT
strain to continually grow in liquid medium with no added carbon source in the
microfluidic device but not in batch culture flasks with the same medium. Similar
results were obtained using an alternative PDMS-based device without the

cellulose membrane.

2.1.7 Discussion

Growth assays in which mutants deficient in the known propionate-utilizing
pathways of M. smegmatis were grown in liquid media containing individual
carbon substrates have demonstrated that the methyicitrate cycle and the
methylmalonyl-CoA pathway are the only two metabolic routes that appear to
operate under these conditions. This conclusion is based on the observation that
a AmutAB AprpDBC strain with genetic lesions in both pathways was unable to
grow with propionate as the sole carbon source. However, the presence of a
cryptic pathway for propionate metabolism, which might be operational under
different culture conditions, cannot be ruled out.

From the phenotypes of the single-pathway AmutAB and AprpDBC
mutants, the dominance of the methyicitrate cycle for propionate utilization under

standard culture conditions is evident. The lag in the endogenous (but not
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exogenous) activation of the methylmalonyl-CoA pathway is presumably due to
the time required for induction of de novo vitamin B12 synthesis or the time
required for a critical level of this cofactor to accumulate (in light of the dose-
dependent rescue that was observed). Factors contributing to the regulation of
B12 synthesis or of the methylmalonyl-CoA pathway in mycobacteria are yet
unknown. The functionality of the putative upstream regulator has not yet been
demonstrated. How B12 is able to ‘activate’ this pathway, whether through
transcriptional or post-translational mechanisms, is of interest.

The function of the MeaB protection / activation factor appears to be key,
as complementation of the double-mutant AmutAB AprpDBC strain was
unsuccessful without it. Although the AmutAB deletion was in-frame, it is
possible that a regulatory element for meaB expression is located within the
coding sequence of mutB and is thus missing in the AmutAB mutant.
Alternatively, the proximity of the genes during coupled transcription-translation
might have an effect on the subsequent physical association of the translated
proteins. The residual difference in growth kinetics of the AprpDBC strain as
compared to the complemented AmutAB AprpDBC + mutAB meaB strain might
indicate that a regulatory factor is absent. This factor could be the identified
mutR locus that, in S. erythrea, led to additional activity of the MCM when
included in the plasmid (Reeves et al 2007).

While exogenous addition of the vitamin B12 cofactor for the

methylmalonyl-CoA mutase enzyme eliminates the lag of the AprpDBC strain for
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growth on propionate-containing medium, it does not have a further stimulatory
effect on the WT strain compared to the AmutAB strain. This would be consistent
with inhibition of the methylmalonyl-CoA pathway by operation of the
methylcitrate cycle, or it could imply that the ‘maximal’ metabolism of propionate
is already occurring via the methylcitrate cycle. Either of these hypothetical
explanations could be the result of greater affinity of the methylcitrate cycle for
the common propionyl-CoA precursor and a rate-limiting activation step. It is also
possible that the additional activation of MCM leads to changes in carbon routing
that are not measured by the OD readout, such as changes in cell wall
composition. However, the latter interpretation is inconsistent with studies in E.
coli where the addition of vitamin B12 to radiolabeled propionate cultures did not
change the routing of the label (Evans et al 1993, Textor et al 1997).

The interesting phenotypes of the AmutAB and AmutAB AprpDBC strains
with respect to culture pigmentation (both strains) and colony morphology
(AmutAB AprpDBC strain) suggest that MCM deficiency might affect the
biosynthesis of chromogenic compounds and cell wall components, perhaps due
to alterations in the methyl-branched precursor pool upstream of MCM (Zhang et
al 2004).

The growth deficiency of the AprpDBC strain on propionate-containing
liquid medium without vitamin B12 supplementation, which persisted when the
strain was re-passaged on the same medium, suggests that the routing of

propionate through the methylmalonyl-CoA pathway in the absence of

139



exogenous B12 stimulation is less efficient than the use of the methyicitrate cycle.
Alternatively, the persistent growth defect of the AprpDBC strain could be due to
the continual formation and presence of a growth-inhibitory factor that cannot be
removed via the methylmalonyl-CoA pathway unless this pathway is further
activated by exogenous B12.

The dominant negative effect of propionate on the ability of the AmutAB
AprpDBC strain to grow on glucose, and the inability of glucose to ‘rescue’ the lag
of the AprpDBC strain on propionate, both support the idea that defective
metabolism of propionate by strains lacking the methylcitrate cycle might result in
the accumulation of growth-inhibitory metabolites. ~ Whether or not these
metabolites are directly responsible for the ‘toxic’ effect of propionate on the
survival of AmutAB AprpDBC cells cannot be determined by these assays,
especially in light of the similar kill kinetics of this strain under ‘No Carbon’
conditions. The unexpected growth phenotype of the AmutAB AprpDBC mutant
on glucose might indicate some basal carbon flux through the methyicitrate and
methylmalonyl-CoA pathways even in the absence of exogenous propionate.
One approach to confirm these phenotypes, and to elucidate the underlying

mechanisms, is to measure intracellular metabolite levels directly.
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2.2 Metabolite analysis of M. smegmatis

“Metabolites are the end products of cellular regulatory processes, and their
levels can be regarded as the ultimate response of biological systems to genetic

or environmental changes.” - Oliver Fiehn, 2002

The field of metabolomics, although implying a sense of global coverage,
actually involves a number of tradeoffs in the preparation and analysis of
samples. Targeted metabolite analysis provides highly quantitative
measurements of a limited number of pre-selected metabolites of interest.
Alternatively, metabolite profiling provides an unbiased but semi-quantitative
approach to identify peaks or patterns of interest among all detectable
metabolites (Fiehn et al 2002).

The choice of analytical method determines what information can be
retrieved from a sample and how much sample is needed. Approaches based on
nuclear magnetic resonance (NMR) spectroscopy provide non-destructive
sample analysis but require relatively large amounts of material. Alternatively,
approaches based on mass spectrometry (MS) start with the destructive
ionization of the sample, often followed by electron bombardment and
fragmentation of the sample components, but require only small amounts of
material. While MS can accurately measure the analyte ‘mass’ (actually, the

mass-to-ion (m/z) ratio), allowing for identification by formula but unable to
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distinguish between mass isomers, NMR provides information about the structure
and connectivity of the compound, thus distinguishing between isomers.

Mass spectrometers detect the differences in the m/z ratios of ionized
compounds, which are identified either by their accurate mass or by a
combination of the ‘parent’ ion m/z and the subsequently fragmented ‘daughter’
ion m/z. To increase the analytical power of mass spectrometry, a compound
separation step can be performed first, using gas chromatography (GC), liquid
chromatography (LC), capillary electrophoresis (CE), or similar techniques,
although this adds analysis time and introduces an additional bias of what types
of compounds can be detected.

For the measured extract to be a reflection of the state of the metabolites
that are present when the sample is taken, the inactivation or ‘quenching’ of the
cell’s metabolism, via extreme treatments of cold (liquid nitrogen), heat (boiling),
acid, or base, to avoid any subsequent transformations of the contents, should
aim to be faster than the cell’s turnover of metabolites. Moreover, whether or not
the cell mass is ‘harvested’ and separated from the culture medium before or
after the quench step reflects the tradeoff between speediness of quenching and
cleanliness of extraction. As there is no ‘universal’ solvent, the choice of
extraction buffer will again introduce biases as to which compounds can be
dissolved and detected.

To study the metabolite content of M. smegmatis, an effective method of

extraction first needed to be identified and validated for the ability to detect
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propionate pathway metabolites. This work has been carried out in collaboration
with the laboratory of Prof. Uwe Sauer at ETH Zirich. Prof. Sauer is an
internationally recognized authority in the field of MS-based microbial
metabolomics and all of the MS-based metabolite analysis discussed in this
thesis was done in his laboratory. These studies were done with the invaluable
assistance, technical expertise, and insight of Michael Zimmermann and Dr. Jérg

Buscher.

2.2.1 Extraction methodology

Two extraction methods from the scientific literature — the rapid
centrifugation / liquid nitrogen quench / hot buffered ethanol extraction used for
Bacillus subtilis (Buescher et al 2010) and the fast filter separation / cold
methanol : acetonitrile : formic acid quench/extraction solution used for E. coli
(Rabinowitz et al 2007) — were tested (with some variations) and compared using
cultures of wild-type (WT) M. smegmatis grown on M9 liquid medium with
glucose or propionate as the sole carbon source. Samples were separated by an
ion-pairing liquid chromatography (LC) method, optimized for central carbon
metabolites, before detection by tandem MS/MS. Metabolites were identified by
their retention time (RT) on the LC and optimized parent / daughter mass-ion
combination.

The two aforementioned protocols resulted in ‘complementary’ profiles of

detected metabolites. The ‘rapid centrifugation’ method provided better
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extraction of sugar-phosphates, nucleotides, and energy cofactors; the ‘fast filter’
method provided better extraction of citric acid cycle intermediates, sugars, and
propionate-specific metabolites. (Figure 2.11, bracketed) Switching to a hot
(78°C) extraction for the ‘fast filter’ method enabled improved extraction of CoA-
containing molecules (a key aim for this work) and this protocol was preferentially
used.

It is not clear whether it is the faster quench times in the ‘rapid
centrifugation’ method or the difference in buffer composition that accounts for
the differences in the metabolite profiles. In future, further testing of hybrid
techniques or the use of ‘serial’ extraction to try to capture the residual metabolite

content with the alternative buffer could be done to try to optimize the protocol.

2.2.2 ldentification of propionate metabolism intermediates

As not all of the propionate pathway metabolites are commercially
available, initial detection parameters (tube lens and collision energy) were set by
analogy to the structurally related citric acid cycle intermediate, with the requisite
change in mass (e.g., methylcitrate parameters based on those for citrate,
methylisocitrate adjusted from isocitrate). Notably, when a methylcitric acid
standard became available during the course of this work, the authentic
parameters matched the predicted set, instilling confidence in their reliability for

2-methyl-cis-aconitate.
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In lieu of authentic standards for methylisocitrate and methyl-cis-aconitate,
WT and MCL-deficient (AprpB Aicl1 Aicl2) strains of M. smegmatis were grown in
liquid culture medium with glucose or propionate as the sole carbon source and
metabolite extracts were compared as further confirmation of the MS peaks
identified as methylisocitrate and methyl-cis-aconitate. Three metabolites that
are specific to the methyicitrate cycle (methylcitrate, methylisocitrate, and methyl-
cis-aconitate) are expected to accumulate in MCL-deficient bacteria, given the
equilibrium of the corresponding reactions in the absence of MCL activity
(Horswill and Escalante-Semerena 1999a, Horswill and Escalante-Semerena
2001). (Figure 2.12)

Mass isomers (e.g., methylmalonyl-CoA and succinyl-CoA), which do not
separate on a column, might be distinguished by unique fragments generated
from the collision reaction or might be calculated from the ratio between the
unique peak for the other isomer and the combined peak for common fragments
— in effect, subtracting out the contribution of the identifiable isomer. Using this
approach, succinyl-CoA was found not to contribute significantly to the measured
peak for methylmalonyl-CoA plus succinyl-CoA (data not shown), which will be
referred to as ‘methylmalonyl-CoA’ in the subsequent measurements. The
settings for the mass isomers isocitrate and citrate and the isocitrate-unique
fragment were previously determined. However, the mass isomers methylcitrate
and methylisocitrate could not be distinguished without an authentic standard for

methylisocitrate.
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Figure 2.12 Comparison of propionate-specific metabolites from extracts of WT
and AprpB Aicl1 Aicl2 M. smegmatis grown in M9 + 0.1% glucose or M9 + 0.1%

propionate.
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2.2.3 Targeted metabolite analysis

Single time-point extraction experiments were carried out using both
methods, with two technical replicates each, but a subsequent 24 hour time
course was done with only the fast filtration method and with two independently
extracted technical replicates, per culture flask, per time-point. M. smegmatis
WT, AmutAB, AprpDBC, and AmutAB AprpDBC strains were grown in M9 liquid
culture medium with 0.5% glucose, 0.5% propionate, or ‘no-carbon’ added.
Targeted metabolite data are shown as an average of the replicates at each time-
point. Untargeted metabolite data are displayed with dots representing the
double measurement of each replicate.

