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ABSTRACT

Propionyl-CoA is a three-carbon {)Cshort-chain fatty acid (SCFA) derivative of brhad-
chain amino acids, branched- and odd-chain fattgsaand cholesterol. Degradation of
propionyl-CoA-generating carbon sources during dtiéem (Pandey and Sassetti, 2008)
requires the concomitant ability to oxidise thistamlite as a carbon and energy source, so as
to avoid its cytotoxic effects if accumulated. Theethylcitrate cycle inMycobacterium
tuberculosis (MTB) has been characterized and is essentigbf@pionate oxidatiomn vitro,
although dispensable for growth and persistencenice (Mufioz-Eliaset al., 2006). This
study reveals that MTB possesses an alternativiewagt for propionate metabolism, the
vitamin B;>-dependent methylmalonyl pathway. Specifically, demonstrate the ability of
MTB to utilise propionyl-CoA-generating carbon soes in the absence of the methyicitrate
cycle, provided that vitamin B is supplied exogenously. This ability is shown ke
dependent on methylmalonyl-CoA mutase (MCM; MutABwhich requires the
adenosylcobalamin derivative of vitamin,Bor activity. The inability of MTB to synthesise
vitamin By, (Warneret al., 2007) is consistent with the essentiality of mhethylcitrate cycle
for growth on propionate (Mufioz-Elias al., 2006) The demonstrated functionality of the
methylmalonyl pathway offers an explanation for thepensability of the methyicitrate cycle

for survival of the mycobacterium vivo where access to vitaminBmay be unrestricted.

Gene expression analysis was used to interprettifitough the two pathways on propionate
(C3) and valerate (§) odd-chain fatty acids. In the presence of a fionet methylmalonyl
pathway, expression of methyicitrate dehydratas€@Yland methylcitrate lyase (MCL) was
reduced. Consistent with reduced levels of bifur@l isocitrate lyase (ICL)1/ MCL in MTB
(Gould et al., 2006; Muioz-Eliagt al., 2006), growth on propionate and valerate was show
to by-pass the requirement for carbon anaplerogithé glyoxylate cycle when propionyl-

CoA was converted to the tricarboxylic acid cycl€A) intermediate, succinyl-CoA, through



the methylmalonyl pathway. The potential of an aotmous methylmalonyl pathway in MTB

is demonstrated which underscores the importangéashin By, in MTB physiology.

Alternately, MTB deficient for the methyicitrate g was able to grow on heptadecanoate
(C17) without vitamin B supplementation. In the absence of either propeomidizing

pathway, derivative propionyl-CoA may be used agey precursor for the biosynthesis of
several cell wall virulence lipids (Jaghal., 2007).
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1 INTRODUCTION

1.1 Resurgenceof tuberculosis

Tuberculosis (TB) is a chronic disease caused gy dtiological agentMycobacterium
tuberculosis (MTB). About one third of the world’s population an estimated 1.8 billion
people —is believed to be latently infected with BA{IDye et al., 1999). The highest incidence
rates of TB are in sub-Saharan Africa and are #ssacwith the high prevalence of HIV
infection (Corbettet al., 2003). The annual risk of TB increases drambyican
immunocompromised patients as a result of immuséesy perturbations by HIV (Woost

al., 2000), consistent with coinfection rates of >5@%0southern African countries (Dye,
2006). The synergy between MTB and HIV (Colliesal., 2002b) makes for a lethal
combination which, together with the world-wide egence of drug-resistant strains of MTB
introduced by the selective pressure imposed byemtban 30 years of short-course
chemotherapy (Anon, 1981, 1982), and the parakkghabraphic evolution of expanding
pathogen and patient populations (Wiethal., 2008), has elevated the magnitude of concern
about the TB epidemic. Measures for controllings thiisease need to be significantly
improved if the estimated figures for between 2@dd 2020, where 35 million people are

predicted to die from TB, are to be reduced (wwvawit/tb/strategy/en/).

Immunization as an efficient and cost-effectivatgtgy against TB is part of the World Health
Organization’s (WHO) expanded vaccination progra®mnce the 1920s, an attenuated
derivative of MTB, bacillus Calmette—Guérin (BC®ehret al., 1999), has been widely used
as a prophylactic TB vaccine because of its praféinacy at preventing TB meningitis and
miliary TB in children (Cohn, 1997). However varialprotective efficacy against pulmonary
disease is displayed in adults and may stem fr@h @liversity among BCG strains (Brosah

al., 2007). This translates into BCG having little #wp on the global prevalence and

epidemiology of TB.



1.1.1 Disease pathology

The inhalation of mycobacterial-containing droplatsed subsequent engulfment by alveolar
macrophages and dendritic cells in the airwaysgatas a robust proinflammatory response
through the activity of Toll-like receptor agonisgbundant on the surface of the bacteria.
Interaction with these antigen presenting cells GAPresults in the production of
inflammatory cytokines, including tumor necrosictta (TNF) and interleukin (IL)-12
(Hendersoret al., 1997; Hickmaret al., 2002). This drives the recruitment of various ioma
cells types to the infection site, which collechiyeare responsible for mediating containment
of infection through the formation of the ‘tubercte granuloma after which the disease is
named (Bishai, 2000). Specifically, activated dé@racells traffic to the secondary lymphoid
organs and prime naive T cells to initiate the #dapmmune response (Banchereau and
Steinman, 1998). A strong T cell response is itdtiadominated by effector CD# cells of
the Thl type (Flynn and Chan, 2001; Kaufmahal., 2005). These secrete IRNand TNF-

a, which in turn induces antimycobacterial mechasisim macrophages, including the
production of reactive oxygen and nitrogen interiats$ (Dinget al., 1988; Flynn and Chan,
2001). The markedly enhanced incidence of TB inviddals that are coinfected with HIV
indicates that the CD4T cell defense is clearly a crucial element of tlelular immune
response, and correlates with reduced granulonmakfigr capacity and dissemination
throughout the host (Kaufmann and McMichael, 2005).