Supernatant samples taken at each time-point were analyzed by HPLC to
help establish that the carbon substrates in the media were being ‘depleted’ as
they were (presumably) taken up by the bacteria. The HPLC traces show that
propionate was depleted at a lower rate by the AprpDBC and AmutAB AprpDBC
strains as compared to the AmutAB and WT strains. No noticeable differences
were detected in the HPLC traces of glucose-grown culture supernatants. (Figure
2.13)

Traces of the methylmalonyl-CoA pathway intermediates depict a time-
dependent accumulation of propionyl-CoA and methylmalonyl-CoA in AmutAB
AprpDBC and, initially, in AprpDBC cells. Interestingly, the levels of these
metabolites in AprpDBC cells appear to decline at later time-points, which is

consistent with the delayed utilization of propionate by this strain. (Figure 2.14)
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Evaluation of the methylcitrate cycle metabolites yielded the surprising
observation that methylcitrate and methylisocitrate accumulated in AmutAB
AprpDBC cells. (Figure 2.14) As the methylcitrate cycle enzymes that
canonically catalyze these reactions have been knocked out, it seems likely that
in the presence of high levels of propionyl-CoA, the corresponding citric acid
cycle enzymes are enabling these transformations.

Similarly, the presence of methyl-cis-aconitate in the methylcitrate cycle
(AprpDBC) mutants suggests the spurious action of the citric acid cycle
aconitases on the accumulating 2-methyicitrate. (Figure 2.14) The lower levels of
methyl-cis-aconitate measured in the AprpDBC mutants would suggest a
decreased efficiency of this ‘side’-transformation as compared to the formation of

2-methyilcitrate.
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Figure 2.13 HPLC detection of glucose and propionate in culture supernatants
from strains of M. smegmatis grown in M9 + 0.5% propionate and sampled over
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Figure 2.14 LC-MS/MS detection of targeted metabolites from strains of M.
smegmatis grown in M9 + 0.5% propionate and sampled over a time course (0

hr, 6 hr, 12 hr, 24 hr); each point is an average of two replicates.
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Coordinate with the increase in methylcitrate cycle and methylmalonyl-
CoA pathway metabolites in the AmutAB AprpDBC and AprpDBC strains are the
decreasing levels of the citric acid cycle metabolites (citrate/isocitrate, aconitate,
isocitrate, alpha-ketoglutarate, succinate/methylmalonate, and malate) over the
time course of incubation in propionate-containing medium. (Figure 2.14)

Another unexpected finding was the accumulation of methylcitrate cycle
and methylmalonyl-CoA pathway metabolites in the AmutAB AprpDBC strain
during growth on glucose. (Figure 2.15) This accumulation could represent a
‘basal’ activity of the propionate pathways due to endogenously derived
propionyl-CoA precursors. Interestingly, the propionate pathway metabolites
accumulated in parallel to an apparent depletion of citric acid cycle metabolites in
AmutAB AprpDBC cells. The presence of methylcitrate cycle metabolites in
glucose-grown AmutAB cells, but not in glucose-grown AprpDBC cells (Figure
2.15), might suggest that the putative ‘basal’ flow of propionyl-CoA is normally
routed to the methylmalonyl-CoA pathway rather than the methylcitrate cycle.

Under no-carbon culture conditions, the levels of most metabolites
decreased over time for all of the strains. However, in the AmutAB AprpDBC
strain, levels of methylcitrate and methylmalonyl-CoA pathway intermediates
increased over time (Figure 2.16), suggesting that an endogenous source of
propionyl-CoA might be mobilized during starvation conditions. Endogenous
sources of propionyl-CoA could include odd-chain fatty acids and branched-chain

amino acids.
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The increased intracellular levels of tyrosine and tryptophan detected for
all of the strains under no-carbon culture conditions might suggest a mobilization
of amino acids during carbon starvation as an adaptive response. The apparent
accumulation of the aromatic amino acids may be due to the difficulty in
metabolizing them. Notably, the AmutAB AprpDBC strain also exhibited high
levels of tryptophan and tyrosine when incubated in medium containing
propionate as the sole carbon source. Furthermore, the AprpDBC and AmutAB
AprpDBC strains also exhibited higher cell-associated levels of disaccharides
when incubated in propionate-containing culture medium, and this elevation was
matched by all of the strains under no-carbon culture conditions. (Figure 2.17)

A set of metabolites (glutamine, citrulline, diaminopimelate), linked through
arginine metabolism pathways (Voellym and Leisinger 1976), showed similar
profiles under the different culture conditions. Although glutamate is also part of
this pathway, the levels of this metabolite were not coordinated with the other
metabolites for a given condition, except that lower levels of all four metabolites

were detected in the AmutAB AprpDBC strain. (Figure 2.18)
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Figure 2.15 LC-MS/MS detection of targeted metabolites from strains of M.
smegmatis grown in M9 + 0.5% glucose and sampled over a time course (0 hr, 6

hr, 12 hr, 24 hr); each point is an average of two replicates.
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Figure 2.16 LC-MS/MS detection of targeted metabolites from strains of M.

smegmatis, grown in M9 (no-carbon) and sampled over a time course (0 hr, 6 hr,

12 hr, 24 hr); each point is an average of two replicates.
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Figure 2.17 LC-MS/MS detection of targeted metabolites from strains of M.
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Figure 2.18 LC-MS/MS detection of targeted metabolites from strains of M.
smegmatis grown in M9 + 0.5% glucose, M9 + 0.5% propionate, or M9 (no-
carbon) and sampled over a time course (0 hr, 6 hr, 12 hr, 24 hr); each point is

an average of two replicates.

157



2.2.4 Untargeted metabolomics

As a complementary approach to targeted metabolite analysis with
authentic standards, a method based on ‘metabolite profiling’ was applied to a
set of metabolite extracts from the same cultures, using direct flow injection (Fl)
of samples into a time-of-flight (TOF)-MS for rapid and accurate measurement of
hundreds to thousands of metabolite peaks, without prior separation (Fuhrer et al
2011). Putative identification was made by mass alone; therefore, interesting
‘hits’ should be reconfirmed using the targeted method.

As with the targeted approach, the untargeted approach detected a
number of metabolites (4-aminobutanoate, L-ornithine, glutamate, and glutamine)
that are associated with arginine metabolism (Voellym and Leisinger 1976). The
AmutAB AprpDBC strain showed the lowest levels of these metabolites in
propionate-grown cultures, followed by the AprpDBC strain. Under no-carbon
conditions, the AprpDBC strain did not differ from WT or AmutAB (Figure 2.19),
which might indicate that propionyl-CoA generated during carbon starvation can
be utilized through the methylmalonyl-CoA pathway. Glutamine and glutamate
detected by the FI-TOF-MS method are shown to illustrate the correspondence
with the data obtained by the LC-MS/MS method. (Figure 2.18)

Metabolites were identified whose levels were elevated in AmutAB
AprpDBC cells incubated in propionate-containing medium. For valine and 2-
aminoadipate, this elevation also corresponded to the high levels detected in

AmutAB AprpDBC cells during no-carbon incubation, whereas all of the strains
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contained similar levels of 4-methylene-L-glutamate. (Figure 2.20) Such
metabolites that show a differential accumulation between these strains as well
as between conditions will help distinguish between metabolites that represent
normal (wild-type) adaptations to starvation conditions and metabolites that
hyper-accumulate only in the mutant strains and that might contribute to toxicity.
This methodology can also make use of supernatant samples to detect
metabolites that are excreted into the surrounding medium. Over the time
courses, the culture supernatants of all strains under all carbon conditions that
were tested accumulated rhamnose, a component of the mycobacterial cell wall
(Ma et al 2002). Culture supernatants of the AmutAB AproDBC mutant
accumulated the highest levels of rhamnose over time. This elevated excretion
(or release) of rhamnose from cells incubated in medium containing propionate,
glucose, or no-carbon, is perhaps indicative of cell wall remodeling or cell lysis.

(Figure 2.21)
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Figure 2.19 FI-TOF-MS detection of untargeted metabolites from strains of M.
smegmatis grown in grown in M9 + 0.5% glucose, M9 + 0.5% propionate, or M9
(no-carbon) and sampled over a time course (0 hr, 6 hr, 12 hr, 24 hr); 4 points
per strain represent 2 replicates with repeat injections. WT (blue), AmutAB (red),

AprpDBC (green), AmutAB AprpDBC (teal).
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Figure 2.20 FI-TOF-MS detection of untargeted metabolites from strains of M.
smegmatis grown in M9 + 0.5% glucose, M9 + 0.5% propionate, or M9 (no-
carbon) and sampled over a time course (0 hr, 6 hr, 12 hr, 24 hr); 4 points per

strain represent 2 replicates with repeat injections.
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Figure 2.21 FI-TOF-MS detection of untargeted metabolites from M. smegmatis
strains grown in M9 + 0.5% glucose, M9 + 0.5% propionate, or M9 (no-carbon)
and sampled over a time course (0 hr, 6 hr, 12 hr, 24 hr); supernatant points are
double injections of a single sample, 4 points per strain represent 2 replicates
with repeat injections. WT (blue), AmutAB (red), AprpDBC (green), AmutAB
AprpDBC (teal).
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A comparison can be made between metabolites found both the cell-
associated and culture supernatant fractions. During growth on propionate,
mevalonate was identified in the culture supernatant in correspondence to the
cell-associated levels, such that the WT and AmutAB strains contained the
highest levels in both fractions, the AmutAB AprpDBC strain was lowest, and the
AprpDBC strain was in between. Under no-carbon conditions, while the cell-
associated levels of mevalonate declined for all strains, the levels in the culture
supernatant varied throughout the time course and the apparent ‘grouping’ of

strains was different at subsequent time-points. (Figure 2.21)

2.2.5 Discussion

The targeted metabolite approach to characterizing the propionate
pathway mutant strains of M. smegmatis has yielded valuable insights into the
dynamic metabolic content of the cell and offers some potential explanations for
the surprising growth phenotypes described in the previous section. The
application of this technique to mutant strains that cannot metabolize propionate
has provided evidence of accumulating metabolic pathway intermediates to fulfill
a prerequisite of the hypothesis that propionate toxicity towards these strains is
due to accumulation of toxic metabolites, namely, that the corresponding
metabolites do, in fact, accumulate.

A mutant strain of both propionate metabolic pathways contained higher

levels of the intermediates upstream of the lesions, propionyl-CoA and
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methylmalonyl-CoA, but also showed significant levels of intermediates
downstream of the enzymes that the AmutAB AprpDBC mutant lacks. It is
proposed that the citric acid cycle enzymes are able to perform the analogous
transformations on propionate pathway intermediates when these intermediates
are in excess. This has been observed for the gltA-encoded citrate synthase in S.
Typhimurium (Rocco and Escalante-Semerena 2010). Perhaps most convincing
is the formation of 2-methylcitrate, which is detected in the urine of human
patients suffering from methylmalonyl aciduria with concomitantly high levels of
propionyl-CoA present in the body. As humans do not possess the methyicitrate
cycle, this transformation is believed to be catalyzed by the human citrate
synthase enzyme (Ando et al 1972).

Of note is the stereospecificity of the reactions catalyzed by the canonical
versus promiscuous enzymes. It has been suggested that producing a mix of
stereoisomers that cannot be utilized by the next enzyme in the pathway might
result in binding and inhibition and thus provides a putative mechanism of toxicity
(van Rooyen et al 1994). To this effect, the 2-methylcitrate formed by the gltA-
encoding citrate synthase of Salmonella enterica serovar Typhimurium was
demonstrated to be more inhibitory to the cell than the methylcitrate formed by
the canonical methyicitrate synthase (Rocco and Escalante-Semerena 2010).
Interestingly, the settings for 2-methyicitrate / 2-methylisocitrate as well as for 2-

methyl-cis-aconitate were associated with multiple peaks on the LC column. This
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could conceivably correspond to stereoisomers that could differ between MCS-
and CS-catalyzed reactions.

Testing this phenomenon genetically, by making additional deletions of the
suspected citric acid cycle enzymes in the AmutAB AprpDBC strain background,
could result in further metabolic defects that would be difficult to uncouple.
Moreover, M. smegmatis encodes three putative citrate synthase homologs,
which might require multiple deletion steps. Another approach might be the real-
time MS-enabled detection of the formation of 2-methylcitrate when propionyl-
CoA is added to cell-free protein extracts of the M. smegmatis AmutAB AprpDBC
strain.

While the TCA cycle enzymes are implicated in forming a toxic
intermediate, there is also evidence to support the idea that inhibition of TCA
cycle function is what contributes to the toxic effects seen. In addition to the
levels of the metabolites of the TCA cycle that were reduced in the AmuAB
AprpDBC mutant cultured in propionate-containing medium, the levels of PEP
and pyruvate on propionate were lower than other strains. In glucose, propionate,
and no-carbon media, the AmuAB AprpDBC mutant had lower levels of acetyl-
CoA. This might point to inhibition of the gluconeogenic pathway as part of the
toxic effect (Rocco and Escalante-Semerena 2010). Clarification of these points
will require further studies with alternative carbon sources.

The accumulation of propionate pathway metabolites during growth of

AmutAB AprpDBC cells in glucose-containing medium was unexpected. This
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corresponds to the otherwise difficult-to-interpret glucose growth phenotype
described in the previous section. Moreover, the similar loss of viability (CFU)
seen for the AmutAB AprpDBC strain incubated in either propionate or no-carbon
medium is supported by the accumulation of propionate pathway metabolites
under both conditions.

A GC-MS based investigation in the closely related species
Corynebacterium glutamicum also demonstrated the formation of methylcitrate
cycle intermediates during growth on glucose (Plassmeier et al 2007). While the
endogenous source of propionyl-CoA has not been identified, some clues are
provided by the apparent accumulation of aromatic amino acids, which may be
indicative of a general amino acid degradation response to starvation.

In support of this idea, valine was seen to transiently accumulate in the
AmutAB AprpDBC strain under both propionate and no-carbon conditions. Thus,
the absence of a usable carbon substrate in both cases could lead to amino acid
breakdown, which from valine would generate propionyl-CoA and further toxicity.
Of note, the MCL enzyme of S. cerevisiae was found to be induced when
threonine was provided with limiting glucose (Luttik et al 2000). As threonine
degradation results in formation of propionyl-CoA, and a tcdE-encoded propionyl-
CoA synthase of E. coli is encoded in a cluster of genes involved in threonine
degradation, the use of propionate pathways for endogenous amino acid

metabolism under starvation conditions is further suggested.
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The observed accumulation of disaccharides under carbon starvation
conditions for all strains, including wild-type — as well as for AmutAB AprpDBC,
and to a lesser extent, AproDBC strains incubated in propionate-containing
medium — might point to the mobilization of trehalose, a disaccharide compound
that is known to be stored during carbon sufficiency and catabolized during
carbon starvation, or utilized as an osmoprotectant in cells exposed to propionate
(Woodruff et al 2004).

The relevance of arginine metabolism to propionate metabolism in
mycobacteria is not known, but as these metabolites are coordinately reduced in
a AmutAB AprpDBC strain under propionate stress, this presents an interesting
avenue for further investigation. Interestingly, arginine was unexpectedly able to
rescue the ability of a MCS-deficient strain of A. nidulans to form a polyketide
precursor (Zhang et al 2004). Perhaps of relevance is that hyperammonemia is a
complication of propionic and methylmalonic acidemia in humans and inhibition
of ureagenesis is one of the proposed routes of propionate toxicity in hepatocytes
(Glasgow and Chase 1976, Coude et al 1979).

The apparent release of rhamnose into the media may be an indication of
cell wall remodeling or cell lysis, which could also provide a source of propionyl-
CoA for the remaining intact cells. This and other untargeted metabolites have
provided additional ‘hits’ to follow up on to help elucidate the ‘toxic’ effect seen in

vitro.
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A functional link between the in vitro observations and the underlying
metabolite profiles could be established by the isolation of ‘suppressor’ mutations
that bypass the toxic effect of propionate on cells lacking the methylcitrate and
methylmalonyl-CoA pathways. However, given the ‘semi-dominant’ inhibitory
effect of propionate on M. smegmatis, as described in the previous section of this
thesis, it might be preferable to focus these studies on M. tuberculosis, where the
much stronger effects of propionate in vitro and relevance in vivo will be

described in the next section.

2.3 Studies of the propionate metabolism

pathways of M. tuberculosis

While Mycobacterium smegmatis is a useful model for in vitro studies, for
questions of in vivo relevance, the use of the pathogenic M. tuberculosis
becomes indispensable. Previous studies with M. tuberculosis have
demonstrated the upregulation of the methylcitrate cycle genes prpD and prpC in
ex vivo-infected macrophages and in infected mouse lungs (Schnappinger et al
2003, Shi et al 2010), suggesting a role for this pathway during infection.

A mutant strain, with a deletion of the prpC and prpD genes encoding the
methylcitrate cycle specific enzymes methyicitrate synthase (MCS) and
methylcitrate dehydratase (MCD), respectively, was previously generated in the

Erdman strain of M. tuberculosis. The AprpDC mutant was found to resemble the
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icl1::hyg icl2::aph strain in its inability to utilize propionate and attenuation in bone
marrow-derived macrophages, yet was unaffected in its ability to grow and cause
tissue pathology in the mouse infection model (Munoz-Elias et al 2006).

The disparity between the requirement for prpDC in vitro for growth on
propionate and ex vivo for growth in cultured macrophages vs. the dispensability
of prpDC in vivo for growth in the lungs of mice can be reconciled by any of the
following possibilities (discussed in Munoz-Elias et al 2006):

- The ability to metabolize propionyl-CoA is dispensable for infection and

the phenotype of the ICL/MCL-deficient mutant (Aic/1 Aicl2) could be

ascribed to its role in the glyoxylate shunt;

- A ‘cryptic’ pathway for propionate metabolism is able to buffer the loss of

the methylcitrate cycle in vivo but not in vitro or ex vivo;

- The methylcitrate cycle could serve as a detoxification route for

propionyl-CoA, where the pathway can be removed without consequence

in vivo (as in a AprpDC strain), perhaps due to functional redundancy, but
cannot be lesioned (as in an icl1::hyg icl2::aph strain), due to the formation
of toxic intermediates.

The first hypothesis would be straightforward to test by generating an
independent lesion of the glyoxylate cycle, via a malate synthase (MLS)-deficient
strain, and interrogating its ability to phenocopy the ICL/MCL-deficient strain in
vivo. However, on-going efforts suggest that the glcB gene encoding MLS is

likely essential (E.J. Munoz-Elias PhD thesis, 2005, N. Dhar, personal
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communication, S. Ehrt, personal communication, Griffin et al 2011). The
apparent essentiality of MLS is surprising in light of the fact that the ICL/MCL,
which acts in the same pathway, is not required under standard in vitro culture
conditions. The MLS could be essential if glyoxylate buildup in its absence is
toxic. Alternatively, MLS could possess a yet unknown, essential, secondary
'moonlighting' function (Kinhikar et al. 2006). In either case, the interpretation of
the phenotype of a conditional knockout would be less than straightforward.

Addressing the second hypothesis, the methylmalonyl-CoA pathway could
conceivably provide an alternative route of propionate metabolism. The putative
buffering capacity in vivo but not ex vivo or in vitro might reflect a difference in the
production or availability of the B12 (adenosylcobalamin) co-factor of the
methylmalonyl-CoA mutase (MCM) enzyme of this pathway in murine lungs as
compared to the conditions in culture media and within macrophages.

The requirement for in vitro supplementation of cyanocobalamin (vitamin
B12) for obtaining growth of the AprpDC mutant on propionate, in an MCM-
dependent manner, was demonstrated in studies carried out in the H37Rv strain
of M. tuberculosis (Savvi et al 2008). Moreover, the ability of the B12-activated
methylmalonyl-CoA pathway to bypass the growth defect in propionate of an
ICL/MCL-chemically inhibited strain was also established, suggesting that the
glyoxylate cycle was not required as an anaplerotic route for growth on

propionate by this pathway.
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The ability of mutant strains impaired in both pathways of propionyl-CoA
metabolism to establish an infection could not previously be tested in the mouse
model as these strains, along with the parental H37Rv 'wild-type' strain used in
these studies, had spontaneously lost the ability to produce phthiocerol
dimycocerosates (PDIM) (Sawvvi et al 2008). PDIM deficiency, in itself, is known
to cause attenuation in animal infection models (Goren et al 1974, Cox et al
1999) and would confound interpretation of any potential in vivo phenotype of
propionyl-CoA metabolic mutant strains.

Spontaneous loss of PDIM production arises rapidly from in vitro
passaging of M. tuberculosis and appears to confer a slight, but reproducible in
vitro growth advantage. The apparent selection against PDIM production in vitro
is attributed to the large costs of its synthesis, in terms of the 15 separate ORFs
and over 15 catalytic steps involved. (Domenech and Reed 2009, Trivedi et al
2005). This is now widely recognized as a common problem encountered during
the in vitro passaging and bottlenecks that necessarily occurs with genetic
manipulation of M. tuberculosis (loerger et al 2010, Kirksey et al 2011).

As described above, the wild-type and propionyl-CoA pathway mutant
strains examined in vitro in the work of Savvi et al. were unsuitable for further in
vivo studies. Therefore, the construction of PDIM-proficient propionate pathway
mutants was pursued in collaboration with Prof. Valerie Mizrahi at the University
of Cape Town, whose laboratory studies the vitamin B12-dependent enzymes in

M. tuberculosis. The mutants were generated in parallel in the H37Rv (at UCT
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by Dr. Krishnamoorthy Gopinath) and Erdman (work presented here) strain
backgrounds of M. tuberculosis in order to assess the contribution of these
pathways to growth and virulence in the mouse model.

Complementary investigations into the third possible role of the
methylcitrate cycle in M. tuberculosis, that of propionyl-CoA detoxification, would
involve testing the second postulate of the ‘toxic metabolite’ hypothesis (i.e., that
the accumulation and adverse effects of the putative metabolite are alleviated by
blocking its formation). However, to do so, it would be necessary to introduce the
putative ‘suppressor’ mutation of AprpDC, catalyzing the upstream steps of the
methylcitrate cycle, into the ICL/MCL-deficient background. As the ICL/MCL-
deficient strain used previously in this lab, in studies by Munoz-Elias et al, was
generated by allelic-replacement with a copy of the gene containing insertions of
antibiotic resistance cassettes, ic/1 with hyg and icl2 with aph, the resulting strain
is doubly-marked. (Munoz-Elias and McKinney 2005) As antibiotic resistance
markers are few and far between in mycobacteria (perhaps not surprisingly,
given their natural drug resistance), this strain is difficult to use for additional
genetic interventions, such as subsequent allelic exchange, transposon
mutagenesis, or introduction of plasmids.

With these downstream applications in mind, in-frame, unmarked, PDIM-
proficient deletion mutants were generated in the Erdman background of M.

tuberculosis, yielding the following mutant strains:
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- Aicl1 Aicl2 = methylcitrate cycle interrupted (MCL-deficiency) and

glyoxylate cycle interrupted (ICL-deficiency);

- AprpDC Aicl1 Aicl2 = methylcitrate cycle removed (MCS/MCD/MCL-

deficiency) and glyoxylate cycle interrupted (ICL-deficiency);

- AmutAB = methylmalonyl-CoA pathway interrupted (MCM-deficiency);

- AmutAB AprpDC = methylmalonyl-CoA pathway interrupted (MCM-

deficiency) and methylcitrate cycle interrupted (MCS/MCD-deficiency).

The work presented here set out to test the relative contributions of the
methylcitrate cycle and the methylmalonyl-CoA pathway to M. tuberculosis
growth and survival in vitro and in vivo. A second aim was to test whether
deletion of the upstream steps of the methylcitrate cycle (MCS/MCD) might,
paradoxically, improve the fitness of an ICL/MCL-deficient strain by preventing
the accumulation of toxic metabolites. A third aim was to address the question of
whether the bifunctional ICL/MCL enzymes are essential for infection because of
their function in the glyoxylate cycle, the methylcitrate cycle, or, quite possibly, an

as yet unrecognized role.