The mature-phase granulomatous lesion has a cewitabtic core surrounded by concentric
layers of macrophages, epithelioid cells, multieatéd Langhans giant cells and lymphocytes
enclosed within a fibrotic capsule with surroundpeyipheral lymphoid follicular structures
orchestrating the local immune response (Ulrieha., 2004; Ulrichs and Kaufmann, 2006).
Successful containment of the pathogen resultsaient infection. Various models have
documented the distinct spatio-temporal dynamidsafdfrating leukocytes during the process
of granuloma formation (Liret al., 2006a; Segovia-Juarex al., 2004; Tsaiet al., 2006).
Notably, mice do not develop such highly organisgdctures to contain infection but rather

develop chronic multibacillary infection. As a censence, mice may have less tissue



damage and give faster colony forming unit (CFl&acance during TB drug therapy (Jain
al., 2008). Therefore the granuloma is considerecetteesas an environmental niche in which
mycobacteria can survive, effectively screened fractive immune surveillance (Grosset,
2003). Bacterigersist under the low oxygen tension (Shermtaat., 2001; Viaet al., 2008;
Voskuil et al., 2003) and lipophilic environment within the gréoma (Honer Zu Bentrupt
al., 1999; McKinneyet al., 2000; Mufioz-Elias and McKinney, 2005) by adjugtitneir

metabolism, allowing for transition to dormant-likenreplicative state.

Only between 5-10% of individuals who become irddctvith MTB subsequently develop
clinical disease (Bishai, 2000; Bloom and Murra992). In the other 90% the interplay
between adaptive and innate immunity serves torgbtite infection with no obvious clinical
symptoms. These individuals are in a state of tatéhinfection (LTBI) which may persist
for many years without ever developing into actdiseaselLatent infection with MTB is
estimated to affect at least 2 billion people woitite (Dyeet al., 1999). Several effector
molecules released by MTB at the infection sitenprte the survival of viable bacilli during
latent infection (Russellet al., 2002; Russell, 2007). For instance, interactidn ao
mycobacterial mannose-containing cell wall liganthvidC-specific C-type lectin, DC-SIGN,
induces the immunosuppressive cytokine IL-10 (@eheeket al., 2003; Tailleuxet al.,
2005), contributing to the survival of MTB duritegent infection. Such mechanisms actively
deployed by the bacilli to achieve subversion adthmmune responsiveness, combined with
host mechanism to prevent exacerbated immunopaphalaring chronic infection, where
regulatory T cells (£g are responsible for down-modulating the immurspoases (Kursaat

al., 2007), result in low level persistent infectioather than sterile eradication of this

pathogen. Therefore, latently infected individualgresent a large reservoir of MTB.

Reactivation occurs when the immunological baldmesveen pathogen and host is disturbed
as a consequence of several possible host andoemental factors such as TB/HIV
coinfection (Corbettt al., 2003), the use of immunosuppressive agents (3atah., 2007)
possible host genetic factors (Castsl., 2008) and other factors such as malnutritionirege
and stress. Peptidoglycan hydrolases otherwise kramaresuscitation-promoting factors have

been implicated in reactivation from chronic TBK&iovet al., 2007; Russell-Goldmast al .,



2008). The morphological heterogeneity that maysteki human granulomas demonstrates
the continuum between active and non-progresssierie (Linet al., 2006a). A progressive
lesion is characterised by caseous necrosis tlete@es erosion into the bronchus and
promotes transmission (Reichleral., 2002; Rodrigoet al., 1997). By coughing, a patient
with tuberculous lung cavities aerosolises andetissates the bacilli. During this active
stage of disease, TB is highly contagious (Escoehlaé, 2008), and can transmit to between
10 and 15 people a year from a single infectedogme(Rileyet al., 1962; Rileyet al., 1995;
Sultanet al., 1960). Given the high numbers of infected indixts, reducing the incidence of

TB and the rate of MTB transmission presents enaswballenges.

1.1.2 TB chemotherapy

Since the risk of disease is highly dependent erirttmune status of the host, susceptibility to
reactivation increases dramatically to 5-15% arigualpersons coinfected with HIV (Corbett
et al., 2003; Raviglioneet al., 1995). Considering that both pulmonary and dissated
forms of disease develop in these individuals, anting for 25% of AIDS deaths worldwide,
the WHO and its international partners have formib@é TB/HIV Working Group
(http://www.stoptb.org/wg/tb_hiv/) in response teetchallenges presented by the entwined
epidemics of TB and HIV. This group develops glopalicy on the control of HIV-related
TB, and tackles issues such as ‘immune reconstitutnflammatory syndrome’ (IRIS), a
poorly understood phenomenon that affects thosedgadtrugs for both TB and HIV. In the
case of IRIS, initiating antiretroviral therapy méoseems to severely aggravate TB in dually
infected patients, which further compounds the |@mis associated with co-infection. The
Stop TB Strategy, launched in 2006 by the WHO iheegrated these challenges as one of the
six components of its enhanced, core-based diretidgrved treatment short-course (DOTS)

programme (http://www.who.int/tb/strategy/en/inderal).