2.3.1 Methylmalonyl-CoA Mutase (MCM) in M. tuberculosis

The genes encoding the small and large subunits of methylmalonyl-CoA
mutase were previously identified in the M. tuberculosis genome, located 190 bp
downstream of a divergently transcribed open reading frame (Rv1491c) encoding

a ‘conserved hypothetical’ protein of 252 aa. The mutA (Rv1492) gene encoding
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the small subunit (615 aa) is directly followed by the start codon of the mutB
(Rv1493) gene encoding the large subunit (750 aa). Rather than lying adjacent
to the meaB-encoded protection factor, the mutAB locus is situated 13 bp
upstream of the genes mazE4 and mazF4 (Rv1494-Rv1495) encoding a putative
toxin-antitoxin module. The mazF4 gene overlaps 4 bp with the start of the meaB
(Rv1496) gene encoding a protein of 334 aa, which is misannotated as a

‘transport system kinase’ (Savvi et al 2008). (Figure 2.1B)

2.3.2 Deletion of mutAB in M. tuberculosis

Unmarked in-frame deletions of the mutAB genes were made by allelic
exchange using the two-step counter-selection method (Pelicic et al 1996a,
Pelicic et al 1996b). Homologous flanking regions were amplified from genomic
DNA and ligated into a plasmid, forming an in-frame deletion, fusing the first 4
codons of mutA to the last 6 codons in mutB with an Avrll site, to replace the
native copy of the gene. This deletion construct was also used by the Mizrahi lab
to generate the corresponding deletion in the H37Rv background. The mutAB
genes were deleted in the Erdman wild-type (WT) and AprpDC (MunozElias et al
2006) strain backgrounds. The deletion was confirmed with PCR reactions,
using primers that hybridized outside the cloned region, as well as by Southern

blot. (Figure 2.22)

174



m
m
E S
S
£ £
QO o om <
aao g T g gU
0 QO =S W w (]
- S Q0
5555 S E53
< a49q
by W '
-
A — ' o B —WwT
- [
S =18
¥ -4 Y= - <€<— A
WT—> e o 3 3=
1T o=
—3
prpDC locus w/ Kpnl mutAB locus w/ EcoRl
WT-3.8 kb WT-7.8 kb
KO -8.3kb KO-3.7kb

(over-exposure)

Figure 2.22 Southern blot of genomic DNA from WT, AmutAB, AprpDC, and
AmutAB AprpDC strains in M. tuberculosis Erdman background, digested and
probed as indicated. Arrows indicate expected fragments for wild-type (WT) or
deleted (A) genes. An overexposure of the prpDC locus blot is shown to visualize
KO band of the underloaded AprpDC strain.
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2.3.3 Deletion of icl1 and icl2 in M. tuberculosis

Unmarked in-frame deletions of ic/1 (Rv0465) and ic/l2 (Rv1915/Rv1916)
were generated in the Erdman WT and AprpDC strain backgrounds using
plasmids prepared as described above, except containing homologous genomic
DNA forming an in-frame deletion of all but 10 codons for ic/7 and an in-frame
deletion of all but 15 codons for icl2. The Aicl2 and AprpDCAicl2 strains were
used for subsequent transformation with the ic/7 knockout plasmid, as Aicl1
strains have a slight growth defect on glucose and passaging should be limited to
avoid the potential selection of spontaneous suppressor mutations. The
deletions were confirmed by PCR reactions using primers that hybridized outside

the cloned region as well as by Southern blot. (Figure 2.23)

2.3.4 PDIM production

Prior to their use in experiments, all strains were tested for the ability to
incorporate radioactive [14C]-propionate into the phthiocerol dimycocerosates
(PDIM), assessed by thin layer chromatography (TLC) of extracted lipids. All the
strains were found to be competent for PDIM production, as seen by the labeled

DIM A and DIM B spots. (Figure 2.24)
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Figure 2.23 Southern blot of genomic DNA from WT, AprpDC, Aicl1 Aicl2, and
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probed as indicated. Arrows indicate expected fragments for wild-type (WT) or
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2.3.5 in vitro characterization by growth curve analysis

- Relative contributions of the methyicitrate and methylmalonyl-CoA

pathways

Wild-type M. tuberculosis Erdman is able to grow robustly on propionate-
containing media, provided the concentrations are not so high as to be inhibitory;
0.2% propionate was the highest concentration tested and resulted in a slight lag
relative to growth on 0.1% (data not shown). A AmutAB strain was able to grow
as well as WT on propionate-containing media. (Figure 2.25A) In keeping with
previous findings (Savvi et al 2008), a AprpDC strain was unable to grow on
propionate unless the methylmalonyl-CoA pathway was activated by exogenous
supplementation of cyanocobalamin, which is presumably activated by the
bacterium to the adenosylcobalamin cofactor for the MCM. (Figure 2.25A-B)

Although the AprpDC strain responded to B12 supplementation in a dose-
dependent manner (Figure 2.26A), the addition of B12 could not rescue the
double mutant strain AmutAB AprpDC for growth on propionate (Figure 2.25B).
These results suggest that the methylcitrate cycle and methylmalonyl-CoA
pathway are the only routes for propionate metabolism in M. tuberculosis,
although the existence of an additional ‘cryptic’ pathway that is not active under
standard in vitro growth conditions cannot be ruled out.

Of note, addition of B12 to the WT strain did not change the growth
kinetics (Figure 2.26B), as seen with M. smegmatis. However, this observation

differs from mutants in the H37Rv strain background of M. tuberculosis, where
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addition of vitamin B12 stimulates the growth of the WT and AprpDC strains
above the levels shown by the WT strain in the absence of B12 (Savvi et al 2008,
K. Gopinath, personal communication). If these contrasting results are not
simply due to differences in experimental techniques and reagents, a confirmed
difference between the strains would indicate that the methylcitrate cycle alone is
sufficient for optimal growth on propionate in Erdman but not in H37Rv, which
also requires activation of the methylmalonyl-CoA pathway for achieving maximal
yield.

All of the propionate pathway mutants grew similarly to WT on glucose- or
acetate- containing media. (Figure 2.27A-B) The addition of vitamin B12 to these
cultures did not appear to alter the growth kinetics of any of the strains (data not
shown). Notably, the slight defect of the M. smegmatis AmutAB AprpDBC mutant
for growth on glucose-containing medium was not recapitulated by the M.
tuberculosis AmutAB AprpDC mutant. These results suggest that either the
putative ‘basal’ propionyl-CoA generating activity is not present in this species,

the metabolite does not accumulate, or it is not inhibitory to M. tuberculosis.
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Figure 2.25 Growth of M. tuberculosis strains in 7H9 base + albumin-saline (AS)
+ 0.02% Tyloxapol + 0.1% propionate (A) without or (B) with addition of 100

pg/mL cyanocobalamin (vitamin B12).
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Figure 2.26 (A) Addition of cyanocobalamin (vitamin B12) to M. tuberculosis
AprpDC in comparison to WT with 0 ug/mL (from B) grown in 7H9 base +
albumin-saline + 0.02% Tyloxapol + 0.1% propionate. (B) Addition of
cyanocobalamin (Vitamin B12) in pyg/mL to WT M. tuberculosis grown in 7H9

base + albumin-saline + 0.02% Tyloxapol + 0.1% propionate.
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Figure 2.27 Growth of M. tuberculosis strains in 7H9 base + albumin-saline +

0.02% Tyloxapol with (A) 0.45% glucose or (B) 0.1% acetate.

- Effects of pathway interruption and pathway suppression on growth

In contrast to the findings above, the MCL/ICL-deficient strain (icl1::hyg
icl2::aph) was previously shown to exhibit a growth defect on glucose-containing
media, in both liquid and solid culture media (Munoz-Elias and McKinney 2005).
The same was found to be true for the Aic/1 Aicl2 unmarked, in-frame deletion
strain generated in these studies (Figure 2.28A), which required 4-5 weeks, in
contrast to 3-4 weeks for WT, for all CFU to appear on solid agar medium. This
growth phenotype of the ICL/MCL-deficient, Aic/1 Aicl2 strain suggests that ICL or
MCL activity, or both, somehow contributes to optimal growth on glucose. The
methylcitrate cycle per se is not required for normal growth on glucose because
deletion of the genes encoding MCS and MCD (AprpDC strain), which function
upstream of MCL in the methylcitrate cycle, had no effect (Munoz-Elias et al
2006). However, it was hypothesized that the growth defect caused by ICL/MCL

deficiency (Aicl1 Aicl2 strain) might be due to accumulation of toxic intermediates
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of the methyicitrate cycle. This hypothesis was tested and ruled out by
demonstrating that MCS/MCD deficiency did not suppress the growth defect
caused by ICL/MCL deficiency (AprpDC Aicl1 Aicl2 strain). (Figure 2.28A) Thus,
impaired growth of the Aic/1 Aicl2 strain on glucose is likely due to loss of ICL
activity (glyoxylate cycle) rather than loss of MCL activity (methylcitrate cycle).

Consistent with the bifunctional role of ICL/MCL in the glyoxylate and
methylcitrate cycles, the Aic/1 Aicl2 strain was unable to grow on propionate
unless supplemented with vitamin B12. (Figure 2.29A) These observations are
consistent with the conclusions that (i) B12-mediated activation of the
methylmalonyl-CoA pathway can compensate for loss of the methylcitrate cycle
to support growth on propionate, and (ii) the glyoxylate cycle is not required for
optimal growth on propionate (Savvi et al 2008).

Interestingly, addition of vitamin B12 to propionate-grown cultures resulted
in better rescue of the AprpDC Aicl1 Aicl2 strain as compared to the Aicl1 Aicl2
strain. (Figure 2.29A) This surprising result suggests that formation of inhibitory
upstream metabolites in the MCL/ICL-deficient strain can be rescued only
partially by activation of the methylmalonyl-CoA pathway. Consistent with this
interpretation, the AprpDC Aicl1 Aicl2 strain, which should not form these
intermediates (because the entire pathway is missing), approximated WT growth
rates on propionate with exogenously added vitamin B12. In contrast, addition of
vitamin B12 to glucose-grown cultures did not rescue the defect of either the

Aicl1 Aicl2 or AprpDC Aicl1 Aicl2 strains. (Figure 2.29B) These results suggest
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that if growth impairment in these strains is caused by accumulation of toxic
metabolites, then formation of these metabolites is not completely prevented by

the activitation of the methylmalonyl-CoA pathway.
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Figure 2.28 Growth of M. tuberculosis strains in 7H9 base + albumin-saline +
0.02% Tyloxapol with (A) 0.45% glucose (WT from Figure 2.27A), or (B) no

added carbon source.
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Figure 2.29 Growth of M. tuberculosis strains in 7H9 base + albumin-saline +
0.02% Tyloxapol with or without addition of 100 pg/mL cyanocobalamin (vitamin
B12) on (A) 0.1% propionate, or (B) 0.45% glucose.
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On media with ‘no-carbon’ added, the Aicl/1 Aicl2 strain exhibited lower
ODs than the WT or AprpDC strains, suggesting a potential role for MCL/ICL
under carbon starvation conditions. However, as the elimination of the upstream
steps of the methyicitrate cycle, in a AproDC Aicl1 Aicl2 strain, did not
significantly alleviate this difference, it is likely the role of the ICL in the glyoxylate

cycle that is responsible for the phenotype. (Figure 2.28B)

- Dominant growth inhibition by propionate

The inability of the AprpDC strain to utilize glucose in the presence of
propionate was previously shown (Munoz-Elias et al 2006) and is suggestive of
intermediates, formed from propionate, exerting dominant inhibition over the
ability to use alternative substrates. Here, the dominant inhibitory effect of 0.2%
propionate on the ability to use 0.45% glucose was confirmed for all of the mutant
strains that were unable to grow on propionate alone. (Figure 2.30) Whether the
methylmalonyl-CoA pathway, activated by B12 supplementation, can rescue this

phenotype, remains to be tested.