The DOTS-based service was launched in 1995 toeaddthe operational problem that
effective TB chemotherapy requires a lengthy 6-3thotreatment with a combination of the
first line drugs, rifampicin (RIF), isoniazid (INHpyrazinamide (PZA) and ethambutanol
(EMB) (el-Sadret al., 1998). Despite the global implementation of DOJ3e&&ed TB control



programmes, the limited effectiveness of curreetahy is evidenced by the emergence and
spread of multi (MDR) and extensively drug-resistDR) strains of MTB, where MDR is
defined as resistance to the first-line drugs, iitd RIF. This development, which is severely
compromising TB control efforts, has been driverthy lack of compliance with the lengthy
and complicated treatment regimen and the use lodpgimal drug concentrations. When
available, second-line drugs, which include theorfiuinolones (ciprofloxacin, ofloxacin,
moxifloxacin, gatifloxicin and levofloxacin), thejectable drugs (amikacin, kanamycin and
capreomycin) and others, such as ethionamide, @s§ine and p-aminosalicylic acid, are
administered to patients who fail to respond tstfime therapy, albeit often under poorly
supervised DOTS programmes. Second-line drug tesatm fraught with drawbacks such as
adverse side effects and prolonged duration ohthefup to 2 years), further limiting patient
adherence and fuelling the rise of XDR-TB, whichdige to infection with strains that are
resistant to any fluoroquinolone, and at least ofiethree injectable second-line drugs
(capreomycin, kanamycin and amikacin), in additiomo INH and RIF
(http://www.euro.who.int /Document/Mediacentre/f6@#.pdf). Propagation of these highly
resistant strains by nosocomial transmission inmanities with high HIV prevalence and
poor TB control practices contributed to the recemd highly publicised outbreak of XDR-TB
at Tugela Ferry in the KwaZulu-Natal province ofuBoAfrica (Gandhiet al., 2006). In this
study, 53 cases of XDR-TB were identified from 22DR-TB cases identified in the area in
2005. Moreover, XDR strains of MTB were found to tvensmitted to HIV co-infected
patients and were associated with high mortalitgrn(@hiet al., 2006; Singhet al., 2007b). A
subsequent molecular epidemiological analysis ©f dlutbreak revealed that the emergence
and clonal spread of XDR-TB that occurred in thégion over this past decade was
attributable to strains belonging to the F15/LAMZK strain family, with the lack of routine
drug susceptibility testing as an integral partD®TS in an ever expanding HIV positive
society being identified as the major factor unglag this unfortunate outbreak (Pillay and
Sturm, 2007).

Clearly new treatment-shortening therapies thab ale effective against MDR and XDR

strains of MTB are urgently required. Mathematioabdeling of the impact of treatment



duration on TB dynamics have suggested that adeBificrease in rates of decline could be
achieved should treatment duration be reduced tendhths (Salomonet al., 2006),
emphasizing the importance of drug discovery resetirat is aimed specifically at shortening
the duration of therapy. A number of promising leanpounds and drug candidates are in
various stages of clinical development to direct thBrapy closer towards achieving these
goals. A novel drug class for TB treatment is epkiied by the diarylquinoline, TMC207,
which was originally identified by empiric wholelkscreening againg¥l. smegmatis (MSM),

and which has been demonstrated to inhibit the bgcierial ATP synthase (Andriesal.,
2005; Koulet al., 2007). Another novel class of compounds in the drBg development
pipeline is the nitroimidazoles, which includes B24 (Manjunathat al., 2006) and OPC-
67863 (Matsumotoet al., 2006). Both compounds are prodrugs whose nitcotace
activation is a prerequisite for bactericidal aityibut whose precise mechanism of action has
not been resolved fully (Manjunatleaal., 2006; Matsumotet al., 2006; Singtet al., 2008).
Although these drugs may make significant contrdng to future TB therapy, further
knowledge of the mechanisms of persistence andfgnation of MTB are necessary in order
to uncover novel essential metabolic targets agaumsch drugs having improved efficacy
could be designed, thereby simplifying and shorngnifB chemotherapy. Specifically,
discovering and evaluating new compounds dependbie@metabolic state of the organism,
which directly impacts on drug susceptibility aseplified by resistance to fosfomycin in
Listeria monocytogenes, largely anin vitro phenotype as expression of a virulence factor

during mouse infection is responsible fonvivo susceptibility (Scorttet al., 2006).

1.2 Persistenceof MTB and itsrole in defining antituber cular therapy

A testimony to the resilience of MTB is highlightbg the ability of this pathogen to survive
for extended periods in the asymptomatic host stage of clinical latency from which it can
reactivate and to persist, possibly in a quiesgamgsiological state of non-replication during
active disease in the face of administered chemaplye The issue of how the viability of
MTB can be maintained in the absence of growtlhésstubject of intense interest and debate
(Boshoff and Barry, 2005) although there is littteormation available on the metabolic status



of the organism in a persistence state. When bacteare cultivated in microfluidic chambers
and their behavior recorded using time—lapse vigéeroscopy,Escherichia coli persisters
were identified as a pre-existing subpopulatiormmarrested growth state (Balabetral.,
2004). Studies have suggested that despite thditgtai mycobacterial colonization during
the chronic stage of infection in the mouse modélijoz-Eliaset al., 2005), the bacilli
remain metabolically active (Talaat al., 2007). The slowing down or arrest of bacterial
replication during the chronic state of infectiamdan persister organisms is thought to be at
least partly responsible for increased phenotypigy dolerance (Paramasivahal., 2005).
New drugs will need to overcome this refractorinedthough their development is contingent

upon greater knowledge of persistence during adisease or latent infection.

To facilitate research in this area, a numbeanaftro models of latency and persistence have
been established. A model based on the graduaétitmplof oxygen which causes MTB to
shift from active replication into a state of naplicating persistence that may resemble the
physiological state of quiescent tubercle baailvivo, was used to explore the lethal effect of
metronidazole against dormant bacilli under anaerobnditions (Wayne, 1976; Wayne and
Sramek, 1994; Wayne and Hayes, 1996). Similarly,rélated nitroimidazole antibiotic, PA-
824, possessed activity against static non-repligatiTB in this anaerobic culture model
(Stoveret al., 2000). Stationary phase cultures have similadgn adopted to model non-
growing persister MTB tolerant to antibiotics (léual., 2000; Huet al., 2003). Such models
have been used in whole cell screens of compoudmdries and identified candidates with
significant activity against non-growing bacilli g et al., 2008; Byrneet al., 2007). For
example, rhodanines are the most recent class ofpaonds identified able to Kkill
nonreplicating bacteria (Brykt al., 2008). Further clinical development is contingent
suitable pharmaceutical properties and drug-drugpadibility (Balganeslet al., 2008) given
which, prophylaxis in individuals with latent MTBfection is proposed (Bry# al., 2008).

To validate persistence drug targets, powerful mmmetic systems for conditional gene
silencing have been developed and are being ap{Bieépoelet al., 2005; Ehrtt al., 2005).

Application of this approach to the MTB 20S proteas core revealed an unexpected
requirement of the proteasome for persistence oBMiring the chronic phase of infection in

mice (Gandotraet al., 2007). An improved understanding of the mechagsigjuverning



persistence, in combination with conditional geinlensing, will increase the number of
validated persistence targets for drug discovetyickv will ultimately shorten and simplify

therapy.

1.3 Intraphagosomal survival of MTB

1.3.1 The phagosome enviroment

Deep within the pulmonary alveoli, inhaled mycoleaiet bind and enter resident alveolar
macrophages, dendritic cells and monocytes by bgth multiple receptors. These myeloid
cells have a significant role in innate host regise to infection representing the first line of
defense. Phagocytosis by the predominant complerseaptor type 3 (CR3) (Schlesinggr
al., 1990) in a cholesterol-dependent manner (Gatéeld Pieters, 2000; Peyrehal., 2000)
enables entry into macrophages. These membranelbotganelles termed phagosomes
become privileged replicative niches of MTB by iféeence of phagolysosomal biogenesis
(Gorenet al., 1976; Vergnet al., 2005). Through the manipulation of host signaihsduction
pathways, MTB maintains extensive communicatiorhveiarly endosomal traffic (Vergree

al., 2004) promoting access to nutrients for survaral growth (Russeét al., 1996; Sturgill-
Koszycki et al., 1996; Vergneet al., 2004). The capacity of mycobacteria to block
phagosome-lysosome fusion is influenced by sewaralence factors (Chuat al., 2004;
Russellet al., 2002). Some recognised mechanisms by which MTRIulabes host cell
trafficking pathways thereby inhibiting phagosonmaturation include the active recruitment
and retention of coronin-1 on mycobacterial phagtes® (Ferraret al., 1999; Jayachandraah

al., 2007), hydrolysis of the membrane trafficking ukegory lipid essential for phagosomal
acquisition of lysosomal constituents, phosphaitabditol 3-phosphate (PI3P) by MTB
secreted lipid phosphotase (Frattial., 2001; Vergneet al., 2005) and MTB eukaryotic-like
protein kinase G (PknG)-directed signal transduc{i/alburgeret al., 2004). Advances in
identifying host factors required for mycobactergirvival in the phagosome are lending
further insights into how mycobacteria manipuldte host cell (Kuijlet al., 2007; Philipset

al., 2008). The consequence of preventing phagososusdyne fusion is a compartment with



limited phagosomal acidification and hydrolytic eapty (Mwandumbaet al., 2004; Russekt
al., 2002).

The macrophage’s antimicrobial defense mechanistteneé beyond fusion of phagosomes
with lysosomes and include other potent mechan®mhk as nutrient limitation (Mufioz-Elias
and McKinney, 2006), acidic pH (Deretic and Frait999), the synergistic action of fatty
acids and host immune effectors such as reactiygesxand nitrogen intermediates (Akaki
al., 2000; Charet al., 1992; Hemsworth and Kochan, 1978; Saito and Thai®988) and the
recently discovered host-derived inhibitory factoarbon monoxide (CO) (Kumaat al.,
2008; Shilohet al., 2008). The adaptive metabolic strategies adofatexdirvive in the hostile
intraphagosomal environment have been probed usivitro models (Bettst al., 2002; Dahl