2.3.6 Animal infection phenotype

Given that the AprpDC strain was shown to mount an infection
indistinguishable from that of wild-type (Munoz-Elias et al 2006), the potential
role of the methylmalonyl-CoA pathway in buffering the loss of the methyicitrate

cycle was tested by infection of C57BL/6 mice with the Erdman WT, AmutAB,
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and AmutAB AprpDC strains, delivered via the aerosol route. Groups of four
mice were sacrificed at each time point to determine the bacterial load in the
lungs by plating organ homogenates and enumerating the recovered CFU. It
was found that methylmalonyl-CoA mutase was apparently dispensable for
infection, as the AmutAB strain exhibited no difference from WT in the mouse
infection model in terms of CFU burden or tissue pathology. (Figure 2.31 A-B, D-
F)

In contrast, the AmutAB AprpDC strain of M. tuberculosis was attenuated
during the acute phase of infection, exhibiting a 2.0-2.5 log difference in CFU at 2
weeks. (Figure 2.31A) Moreover, the lungs of mice infected with the AmutAB
AprpDC strain exhibited no visible lesions throughout the 20 week time course,
even after the 10 week time point, when the bacterial burden of the mutant strain
matched the WT levels. Histopathological analysis at 12 weeks confirmed that
the lung samples from mice infected with AmutAB AprpDC had less inflammation
than those from WT or AmutAB-infected mice. In contrast, the WT and AmutAB
exhibited immunopathology that was indistinguishable by either quantitative or
semi-quantitative methods in a blinded assessment. (Figure 2.31B-F)

The finding that the methylcitrate cycle (Munoz-Elias et al 2006) and
methylmalonyl-CoA pathway are individually dispensable but jointly required for
normal growth and virulence in mice suggests that vitamin B12 is either acquired
from the host or synthesized by M. tuberculosis during infection (or both).

Although the AprpDC AmutAB mutant was attenuated for in vivo growth and
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virulence, clearly this strain did not recapitulate the rapid clearance from the
lungs observed after intravenous infection of mice with the Aic/1 Aicl2 strain
(Mufioz-Elias and McKinney 2005). This contrast suggests that severe
attenuation of the Aic/1 Aicl2 strain in vivo might be due primarily to ICL-

deficiency (glyoxylate cycle) rather than MCL-deficiency (methyicitrate cycle).
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Figure 2.30 Growth of M. tuberculosis strains in 7H9 base + albumin-saline +
0.02% Tyloxapol with 0.45% glucose (Gluc) or 0.2% propionate (Prop) or 0.45%

glucose + 0.2% propionate (Gluc + Prop).
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Figure 2.31 (A) Growth of M. tuberculosis strains in lungs of C57/BL6 mice. Each
point is the average of 4 mice (WT 20 week point is 3 mice) with error bars
representing standard error of the mean (SEM). Arrow indicates when samples
were taken for histopathology (at 12 weeks). (B) Blind scoring of histopathology
specimens by independent methods. (C-E) Representative images of categories
1 (AmutAB AprpDC V), 2 (AmutAB 1), and 3 (WT ). (F) Enlargement of necrotic
region of (E).
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2.3.7 Discussion

The disparities between the in vitro culture conditions in which we study
pathogens and the conditions that prevail in their natural host environment
become evident in cases where a pathway that appears to be essential for
growth under defined conditions in vitro is shown to be dispensable for growth in
vivo. An example is provided by earlier studies of the methyicitrate cycle, which
is essential for growth in vitro on propionate-containing medium but dispensable
for growth in the lungs of mice (Munoz-Elias et al 2006). Subsequent studies
have characterized the methylmalonyl-CoA pathway as a ‘cryptic’ pathway that
requires exogenous B12 in vitro, and thus might be functional in vivo depending
on B12 availability or biosynthesis by M. tuberculosis during infection (Savvi et al
2008).

The early and transient growth defect of the AmutAB AprpDC strain in the
lungs of acutely infected mice suggests a role for propionyl-CoA metabolism at
this stage of infection. Apparently this role can be fulfilled by either the
methylcitrate cycle or the methylmalonyl-CoA pathway, as evidenced by the
apparently normal course of infection exhibited by the AproDC (Munoz-Elias et al
2006) and AmutAB strains, as demonstrated here. In speculating on the cause
of attenuation, it might be reasoned that a strain that is unable to process
propionyl-CoA beyond the points of methylcitrate synthase or methylmalonyl-CoA
epimerase would channel the excess into methyl-branched fatty acid synthesis.

However, in terms of the impact this has on in vivo growth, the putative change in
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cell wall composition could potentially increase virulence by enhancing the
immunomodulatory effects of cell wall components or, conversely, attenuate
virulence by stimulating immune recognition (Camacho et al 1999, Mendelson et
al 2005). Alternatively, the altered routing of carbon could cause an imbalance
between cataplerosis and anaplerosis, resulting in a general growth defect (Jain
et al 2007).

The attenuation of lung pathology caused by the AmutAB AprpDC strain
may directly result from early growth attenuation of the strain and the onset of the
immune response before a ‘critical mass’ of bacteria is reached. However, the
possibility exists that the strain itself induces a less robust inflammatory response
on a ‘per cell’ basis. The latter possibility could be further investigated by careful
evaluation of the immune responses induced by the AmutAB AprpDC strain or in
a long-term survival time course.

Although methylmalonyl-CoA mutase (MCM) was found to be dispensable
for infection, the entire methylmalonyl-CoA pathway is probably not dispensable
because the formation of methyl-branched lipids from the action of propionyl-CoA
carboxylase (PCC) should be essential for cell wall formation in mycobacteria.
Consistent with this idea, genes encoding components of PCC are predicted to
be essential by transposon mutagenesis (Sassetti and Rubin 2003). It is not
clear whether PCC's function could be bypassed by overexpression of MCM and
running the pathway in the other direction, although this has been shown not to

be the favored direction in the presence of propionyl-CoA in rat tissues (Reszko
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et al 2003). Attempts to overexpress mutAB in otherwise WT M. tuberculosis led
to a reduction in CFU in the lungs of mice during the later stages of infection and
a selection against the plasmid encoding this activity even though the
overexpressing strain displayed lipidomic profiles similar to those of lung-isolated
bacteria; depletion of TCA cycle intermediates was speculated to be a
contributing factor (Jain et al 2007).

In light of the abovementioned findings, the severe in vivo attenuation of
the Aicl1 Aicl2 strain cannot be attributed to the absolute requirement for
propionyl-CoA metabolism during infection. However, it cannot yet be ruled out
that the in vivo requirement for the bifunctional ICL/MCL enzymes at least
partially reflects their role in metabolizing toxic intermediates of the methyicitrate
cycle, thus fulfilling a detoxification role rather than a nutritional requirement.

However, it is still possible that the action of the citric acid cycle enzymes
on propionyl-CoA and derived metabolites might be a source of toxic
intermediates even in the absence of the initial steps of the canonical
methylcitrate cycle, as suggested by studies in M. smegmatis presented in this
thesis. An alternative explanation may be that optimal growth on glucose in M.
tuberculosis somehow relies on the glyoxylate bypass of the TCA cycle, as a
branched functioning seemed to be indicated in metabolomic studies (de
Carvalho et al 2010b).

In contrast, the ability of vitamin B12 supplementation to rescue a AprpDC

Aicl1 Aicl2 strain to a greater extent than a Aic/1 Aicl2 strain for growth on

193



propionate does suggest that in the presence of propionate, methylcitrate cycle
intermediates are formed by the action of MCS (prpC) and MCD (prpD) and
‘trapped’ by the absence of MCL activity (icl1 icl2). Accumulation of these
intermediates in the Aic/1 Aicl2 strain would not be alleviated by the
methylmalonyl-CoA pathway, whereas accumulation of propionyl-CoA in the
AprpDC Aicl1 Aicl2 strain presumably would be. This is a compelling point in
terms of a potential role for ICL/MCL in detoxification of propionate breakdown
products during infection, even in the presence of a functional methylmalonyl-
CoA pathway.

Recently, the epistatic effect of upstream lesions on downstream lesions
was also demonstrated for M. tuberculosis ICL/MCL-deficiency and MCD/MCS-
deficiency with respect to cholesterol utilization, where the survival and growth
defects in macrophages were alleviated by deletion of mce4, a putative
cholesterol transporter (Griffin et al 2012).

Metabolite analysis of these M. tuberculosis mutants, similar to the types
previously described in this thesis for M. smegmatis, would address these points.
This information could be supplemented by functional clues that suppressor
mutants or ‘overexpress-or’ mutants might provide. The M. tuberculosis Aicl1
Aicl2 strain is well suited to a suppressor screen as it is completely inhibited for
growth by propionate, even in the presence of rich media, which contains glycerol
in higher w/v amounts (0.5%) than propionate (0.1%), thus allowing for a clean

selection of suppressor mutations. Providing a diverse array of alternative
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carbon sources would, in theory, also allow for the selection of suppressor
mutations in genes that would otherwise be essential for growth on minimal
media in vitro. For example, a mutation in citrate synthase could be obtained (in
theory, at least) because inclusion of glutamate in 7H9 and 7H10 media would
supplement the inherent glutamate auxotrophy caused by citrate synthase
deficiency (Rocco and Escalante-Semerena 2010). If the same degree of
dominant inhibition can be shown for AmutAB AprpDC, than this strain could also
be used in a genetic screen to interrogate the mechanisms of inhibition by
propionate.

The in vivo relevance of the hypothesized detoxification role of ICL/MCL
remains to be established, but could now be tested by comparing the kinetics of
growth and survival of the Aicl1 Aicl2 and AprpDC Aicl1 Aicl2 strains in infected
mice. Deciphering the required in vivo role of this enzyme would yield invaluable

insight into the host environment that Mycobacterium tuberculosis inhabits.
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3. Conclusions

The work presented in this thesis involved the examination of two routes of
propionate metabolism in two species of mycobacteria. When studying the
similar pathways in different organisms, it is often useful to make comparisons.
In the case of the pathogen Mycobacterium tuberculosis and the free-living
saprophyte Mycobacterium smegmatis, differences can be postulated to be
adaptive for their respective lifestyles.

Both mycobacteria encode the methylcitrate cycle and methylmalonyl-CoA
pathways of propionate metabolism. However, there are notable differences in
the genomic loci and mutant phenotypes. M. smegmatis encodes the more
canonical prpDBC operon, consisting of the three enzymatic activities unique to
the methyicitrate cycle: MCD, MCL, and MCS (Upton and McKinney 2007).
However, M. tuberculosis is lacking the prpB homolog for the methylisocitrate
lyase, and instead utilizes a bifunctional isocitrate lyase / methylisocitrate lyase
that acts in both the glyoxylate cycle and the methylcitrate cycle. While the prp
operon lies downstream of the prpR regulator (Datta et al 2011, Griffin et al 2012),
the icl1 and icl2 genes are located in disparate regions. It is of interest to know
how the regulation of the different loci is achieved for growth on propionate.

A comparison also reveals a difference at the mutAB-encoding loci. While
the meaB gene lies in the well-conserved position adjacent to the mutAB of M.
smegmatis, it is separated from mutAB in the M. tuberculosis genome by a

mazEF toxin-antitoxin module. While the functions of these genes are not yet
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fully understood, a recent study suggested that the vapBC of M. smegmatis
targeted a number of metabolic genes, and may play a post-transcriptional role
for regulation (McKenzie et al 2012). It is tempting to speculate on the possible
effect of this module in the mutAB locus of M. tuberculosis, either in regulation or
on the interaction between mutAB and meaB.

The two mycobacteria also differ with respect to propionate tolerance.
Wild-type M. smegmatis grow robustly at 0.5% w/v concentrations of propionate,
whereas, a slight lag is already noticeable when culturing M. tuberculosis in
media containing 0.2% of the substrate. There is also a difference in the
inhibitory effects of propionate in the presence of alternative carbon sources.
While M. smegmatis AmutAB AprpDBC can utilize the glucose in mixtures with
propionate for growth, albeit with a lag and with reduced yields, M. tuberculosis
AmutAB AprpDC cannot.