et al., 2003; Fisheet al., 2002; Hampshiret al., 2004; Manganellet al., 2001; Voskuilet
al., 2003; Wayne and Hayes, 1996), showing significasetrlap in RNA expression between
infected macrophage (Fonteanal., 2008; Schnappinget al., 2003) , murine and human lung
tissue (Fenhallgt al., 2002; Shiet al., 2005; Talaatt al., 2007; Timmet al., 2003). A
common feature that has emerged in response teattheus intraphagosomal stresses is the
induction of the DosR regulon (Kendall al., 2004; Schnappingest al., 2003), a set of
approximately 50 genes induced in response to hgp&@O and nitric oxide (NO) (Kumazt
al., 2008; Parlet al., 2003; Shermast al., 2001; Shilohet al., 2008; Voskuilet al., 2003),
which is controlled by a two-component regulatasteyn comprising the sensor kinases DosS
and DosT and the cognate response regulator, DgRdret al., 2007; Robertst al., 2004).
The DosR regulon includes genes of anaerobic @smir and stabilization of vital cellular
components, and together with the Enduring Hyp&easponse (EHR) is thought to play an
important role in MTB adopting a quiescent physigital state (Ohnet al., 2003; Robertst
al., 2004; Rustaet al., 2008; Voskuilet al., 2003). The generation of NO by IENactivated
macrophages induces an environment inhibitory afol@e respiration (Brown, 2001).
Hypoxia-mediated bacteriostasis vitro (Voskuil et al., 2003; Wayne and Hayes, 1996)
shares similarities to NO induced transition of MTBm active growth to nonreplicating
persistence in mice (Karakoussal., 2004; Shiet al., 2005), supporting the notion that NO
production (together with granuloma formation) dye timmune system limits aerobic

respiration of MTB and impairs growth.
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1.3.2 Metabolic adaptations of M TB within the phagosome

The overall theme that has emerged from such studi¢ghat MTB undergoes a switch to
microaerophilic and lipid metabolism inside the gbsome. The down-regulation of genes
encoding subunits of NADH dehydrogenase (NDH)-¢, tenaquinol-cytochronecomplex,
and ATP synthase collectively reflect the reduceddnfor energy generation as a function of
adaptation to a low-growth state inside the macagph(Besteet al., 2007; Schnappingest

al., 2003). The concomitant up-regulation of the typeNADH dehydrogenase, NDH-2,
probably signals the increased need for regengraBducing equivalents fds-oxidation
(Schnappingeet al., 2003). In other organisms, NDH-2 acts as thetedacdonor for the
electron transport chain (ETC) under anaerobic timmd (Boshoff and Barry, 2005; Rab

al., 2008; Shiet al., 2005). No ATP is generated by substrate levekphorylation through
B-oxidation (Boshoff and Barry, 2005; Schnappingeral., 2003). In this instance, ATP
synthesis by ATP synthase may be essential foriliiakas demonstrated in carbon-limited
cultures (Koulet al., 2008; Racet al., 2008). ATP synthase activity is contingent on tH2H-
2-dependent proton motive force (PMF) (Raial., 2008), using fumurate reductase and/or
succinate dehydrogenase with fumurate or nitratigase with nitrate as the electron
acceptors (Boshoff and Barry, 2005; Retoal., 2008). The NDH-2 therefore has bimodal
action in (i) the regeneration of reducing equevas; and (i) maintaining the PMF required
for ATP synthesis. Limiting terminal electron actmg, fumurate or nitrate, in culture is
expected to phenocopy inhibition of NDH-2 by simiarestricting the recycling of reducing
equivalents and disrupting the PMF and thereforeR Aynthesis. However other enzymes
such as isocitrate lyase (ICL) with glycine dehygoase may contribute to the maintenance
of NAD" pools when cultures are grown on fatty acid carbmurces (Wayne and Lin, 1982).
The redox balance may be maintained by also sinkmltular reducing equivalents into

triacylglycerol synthesis (Reedial., 2007).

Interestingly, the genes predicted to be involvedNIAD® regeneration are not actively

induced or repressed during the EHR suggesting ithdlhe absence of respiration, other
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pathways operate during hypoxia to generate en@gghoff and Barry, 2005; Rustatial.,
2008). This may be reflected by the survival ofiliaithat are recalcitrant to treatment with
the ATP synthase inhibitor, R207910, in the hypoyianulomas that are formed in guinea
pigs (Lenaertst al., 2007). In MSM, maintenance of an energised mengisnot dependent
on the activity of ATP synthase (Kodl al., 2008), suggesting that the sole function of ATP
synthase is in ATP synthesis. Conceivably, sulestlatel phosphorylation may function
instead to meet the cellular demand for ATP. Thaiexemplified in other bacteria where loss
of oxidative phosphorylation is compensated by eased flow through the glycolytic
pathways and TCA cycle to enhance substrate levesghorylation on fermentable carbon
sources (Jensen and Michelsen, 1992; Samdaala 1994). However, the essentiality of ATP
synthase in MSM, even on fermentable substratesgesty that substrate level
phosphorylation is unable to meet the cellular daméor ATP (Tran and Cook, 2005). In
MTB, ATP synthase may be essential (Sasseti., 2003) under the conditions tested either
due to (i) the insufficient generation of ATP bybstrate level phosphorylation, or (ii) the
obligatory requirement for the oxidation of NADH lproviding a sink for translocated
protons. In the event that the latter is not aquarsite, it has been proposed that substrate
level phosphorylation may be enhanced by activatihg reversible succinyl-CoA
methylmalonyl-CoA—~ propionyl-CoA— propionate pathway (methylmalonyl pathway),
(Kanaet al., 2009) which could generate 2 ATP molecules pecisyl-CoA, provided the
coenzyme B, requirements of the methylmalonyl-CoA mutase (MCi® met (discussed in
section 1.5.1). In MSM, no growth on succinate waserved by a ATP synthase mutant
(Tran and Cook, 2005), although the relevance efmtiethylmalonyl pathway for viability of

this mutant strain was not assessed.