Based on the metabolite analysis of M. smegmatis and the slight defect in
growth of AmutAB AprpDBC in glucose-containing media, there is an apparent
basal use of the propionate pathways, perhaps for metabolism of endogenous
sources of propionyl-CoA. In contrast, the AmutAB AprpDC strain of M.
tuberculosis grows indistinguishably from WT on glucose. This suggests that
there is less basal propionyl-CoA generation, that it is less toxic, or that it can be
more effectively used by the propionyl-CoA carboxylase for channeling into
methyl-branched lipids (Jain et al 2007). The basis of these differences will be

better understood with metabolite-based analysis of M. tuberculosis.
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In contrast, the Aicl1 Aicl2 strain of M. tuberculosis does have a growth
phenotype on glucose, whereas the Aicl1 Aicl2 of M. smegmatis does not. As a
AprpDC Aicl1 Aicl2 of M. tuberculosis shares the defect, it does not seem to be
caused by accumulating methylcitrate cycle metabolites. Therefore, it seems
optimal growth on glucose of M. tuberculosis, but not M. smegmatis, requires the
glyoxylate cycle. A role of the glyoxylate cycle for growth in glucose was inferred
from the basal activity of the ICL enzyme on glucose (Kujau et al 1992) as well as
a growth phenotype on glucose for an ICL-deficient strain of Yarrowia lipolytica
(Barth and Scheuber 1993). It was suggested that the role of ICL under glucose
growth may be to produce glyoxylate, which can contribute, along with serine, to
the formation of glycine (Barth and Scheuber 1993). Conversely, the
derepression of ICL, in an AiclR strain of E. coli, led to an increase in biomass
yield on glucose. A comparison of the metabolic fluxes determined that carbon
was ‘saved’ from the bypass of CO. loss that the glyoxylate cycle enables
(Waegeman et al 2011).

This study also reveals a difference in M. smegmatis and M. tuberculosis
with respect to the in vitro ‘inducibility’ of the methylmalonyl-CoA mutase. While
a AprpDBC strain of M. smegmatis, lacking only the methyicitrate cycle, will grow
on propionate after a lag period, the AprpDC strain of M. tuberculosis will not. By
supplementing the media with the B12 cofactor for the methylmalonyl-CoA
mutase, both strains are able to utilize propionate without a lag. This suggests

that under in vitro conditions, M. smegmatis can eventually activate the
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methylmalonyl-CoA pathway, presumably after synthesis of B12, whereas M.
tuberculosis cannot. As both encode the full complement of B12 synthesis genes,
the difference in regulation of these pathways warrants further investigation.

The ‘paradox’ of vitamin B12 synthesis revolves around the seemingly
large cost of encoding over 25 genes for the activation of enzymes and pathways
that, in vitro, are largely dispensable (Lawrence and Roth 1996). In testing the in
vivo relevance, the loss of vitamin B12 synthesis in S. Typhimurium and other
serovars did not lead to a defect in virulence (Bjorkman et al 1996, Paiva et al
2011). While the cob operon for B12 biosyntheis was not upregulated in S.
Typhimurium during colonization of the host, the btuF B12 transport gene was.
Yet, the btuF mutant strain did not have a phenotype during infection (Harvey et
al 2011). While the M. tuberculosis genome encodes both B12-independent
(metE) and B12-dependent (metH) methyliransferases, clinical strains have been
identified with metH defects. As they were isolated from patients, these isolates
have retained their pathogenicity. Counter-intuitively, the CDC1551 strain, which
has a disrupted metH, is known to be more virulent (Warner et al 2007).

Interestingly, M. tuberculosis AmutAB AprpDC is capable of growing and
persisting in the mouse infection model, although with a defect during the acute
phase. As neither the AprpDC nor AmutAB strains have this defect, there is a
role for propionyl-CoA metabolism at this stage of infection. Moreover, the
AprpDC strain, which is fully virulent in vivo, must be capable of metabolism

through the alternative route of the methylmalonyl-CoA pathway, suggesting the
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ability to acquire or synthesize the B12 cofactor in the host. To distinguish
between the two possibilities, B12 synthesis and B12 transport mutants would
need to be constructed in the AprpDC strain background and tested in mice.
What the in vivo requirements might be of the other B12-dependent enzymes, the
metH-encoded methionine synthase and the nrdZ-encoded type |l ribonucleotide
reductase, should be taken into account for such experiments.

The AmutAB AprpDC strain also elicits less tissue pathology during the
course of infection, despite eventually reaching wild-type colonization levels.
While the lower levels of inflammation could simply be a result of the initial
attenuated growth levels, the role of MCM in forming methyl-branched lipid
precursors might suggest an alteration of lipid profile in this mutant strain.
Therefore, lipidomic and immunogenicity assays of the AmutAB AprpDC strain
may clarify these aspects of the infection phenotype.

The presence of two routes of propionate metabolism is of interest,
especially considering the in vivo dispensability of either. While the methylcitrate
cycle seems to be the default route of both organisms for growth under in vitro
conditions, the methylmalonyl-CoA pathway is the route that produces the likely
essential precursors for methyl-branched lipids, although the MCM-role is not
required for this. The retention of the large number of B12 biosynthetic genes in
both M. smegmatis and M. tuberculosis, despite the apparent non-functionality of

this pathway for in vitro growth of M. tuberculosis, also remains a mystery.
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The presence of seemingly redundant pathways may be understood in
terms of differential use, allowing for flexibility under a variety of conditions, as
shown for the aconitase enzymes of E. coli (Gruer and Guest 1994, Gruer et al
1997) and the malate synthases of S. cerevisiae (Hartig et al 1992, Fernandez et
al 1993, Wong and Wolfe 2005). The benefits of a B12-dependent enzyme for
resistance to reactive oxygen species and reactive nitrogen species were
suggested for the ribonucleotide reductase of Sinorhizobium meiloti (Taga and
Walker 2010).

The results of this work corroborate the idea that how pathways are
interrupted affects the phenotype. An MCL/ICL-deficient strain (Aic/1 Aicl2) of M.
tuberculosis was not completely rescued for growth on propionate by the
activation of the methylmalonyl-CoA pathway. In contrast, the additional lesion of
the upstream steps of the methyicitrate cycle in this background (AprpDC Aicl1
Aicl2) allowed for improved rescue, suggesting that it was better to eliminate a
pathway entirely than to disrupt it, as was seen for M. smegmatis previously
(Upton and McKinney 2007).

Toxic metabolite accumulation has been shown for M. tuberculosis in the
case of maltose-1-phosphate buildup in a glucan metabolic pathway.
Suppression of toxicity was mediated by the conditional inactivation of the
enzyme that forms maltose-1-phosphate (Kalscheuer et al 2010). In S.
typhimurium, the inhibition of the acetohydroxy acid synthase | (AHAS I) caused

accumulation of alpha-ketobutyrate, which can reportedly affect a number of
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metabolic pathways, in addition to the branched-chain amino acid synthetic
pathway that produces it (Daniel et al 1984, LaRossa et al 1987). Homocysteine,
an intermediate of methionine biosynthesis, which accumulated in media
containing acetate, appears to exert toxicity on the formation of the branched-
chain amino acids isoleucine and valine in E. coli (Roe et al 2002, Tuite et al
2005). Notably, homocysteine levels increased substantially after treatment of M.
tuberculosis with trimethoprim or following depletion of dihydrofolate reductase
levels (Wei et al 2011).

The findings here support a re-evaluation of the in vivo phenotype of the
ICL/MCL-deficient strain of M. tuberculosis. While neither route of propionyl-CoA
metabolism was required, even the joint loss of the pathways did not recapitulate
the clearance from the lungs seen for the ICL/MCL-deficient strain (Munoz-Elias
and McKinney 2005). It has been suggested that the role of propionate
metabolic pathways may be for detoxification, rather than primary metabolism.
The correlation of accumulation of intermediates with growth defects has been
shown here for the AproDBC and AmutAB AprpDBC strains of M. smegmatis,
using metabolite analysis. The corresponding examination will need to be done
in M. tuberculosis with the AmutAB AprpDC, Aicl1 Aicl2, and AprpDC Aicl1 Aicl2
strains generated as part of this study. Understanding the mechanisms by which
the accumulating propionate metabolites exert their toxicity can be addressed in
a genetic screen to isolate suppressor mutants of this phenotype. These strains

would have additional lesions in the Aic/1 Aicl2 or AmutAB AprpDC background
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that would allow for a bypass of the formation of, or an alleviation of the effects of,
the toxic metabolites.

Other data shown here support a role of the glyoxylate cycle in M.
tuberculosis for growth on glucose and no carbon (Munoz-Elias et al 2005,
Gengenbacher et al 2010). Under these conditions, the phenotypes of the Aicl1
Aicl2 strain are not relieved in the AprpDC Aicl1 Aicl2 strain. An independent
lesion of the glyoxyle cycle would be key in proving this, but is complicated by the
apparent essentiality of MLS (E.J. Munoz-Elias Ph.D thesis, 2005, N. Dhar
personal communication, S. Ehrt personal communication, Griffin et al 2011). It
is possible that MLS is required to prevent a toxic buildup of glyoxylate. If so, it
may be possible to construct this mutant in a Aic/1 Aicl2 background. However,
this strain would not address the independent role of the glyoxylate cycle, as it
leaves the function of the ICL/MCL coupled. A possible alternative may be to
‘complement’ the Aicl1 Aicl2 strain with a monofunctional MCL, such as that
encoded by the prpB of M. smegmatis. This would conceivably reconstitute the
methyicitrate cycle while leaving the glyoxylate cycle lesioned.

There remains the possibility that the essentiality for the MCL/ICL in vivo
stems from its role in both these pathways, or, perhaps, an additional role, yet
undiscovered. As the AlpdC strain is also subject to rapid clearance from the
lungs of infected mice, it supports the idea that the most severe defects may
result from deletion of components that lie at the junction of multiple pathways. It

may be that the role of the bifunctional ICL/MCL of M. tuberculosis is required in
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vivo because it plays a role in the metabolism of multiple carbon sources,
including even-chain length fatty acids, odd-chain length fatty acids, cholesterol,
and amino acids (Munoz-Elias and McKinney 2005, Venugopal et al 2010, Griffin
et al 2012)

Thus, in targeting metabolism for drug development, identifying enzymes
that contribute to multiple pathways, or that produce toxic intermediates that can
dominantly inhibit metabolism, might be a promising approach. These aspects
are not always clearly evident from phenotypic analysis. In this work, a role for
metabolite analysis has been demonstrated in revealing the convergence of

pathways and identifying these intermediates.
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4. Materials & Methods

- Media and chemical reagents

Percentages are weight/volume (w/v). All non-salt reagents were filter sterilized.
7H9 based media, AS, ADS, ADC, OADC, and Tyloxapol, were all stored at 4
deg C.

Stocks of Kanamycin and cyanocobalamin (vitamin B12) were stored in aliquots

at -20 deg and then at 4 deg C for use.

Carbon sources of (D+)Dextrose (glucose), sodium propionate, and sodium
acetate were made as 20% (w/v) stock solutions, pH 6.8. Glycerol was made as
50% stock for media and 70% stock for freezer stocks. For electroporations,
10% glycerol was freshly made. Sucrose was made at 20%. Glycine was made
at 2M. Tween80 and Tyloxapol were made as 10% solutions. Albumin-saline
(AS) was made as 10X stock of 5% bovine serum albumin, Fraction V and 0.85%
NaCl. Albumin-dextrose-saline (ADS) was as above, but with D-dextrose added

at 2%.

7H9 media was made with Middlebrook 7H9 base, 1X ADS, 0.2% Tyloxapol.
M9 minimal salts were made as a 5X stock solution and was used at 1X with 2
mM MgSO,4 and 0.1 mM CaCl; (optional: carbon sources added at appropriate

concentration). Solid media made with Bacto agar.
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LB media was made with Luria Miller broth.

Antibiotics stock solutions were 25 mg/mL Kanamycin sulfate salt (Sigma), 50
mg/mL Hygromycin (Roche) and used at 50 ug/mL and 150 ug/mL for E. coli, 15
ug/mL and 50 ug/mL for M. smegmatis, 25 ug/mL and 50 ug/mL for M.

tuberculosis.

Cyanocobalamin stocks were made at 10 mg/mL and kept protected from light.
Cycloheximide stock was made at 10 mg/mL and kept protected from light.
‘X-Gal’ stock was 40 mg/mL solution of 5-Bromo-4-chloro-3-indolyl beta-D-

galactopyranoside in N’N’ Dimethylformamide.

Plate media included LB agar, 1X M9 agar (1.5% Bacto agar with 2 mM MgSO,
and 0.1 mM CaCl, and carbon source added to 0.1% or 0.5%, and 7H10

Middlebrook base with 10% OADC or ADC, 0.5% glycerol.

- Making bacterial stocks

Single colonies of M. smegmatis mutants generated in this study were selected
from sucrose counter-selection plates (or antibiotic electroporation plates for
plasmid integration) into 2 mL 7H9 AS + 0.2% glucose + 0.02% Tyloxapol in 15
mL culture polystyrene tubes, grown at 37 degrees, shaking at 180 rpm, to an

ODeoo of ~ 0.8 - 1. Frozen stocks in 15% glycerol were made and the remainder
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of the culture was used to inoculate a 10 mL volume of 1X M9 with 0.2 or 0.5%
glucose in 100 mL glass flasks with metal caps, sealed with Parafilm, grown as
above, to an ODgy of ~0.6 - 0.9. This culture was divided into aliquots and

frozen without glycerol as inocula for M9 starter cultures.

Single colonies of M. tuberculosis mutants generated in this study were selected
from sucrose counter-selection plates into 5-10 mL 7H9 ADS + 0.5% glycerol +
0.02% Tyloxapol in 30 mL PETG square ‘inkwell’ bottles (Nalgene), grown at 37
degrees, shaking at 100 rpm, to an ODgg of ~0.8 - 1. Frozen stocks in 15%
glycerol were made. 1 tube was thawed to start a culture of 1 mL in 9 mL 7H9
AS + 0.2% glucose + 0.02% Tyloxapol, grown as above to an ODgg of ~0.8,
divided into 1 mL aliquots, and frozen without glycerol as inocula for ‘minimal
media’ starter cultures. A culture in 7H9 ADS + 0.5% glycerol + 0.02% Tyloxapol
was grown in parallel to an ODggo of ~0.8, divided into 1 mL aliquots, and frozen
with 15% glycerol as inocula for PDIM analysis, mouse infections, and

subsequent transformations.

- Bacterial growth conditions

Starter cultures of M. smegmatis were inoculated with 0.5 mL M9 frozen stock in
9.5 mL 1X M9 0.2 or 0.5% glucose, into glass flasks as above, and grown to
ODegoo of ~ 0.7 - 1. Cells were harvested by centrifugation in 15 mL

polypropylene tubes, at 4000 rpm, for 12 minutes. The supernatant was decanted
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and the pellets resuspended in 1X M9 base. ODgy Was measured and the
appropriate volume was inoculated into glass culture flasks containing 1X M9
base with carbon source added at 0.1% or 0.5% to an ODggg Of ~0.05 in 15 - 20
mL. (Alternatively 1X M9 with carbon source pre-added at the appropriate
concentration was used for resuspension and dilution). Cultures were incubated

at 37 deg, shaking, with Parafilm around metal cap.

Starter cultures of M. tuberculosis were inoculated with 1 mL ‘minimal’ frozen
stock in 9 mL 7H9 AS + 0.2% glucose + 0.02% Tyloxapol and grown as above to
an ODggy of ~ 0.5 - 0.9. Cells were harvested by centrifugation in 15 mL
polypropylene tubes at 3500 rpm. The supernatant was decanted and the pellets
resuspended in 7H9 AS Tyloxapol base. ODgyp was measured and the
appropriate volume was used to inoculate square culture bottles at ODgyo 0.05.
Carbon source was added at appropriate concentration. Cultures were incubated

at 37 deg, shaking.

- PCRs and cloning: deletion plasmids and complementation plasmids

All PCR reactions contained 0.2 mM MgCl,, 0.6 uM primers, 10% glycerol, 0.5 U

Taq

‘Homology arms’ upstream and downstream of the gene, including the codons to

be retained in the fused, ‘truncated’ deletion allele, were amplified from genomic

208



DNA by primers containing 5’ restriction sites. The ‘upstream’ F primer contained
a 5’ Pacl site and the R primer a 5’ Avrll site. The ‘downstream’ F primer
contained a 5’ Avrll site and the R primer a 3’ Ascl site. Invitrogen High Fidelity

Taqg was used.

The PCR products were cloned into the pCR2.1 TOPO vector topoisomerase-
based TA cloning and transformed into TOP10 chemically competent E. coli cells.
Transformants were selected on LB plates containing Kan and X-Gal. Clones
were grown in 2.7 mL LB, stocks frozen in 15% glycerol, and the remainder used
for a plasmid miniprep using the Qiagen QiaPrep spin kit. Clones containing the
insert by restriction digest were sent for sequencing using the M13 and M13rev

primers sites in the TOPO vector.

The homology arms in error-free clones were digested out of the TOPO vector
using the Pacl / Avrll and Avrll / Ascl primer pairs. The pJG1100 and pJG1111
(gift of L. Merkov) vectors were digested using Pacl and Avrll and Avrll and Pacl
and treated with calf intestinal phosphatase (NEB) for 1 hr. The
dephosphorylated digested vector and the inserts were separated on a 0.85%

TBE gel and bands extracted using the Qiagen QiaQuick kit.

The ligation reactions for the homology arm into the vector were done stepwise in

2 ligations, using the NEB T4 DNA ligation kit, letting the reactions go overnight
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starting in a ice bath kept at room temperature. Ligations were transformed into
TOP10 cells, selected as above, and checked by restriction digest with Pacl /

Ascl, Pacl / Avrll, and Avrll / Ascl.

For cloning the mutAB complementation construct, the 4292 bp product was
amplified with the Finnzyme Phusion DNA polymerase was used with the HF
(High Fidelity) buffer, to avoid errors in the product. Primers containing 5’ Notl
sites were used to amplify the full-length genes including 174 bp of the upstream
region. The PCR products were cloned, checked for insert, and sequenced as
above. The insert in an error-free clone was digested out of the TOPO vector
using Notl and Asel. The attB-integrating vector containing a gene encoding
GFP expressed under a strong synthetic promoter (pND235, gift of N. Dhar) was
digested using Notl-HF and treated with calf intestinal phosphatase (NEB) for 1
hr. The fragments of the insert and the vector were separated and extracted as

above, and ligated.

To generate the upstream merodiploid complementation vector, the region
upstream from mutAB was cloned using primers with 5’ Nsil and 5’ BsrGl sites
and subcloned into the pCR2.1 TOPO clone containing mutAB, digested with the
same enzymes. The upstream region and mutAB genes were excised using
Xbal/Spel. The pJG1111 vector was digested with Xbal (Spel-compatible),

eliminating the sacB and hyg-resistance cassette, and dephosphorylated. After
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gel extraction of both components, the insert was ligated within and the final

vector pJG1111 :: Up comp mutAB was used for allelic exchange.

To generate the mutAB meaB complementation vector, a primer located
upstream of an Fsel site and a primer with a 5’ Spel site were used to amplify
meaB. This fragment was subcloned into the pCR2.1 TOPO clone containing
mutAB, digested with the same enzymes. The original pND235 :: mutAB
complementation construct was digested with Kpnl and Spel and the meaB

fragment was ligated within.

- Competent cell preparation, electroporation, and counter-selection

For M. smegmatis, a competent cell culture was grown from 1 vial of glycerol
frozen stock in 49 mL 7H9 ADS 0.02% Tyloxapol in 250 mL glass flask with metal

cap, shaking at 37 deg to an ODggo of ~ 0.8.

Cells were kept on ice for 1 - 2 hr, spun down at 3,000 rpm, 10 min, thrice
washed with ice cold 10% glycerol, resuspended in 1/25 vol 10% ice cold glycerol
for allelic exchange (or 1/15 vol 10% glycerol for site-specific plasmids), aliquoted
385 uL into cuvette, added 1 - 2 ug DNA, pulsed at 2.5 kV, 1000 Ohms, 25uF in a

2 mm-gap cuvette.
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Electroporations were recovered in 2.5 mL 7H9 ADS + 0.02% Tyloxapol (from 4
deg) for 2 hours, in 15 mL polypropylene tube shaking at 37 deg, before

centrifuging and plating onto selective media.

For M. tuberculosis, cells were grown in 7H9 ADS + 0.5% glycerol + 0.02%
Tyloxapol in a roller bottle to an ODgy ~ 0.4 - 0.6. 10 mL of 2 M glycine was

added and incubated for a further 24 hr, rolling.

Cells were harvested at 3,800 rpm, 12 min. Cells were thrice washed with room
temperature 10% glycerol, resuspended in 1/50 vol 10% glycerol for allelic
exchange (or 1/25 vol 10% glycerol for site-specific plasmids), aliquoted 385 uL
into cuvette, added 1 - 2 ug DNA, pulsed at 2.5 kV, 1000 Ohms, 25uF in a 2 mm-

gap cuvette.

Electroporations were recovered in 2 mL 7H9 ADS + 0.05% glycerol + 0.02%
Tyloxapol (from 4 deg), in small square bottles, shaking at 37 deg for 24 hours

before centrifuging and plating onto selective media.

For M. smegmatis, single transformant colonies were inoculated into 2 mL 7H9
ADS + 0.02% Tyloxapol with appropriate antibiotics and incubated, shaking, until
an ODegoo ~ 0.5 - 0.8. Aliquots were frozen in 15% glycerol and remainder was

pelleted in a microfuge, media removed with a pipette, and the cells resuspended
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in 2 mL 7H9 ADS + 0.02% Tyloxapol (without antibiotics). The culture was
incubated at 37 deg, shaking. Serial dilutions and plating onto LB agar with 5%

sucrose and 25 ug/mL X-Gal was done after 4 hr and 8 hr of incubation.

For M. tuberculosis, single transformant colonies were inoculated into 6 mL 7H9
ADS + 0.5% glycerol + 0.02% Tyloxapol with appropriate antibiotics and
incubated, shaking, until an ODgyp ~ 0.5 - 0.8. Aliquots were frozen in 15%
glycerol. For generating second recombination, one tube was thawed and the
contents pelleted in a microfuge, the media removed in a pipette, and the cells
resuspended in 6 mL into 6 mL 7H9 ADS + 0.5% glycerol + 0.02% Tyloxapol
(without antibiotics). The culture was incubated at 37 deg, shaking. Serial
dilutions and plating onto LB agar with 5% sucrose and 25 ug/mL X-Gal was

done after 1.5 days and 3 days of incubation.

- Culture conditions / growth curves

Growth was measured by optical density (absorbance at 600 nm) on a
spectrophotometer, using 1 mL cuvettes. Dilutions were made in 1X PBS 0.02%
Tyloxapol (for M. smegmatis) or 1X PBS 10% formalin (for M. tuberculosis), to
keep the reading between 0.05 and 0.2. A standard curve for B12 absorbance

was made and subtracted as applicable.
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- CFU assay

Serial ten-fold dilutions were made using 100 uL culture and 900 uL 1X PBS
0.02% Tyloxapol in 5 mL polypropylene tubes and vortexed. 100 uL of
appropriate dilutions were plated onto agar-based media and incubated to

enumerate colonies formed.

- Pl staining protocol

Propidium iodide (Pl) was stored frozen as 2 mM stock solution. Pl staining
solution was made at 0.4 uM in 1X PBS 0.02% Tyloxapol and stored at 4 deg.
Samples from the culture were taken of 150 ulL, 333 ulL, 500 uL, or 1 mL,
depending on relative ODggo, and pelleted in a microfuge at 10,000 rpm, for 3 min.
The supernatant was removed with a pipette and the pellet resuspended in 6 uL
of PI staining solution. Sample was stored covered for 15 - 30 min. 1 - 2 uL was

placed on a glass coverslip and covered with a glass slide.