The propensity of MTB to slow down its metabolisBegteet al., 2007) may contribute to
the tolerance displayed by the bacterium to advesseéitions although the ability of MTB to
survive within macrophages is more than merely ssipa retreat into dormancy. MTB
remains metabolically active (Lest al., 2008; Talaatt al., 2007) displaying active defense
(Darwin et al., 2003; Davist al., 2007; Vandaét al., 2008) and physical properties (Cletn
al., 1991) against macrophage effector functions, lemgalihe maintenance of acute and
persistent infections (Zahrt and Deretic, 2002).
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1.3.3 Thenutrient status within phagosomes

The intraphagosomal environment has been consideutient deficient. This has been
deduced indirectly from various auxotrophic mutaattenuated for growth due to the limited
availability of nutrients in the phagosomal compseht. Most amino acid auxotrophs of MTB
are attenuated (Gordhahal., 2002; Parish, 2003; Sambandamurhgl., 2005; Sampso&t
al., 2004) suggesting a restriction either in termsloindance of, or accessibility to amino
acids (Seth and Connell, 2000). The exception sdenhe the methionine auxotroph i
bovis BCG which is not compromised for survival in mig&'ooff et al., 2002). Methionine
has also been suggested to be the main sulphuceséur pathogenic mycobactetia vivo
(Wheeleret al., 2005). These finding are analogous to observatiofBrucella spp., which
suggested that although the synthesis of other amtids is essential for intracellular
multiplication, a methionine mutant was not foumd a screen for growth inhibition in
macrophages (Kohlet al., 2002). Conflicting studies from other intracefiupathogens such
asLegionella pneumophila suggest that amino acids constitute the main soeircarbon and
energy (Georget al., 1980). However, this may reflect vacuole differes which are subject
to bacterial manipulation (Mufioz-Elias and McKinne3006), or, as in the case bf
pneumophila, amino acid auxotrophy may be amvitro phenomenon since it possesses the
synthetic gene complement for several amino achisiwmay account for its ability to persist
in diverse enviroments (Chianal., 2004).

The broad metabolic adjustments mediated bygRdependent accumulation of ppGpp
vitro in response to starvation (Prinenal., 2000) have been likened to long term persistence
in vivo (Dahl et al., 2003). A mutant of MTB defective for the Rglmediated stringent
response was not attenuated in macrophages (Petralm 2000), but was severely impaired
in sustaining chronic infection, suggesting thatrieat deprivation is reflective of host
containment within noncavitating granulomas rathéran within the macrophage.
Concentrations of vacuolar iron are also thoughtetdnigher than previously believed (Fontan
et al.,, 2008; Wagneret al., 2005). In general though, the expression sigeatior

intraphagosomally residing MTB finds many genesunegl for the synthesis of amino acids,
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purines, and pyrimidines up regulated, indicatimgt tbacteria are probably not able to obtain
these components from the phagosome, where phesphdtsulphate are also considered to
be limiting (Fontaret al., 2008; Rachmaset al., 2006a).

Genes involved ig-oxidation, the glyoxylate cycle and gluconeogesn@giich are reportedly
upregulated (Fontae al., 2008; Rachmast al., 2006a; Schnappinget al., 2003; Timmet

al., 2003) further underscore the lipid-rich naturetloé replicative vacuole of MTB. The
absence of the phosphotransferase system for qattaib uptake and the detection of only
five sugar permeases further reinforces the natia the phagosome does not provide an
environment rich in diverse sugars (Titgemesteal., 2007).

Finally, the induction of a set of genes which emeolved in cell wall and cell membrane
components (Fontagt al., 2008; Rachmast al., 2006a) suggests that perturbation of the cell
envelope is a major intracellular stress imposedhegy macrophage, with lipid metabolism
allowing for the remodeling and maintenance of fesiphery which is actively engaged in

modulating the immune system.

1.3.4 Cédl envelope shedding

After infection of macrophages, MTB undergoes salvehanges in secretion and expression
of surface components. In respect of energy consampthe continual production and
release of lipidated cell wall constituents is verpensive although justifiably beneficial to
the bacilli as it manipulates the host responsenftuence disease progression. These
biologically active lipid components may play aeadh vacuole modulation (Fratét al.,
2003) or immune modulation (Brennan, 2003). Inellich the latter is the class of methyl-
branched fatty lipids (Kolattukudst al., 1997; Minnikinet al., 2002) thought to be important
for virulence (Coxet al., 1999; Sirakoveet al., 2001). The biosynthesis of the surface-
exposed lipids, phthiocerol dimycocerosates (PDJMs)d glycosylated phenolphthiocerol
esters is unique to the virulent strains of mycodrge (Azadet al., 1997; Reedt al., 2004).
The complex synthesis and transport of this waxdess characterised in detail. Four of the

six multifunctional proteins of the modular polykit synthase (PKS) system show selectivity
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for methylmalonyl-CoA, allowing the introduction dfie characteristic methyl branches into
the PDIM molecule (Fernandes and Kolattukudy, 19Bn and Cox, 2005; Rainwater and
Kolattukudy, 1985; Trivedet al., 2005). Several of these biosynthetic genes grafmantly
upregulated in macrophages (Fonwnal., 2008). PDIM production has been shown to
modulate the early immune response to infectiom tissue-specific manner (Cekal., 1999;
Rousseawt al., 2004). Hepta- and octamethyl phthioceranic aam$ hydroxyphthioceranic
acids are the major acyl constituents of sulfoBpi8L) (Sirakoveet al., 2001), where SL-N, a
precursor of the major sulfatide of MTB, SL-1, iglily immunogenic (Gilleroret al., 2004).