- Microscopy imaging

Images were taken using and Olympus IX81S1F-ZDC motorized inverted
microscope equipped with a Hamamatsu ORCA/ER CCD camera. Bacteria are
visualized with a 100X oil immersion lens (total magnification of 1000X). Images
were taken using 20 ms exposures on phase contrast to image the cells and 100
ms exposures on the red channel to visualize Pl staining. No further image

processing was done.
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- Cultures for metabolomics experiments

Started cultures for metabolomics experiments were grown in M9 0.5% glucose
as described previously, but after the cultures reached ODgyp ~0.9 - 1.1, the
culture volume was increased to 120 mL in a 250 mL glass flask. Cells were
pelleted in 50 mL polypropylene tubes, the media poured off, and the pellets
resuspended in 1X M9 ‘no carbon’ media. Flasks were set up with 1X M9 ‘no
carbon’ media and appropriate carbon source added. ODgoo of the resuspended
culture was measured and the inoculum was added to the flasks to get a starting

ODsoo of ~0.15 - 0.25.

- Metabolite extraction

For each timepoint, the ODgop was measured and the volume used for sampling
adjusted to give 2 OD * mL. At each timepoint, 500 uL of culture was centrifuged
at top speed rpm for 3 min, the supernatant decanted into a fresh tube and stored
at -80 deg. (Longer spins should be used, as subsequent centrifugation after

thawing indicated residual bacteria).

After addition of inoculum, 2 OD*mL equivalent of culture was filtered onto a 25

mm diameter, 0.45 um pore size nitrocellulose membrane (Whatman) using a

125 mL filter flask, attached to a Laboport N820FTP vacuum pump (KNF).
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Each filter was submerged into a 2 mL microfuge tube containing 1.5 mL of
40:40:20 acetonitrile : methanol : water, 10 mM formic acid buffer, pre-incubated
at 78 deg C. Samples containing the filter were held at 78 deg 1 min, then
vortexed, returned to 78 deg for 2 min, and then placed on ice, and stored at -80
deg C for the duration of the time course. Samples at each timepoint were filtered

in duplicate and independently extracted.

0.1M ammonium hydroxide (NH,OH) was added to neutralize the formic acid in
the sample (Rabinowitz and Kimball 2007), although this led to excessive salt in
the sample and should be omitted. Samples were divided in 2 parts and 50 uL of
13C-labelled yeast extract (gift of the Sauer Lab) was added as an internal
standard to one set (to be used for LC-MS/MS). The unlabelled set would be
used for FI-TOF-MS. Samples were stored at -80 deg C until dried. Samples

were evaporated in an Eppendorf DNA concentrator and returned to -80 deg C.

Before analysis, dried extract was resuspended in 100 uL ‘nanopure water’

(purified with greater than 18.1 MQ resistivity), vortexed, and the debris pelleted.

The supernatant was loaded into a 96-well plate, in randomized order.

For the alternative ‘rapid spin’ protocol, 1 mL * OD of culture was pelleted in a
microfuge set to max speed for 30 seconds. The culture supernatant was poured

off and the excess tapped out. The microfuge tube was closed and submerged
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into liquid nitrogen. The tubes remained in liquid nitrogen until all sampling was
completed. Tubes were then removed and 500 uL of 60:40 ethanol : water, 10
mM ammonium acetate buffer, pH 7.2, pre-incubated at 78 deg C was added.
The tubes were vortexed and placed in an Eppendorf ‘thermomixer’ set to 78 deg,
for 1 min. The tubes were centrifuged, the supernatant moved to a tube on ice,
and the procedure repeated twice, pooling the extracts into the same tube, for
~1.5 mL total extract. (When 13C-labeled extract is used as a standard, it is
added at the first extraction step). Samples on ice are then stored at -80 deg C

or evaporated and then stored at -80 deg.

This protocol is not amenable to the larger culture volumes required for non-

growing cultures whose ODggo declines over the timecourse.

- Targeted LC-MS/MS

Separation of 10 uL of sample was done using an ion-pairing method for a
Waters Acquity T3 end-capped reverse phase column (150 mm x 2.1 mm x 1.8
pm) run on a gradient of mobile phases A (10 mM tributylamine, 15 mM acetic
acid, 5% (v/v) methanol) and B (2-propanol). The LC was coupled to a Thermo
TSQ Quantum Ultra triple quadrupole instrument, with electrospray injection, run
in negative mode, using multiple reaction monitoring (MRM), detecting the parent

ion in Q1, fragmenting the sample in Q2, and detecting the daughter ion in Q3.
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Data was analyzed using Xcalibur and ETHZ in-house integration software

(Buescher et al 2010).

- Untargeted FI-TOF

Sample was directly injected into the electrospray source of an Agilent 6520
Series Quadrupole Time-of-Flight mass spectrometer in negative mode, using a
mobile phase of isopropanol/water (60:40, v/v) buffered with 5 mM ammonium
carbonate at pH 9. Data was analyzed using ETHZ-developed Matlab-based

software (Fuhrer et al 2011).

- PDIM labeling protocol

10 uCi of [1-14C]-propionate (specific activity of 55.9 uCi mol-1 [Campro
Scientific]) was added to ~10 ml of culture at ODgpo ~0.4 - 0.7 and incubated for
48 hr. Apolar lipids were extracted by pelleting cells, removing supernatant,
resuspending in 5 mL of 10:1 (vol/vol) methanol/0.3% NaCl. After addition of 5
mL petroleum ether, samples were vortexed for 4 minutes to separate the phases.
The upper phase was collected and the the lower phase was re-extracted with 5
mL petroleum ether. The upper phases were pooled and 10 mL chloroform was
added to kill any residual bacteria. Samples were removed from Biosafety Level
3 facility and allowed to concentrate overnight to ~ 10 mL in a chemical hood.
~25 ulL of each extract was spotted onto a 5 cm x 10 cm silica gel 60 F254 TLC

plate (Merck) and run in a 9:1 (vol/vol) petroleum ether / diethyl ether mixture.
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Plates were air-dried, exposed overnight to a Phosphor screen, and imaged on a

Typhoon scanner (Amersham Biosciences) (Kirksey et al 2011).

- DNA digestion & Southern blot

Genomic DNA was extracted from 6 - 10 mL cultures at ODggo ~0.5-1.0 using
lysozyme treatment, proteinase K digestion, Cetrimide
(hexadecyltrimethylammonium bromide (CTAB)) saline, and chloroform
extraction (Belisle and Sonnenberg 1998). 1 ug of genomic DNA was digested
with 10 U of restriction enzyme overnight (~16 hr). Fragments were separated
on a 0.7% TAE agarose gel. The gel was depurinated, denatured, and
neutralized. The fragments were transferred to a Hybond N+ nylon membrane by
capillary transfer or vacuum transfer and UV cross-linked. The membrane was
pre-incubated with hybridization buffer (GE Healthcare) for over 1 hours. A DNA
probe was amplified by PCR, denatured, and labeled with a horseradish
peroxidase-based reagent according to the manufacturer’s recommendations.
(GE Healthcare) The probe was hybridized to the blot overnight. After 3 washes
in SDS / urea / salt solution and 3 washes in salt solution, the blot was incubated
with the detection reagents and exposed to a sheet of Hyperfilm for 1 min, 2 min,

5 min, and 10 min.
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- Aerosol infection and plating for CFU

A 1 mL frozen aliquot of the appropriate strain was thawed and inoculated into a
roller bottle culture of 49 mL 7H9 ADS + 0.5% glycerol + 0.02% Tyloxapol. The
culture was grown to an ODegy of ~0.4 - 0.6. Clumps were pelleted by
centrifugation at 2,000 rpm for 5 min. The ODggo Was measured, the culture

diluted to ODggp 0.05. This was used as the inoculum.

C57/BL6 female mice (Jackson Laboratories), 5-8 weeks of age, were infected by
the aerosol route using a custom-built aerosol exposure chamber (Department of
Mechanical Engineering, University of Wisconsin, Madison, WI). At each
timepoint, 4 mice were euthanized by CO, overdose. Lungs were excised and
homogenized in PBS + 0.05% Tween80. Homogenates were plated in their
entirety or in serial ten-fold dilutions onto 7H10 agar + OADC + 0.5% glycerol +

100 ug/mL cycloheximide.

The animal protocols used were reviewed and approved by the chief veterinarian

of EPFL and the Swiss Office Vétérinaire Fédéral.

- Histopathology

One cage of mice for each strain, at 12 weeks, was used for histological analysis.
Following euthanasia with CO, overdose, the left lung was placed in 5 mL of 1X

PBS 10% formalin and subsequently stored at 4 deg. Before removal from the
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biosafety level 3 (BSL3) facility, the buffer was replaced with fresh 1X PBS 10%

formalin for 24 hours.

Samples were processed by the Histology Core Facility at EPFL, which
performed embedding, sectioning, and staining with hematoxylin and eosin and
Ziehl-Neelsen. 1 of 2 sections through the lung were used for analysis. Samples
were assigned random numbers and evaluated by a veterinary pathologist. A
semiquantitative analysis involved a graded scale from 1 to 3 based on the
severity of the inflammation (the extent of the lesions seen). An independent
quantitative assessment used Imaged software to calculate the size of inflamed

areas, performed three times and averaged.
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- Primers used for cloning

Primers to PCR amplify M. smegmatis homology arms for mutAB deletion
plasmid

MSM mutA_ascl-F : GGC GCG CCG TCA GAG ATT GGA G

MSM mutA_avrll-R : CCT AGG CAC CCG CAT CTCCTGTT

MSM mutB_avrll-R : CCT AGG CTC GGC TAC GAG CTG

MSM mutB_pacl-R : TTA ATT AAT CCG GCG GAC CTC GG

Primers to PCR amplify check for WT vs A at mutAB locus:
SM mutAB Xup F : CGC TCT ATT TCC TGC TTG
SM mutAB X up R : CTA GCT CAG CTC GTA GCC
SM mutAB X dn F : TTA GCC TGA TCT GCA AGC
SM mutAB X dn R : GAT CCT CGT ACC GTC CTT

Primers to PCR amplify M. smegmatis mutAB for complementation
SMmutABcomp_Not-F : GCG GCC GCA AGT GTG CTG ACT ACG GCT TTC

SMmutABcomp_Not-R : GCG GCC GCC TAG CTC AGC TCG TAG CC

mut Up comp_Nsi-F : GGA TGC ATA GCC GGT CAA CGC AAT TC
mut Up comp-R : ACC AGA TCG AGG AAG ACA CCT TCG

SMmutB-pre-Fsel-F : ATC TCC GAC ATC TTC GCC TAC
SM meaB_Spel-R : GGA CTA GTA CTT TCT GGT GCC GGT TGT G
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Primers to PCR amplify M. tuberculosis homology arms for mutAB deletion
plasmid

MTB mutA_ascl-F : GGC GCG CCG AAG GTT TAT CA

MTB mutA_avrll-R : CCT AGG ATC AAT GGA CAC CGA CTG

MTB mutB_avrll-F : CCT AGG GGG TAC ACG CTG GAT

MTB mutB_pacl-R : TTA ATT AAC CAA GGT CAG CAA CAC GAAC

Primers to PCR amplify probe for Southern blot
TB mutAB probe-F : ATG AAC GGT GCG GTG CTG
TB mutAB probe-R : GCC CCA GAA GAA CGA TAG CC

Primers to PCR amplify M. tuberculosis homology arms for icl/1 deletion plasmid
icl1_Pacl-F : TTA ATT AAC ATC CAG GAC ATC GGT CAG
icl1_Avrll-R : CCT AGG GAC AGA CAT AGA CAACTC CTT AAC G
icl1_Avrll-F : CCT AGG GGC CAG TTC CAC TAG TCT GC
icl1_Ascl -R : GGC GCG CCG TTC ATA CAC TTC AGT ACG

Primers to PCR amplify M. tuberculosis homology arms for icl2 deletion plasmid
icl2_Pacl-F : TTA ATT AAC GCT GAC CCACAATTC G
icl2_Avrll-R : CCT AGG GTC CGT TTC GGC GAT GG
icl2_Nhel- F : GCT AGC ATC ACG AAG GAG GCG TAG C
icl2_Ascl -R : GGC GCG CCATCC CGATCAACATCACGAG
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