Of recent interest is the synthesis of the claseelaited PDIM lipids, phenolic glycolipids,
which confers on a subset of MTB isolates belondmthe W-Beijing family, the ability to
inhibit the release of key inflammatory effector letules by cells of the host's innate
immune response (Reeatl al., 2004; Tsenovat al., 2005). However, it has recently been
shown that although PGL production contributes e tegulation of the host cytokine
response, a global suppressive effect amongstGll-producing W-Beijing strains is not
exhibited, but instead is dependent on the backgraf the strain in which it is produced
(Sinsimeret al., 2008). This finding argues against earlier speuh that the associations
between bacterial lineage and disease phenotypkl dmu explained by the presence or
absence of a functional PGL producing polyketidetisgse pksl-15 (Cawset al., 2008).

Anti-inflammatory signals can also be potentiatgdTh R-2 dependent signaling of the 19-
kDa lipoprotein (Nosst al., 2001) and binding of mannose-capped lipoarabimoraa to
DC-SIGN (Geijtenbeeket al., 2003). Trehalose mycolates, mycolic-acid contani
glycolipids, positively and negatively influenceagulomatous inflammation (Geisel al.,
2005) based on the stereochemistry of the cycl@repnodification (Raet al., 2005; Racet

al., 2006). These subtle differences in structure-fiume the immune pathology to a level
believed to be appropriate to the survival andipensce strategies of the bacteria (Russell,
2007).

These reports are all consistent with notion thafBMplays an active part in disease
progression. Indeed, varying features of the dynaceill envelope, whose composition is

controlled to a degree by the intramembrane pret@2869c (Makinoshima and Glickman,
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2005), translates into the differential infectiomt@ames observed by different strains which

elicit different immune responses (Maretal., 2004).

1.4 Carbon metabolismin MTB

1.4.1 Interpreting carbon usagein vivo through metabolic pathway assessment

MTB is an intracellular pathogen, although thisamigm shows no obligate parasitism as it is
a prototroph possessing a flexible metabolic aldsemNiche-specific adaptation of
mycobacteria has evolved to allow optimal usagawaiilable nutrients from the surrounding
environment. The substrates define the metabolibways harbored by the bacterium for
acquisition and assimilation of the respective ieats. To this end, MTB is capable of
oxidizing a variety of carbon substrates includiceybohydrates, hydrocarbons, alcohols,
ketones and carboxylic acids (Wheeler, 2005). Tikerge pathway infrastructure necessary
for catabolism of these sugars and fatty acids/zidemced in the gene complement in MTB
for B-oxidation, glycolytic and pentose phosphate patfsvand the TCA and glyoxylate
cycles (Coleet al., 1998). The genes encoding fatty afiebxidation enzymes show a
remarkable degree of paralogous expansion: for pkgnthere are 36 paralogues each of
FadD and FadE, involved either in fatty acid degtioh or in the biosynthesis of acyl-CoA
substrates (Colet al., 1998; Saxenat al., 2003). This functional diversification may be a
mechanism by which MTB ensures its ability to gglithe variety and quantity of mammalian
fatty acids available within the host (Hiltunen &Qoh, 2000). The topological organization of
the large MTB metabolic network is also a testimtmyhe remarkable diversification evident
within the MTB metabolome (Verkhedkat al., 2007). A functional consequence is a large
number of alternate routes, augmenting redundandyflax plasticity (Almaast al., 2005).

In effect, the more reactions a metabolic netwarksesses, the stronger the network-induced
redundancy, and the smaller the core of essemiztions. In this way, MTB maintains the
integrity and robustness of its network, allowing increased adaptive versatility required for

occupancy of the organism within the differing hesvironments.
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The observed abundance of lipolytic genes, in amijan with the earlier studies which
found mycobacteria isolated from infected mouswyloan readily metabolise both odd- and
even-chain fatty acids (Bloch and Segal, 1956; Witeand Ratledge, 1988), support the
proposition that these may be the dominant sulestratiring MTB infection. However, this
may be subject to tissue (niche)-specific variafideyrolleset al., 2006; van der Wedt al.,
2007) defined by the stage of infection (Boshoftl @arry, 2005). Various studies have
revealed unique transcriptome signatures of MTBuman granulomas depending on the site
of sample isolation (Fenhali al., 2002; Rachmast al., 2006b; Timmet al., 2003). These
findings caution against using information of thigpe to make broad generalizations

regarding then vivo physiology of MTB.

Consistent with a dependence of MTB on lipid meliabg however, is the fact that ICL,
which catalyzes the first step of glyoxylate cydkeessential for growth and persistence of
this organism in macrophages and mice (Mufioz-Eia$ McKinney, 2005). However, the
murine model does not mimic the environmental logteneity displayed in humans which is
highlighted by relatively little overlap in geneprssion profiles between the two (Boshoff
and Barry, 2005; Rachmaa al., 2006b). Specificallyicl gene transcriptdetection is
extremely variable, and furthermorig] transcript appears to be entirely absent from the
central necrotic area and transition zones of humegrotic granulomas (Fenhalks al.,
2002).

Although prevalent, lipids, in all likelihood, aret the exclusive carbon source for MTiB
vivo. During the acute stage of infection, a putativghhaffinity disaccharide transportépdY
sugABC) is essential for virulence of MTB in mice (Satisend Rubin, 2003) and in chronic
infection, metabolically active bacilli transcrilgenes for carbohydrate and lipid utilization
(Talaat et al., 2007), suggesting that MTB may utilise both carbsources. In other
organisms, species-specific differences in thisargédghave been observed. For example, in
Azotobacter vinelandii, acetate induces fatty acid dependent inhibitibglocose uptake and
glycolysis (Taucher&t al., 1990),E. coli preferentially uses glucose which represses the
glyoxylate shunt (Walsh and Koshland, 1985), wh&i@arynebacterium glutamicum can
grow on a mixture of glucose and fatty acids wikte tglyoxylate shunt predominantly

fulfilling the anaplerotic functions (Wendisch al., 2000). The impact of substrate affinity
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and regulatory control would need to be assesseMT®B grown on a mixture of lipids and
carbohydrates. It has been suggested that thendiapitity of key glycolytic enzymes fon
vivo growth (Sassetti and Rubin, 2003) is due to carbdtg intermediates, such as glucose-
6-phosphate, serving as precursors for biosynth@éeSoz-Elias and McKinney, 2006). This
view is supported by the essentiality of pyruvateke pykA), which catalyzes the last step
in glycolysis,in vitro (glucose carbon source) but notvivo (Sassettet al., 2003; Sassetti
and Rubin, 2003). A single nucleotide polymorphiShIP) in this gene that renders pyruvate
kinase inactive is present in the some members@®MTB complex, further substantiating
the importance of lipids for growtln vivo (Keatinget al., 2005). Consistent with this notion
is the induction of pckA, which encodes the gluconeogenic rate-limiting yemz,
phosphoenolpyruvate carboxykinase, which convertty ficids into sugars (Schnappinger
al., 2003). The avirulent nature of a mycobacterialitant defective for this gene (Collies
al., 2002a; Liuet al., 2003) reinforces the concept that carbohydratesised for biosynthetic
rather than catabolic purposes, since glucose-gulpckA downregulation (Liwet al., 2003)
would afford a pyruvate carboxylase (PCA) bypash@presence of carbohydrates (Fig. 1).

Upregulation oficl and pckA (Schnappingeet al., 2003; Timmet al., 2003) might not only
signal fatty acid metabolism but also the possibielation of acetyl-CoA to Coby the PEP-
glyoxylate cycle, active under glucose limitatiguossibly compensating for higher NADPH
formation on alternative substrates (Fischer ande6a2003; Mufoz-Elias and McKinney,
2006). The detection of the competing enzyme, isatel dehydrogenase (Fischer and Sauer,
2003), indicates that the TCA'’s biosynthetic rolewd be provisionally functional. Indeed, it
has been proposed that MTB operates in the haliccypeode leading tau-ketoglutarate
(2KG) via the oxidative branch and succinate via teductive branch (Mufoz-Elias and
McKinney, 2006; Tiaret al., 2005a) quenching the bacterium’s biosynthetic aleafs rather
than providing metabolic energy. This may be a eqnence of the disjunction at the level of
conversion of 2KG to succinyl-CoA (Fig. 1)(Tiaat al., 2005a; Tianet al., 2005b) — a
characteristic feature of some microbes that aepted to low oxygen conditions (Pitsen
al., 1999). These two branches in MTB are metabolidadked by either the glyoxylate shunt
or a novel, variant bypass pathway wviaketoglutarate decarboxylase and succinic

semialdehyde dehydrogenase (Teimal., 2005a). However, the existence of other bypass
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pathways acting under niche- specific conditionshsas they-aminobutyric acid (GABA)
shunt or aa-ketoglutarate oxidoreductase cannot be excludedl rmeeds investigation.
Importantly, only this latter option would generaeccinyl-CoA as an intermediate in the
canonical TCA cycle, in an energy efficient manméternatively, pools of succinyl-CoA for
methionine, diaminopimelate and heme biosyntheeidd need to be derived from succinyl-
CoA synthetase in an energy-dependent manner ([G&astaneda and Ortega, 1970) or
from propionyl-CoA via the methylmalonyl-CoA pathyédescribed in section 1.5.1). The
described bypass pathway in MTB (Tiahal., 2005a) is energetically unfavorable with
respect to succinyl-CoA generation, with the fadoselection forthe alternate routes to

succinyl-CoA and their contribution ta vivo metabolism largely unknown.
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Fig. 1 Anaplerotic pathwaysin MTB.

Pathways feeding into the TCA cycle which are @nésn MTB are denoted by solid arrows
and pathways not present in MTB are denoted by athsharrows, namely
phosphoenolpyruvate (PEP) synthase (PPS) and RB&xghiase (PPC). Pyruvate is produced
from malate by malic enzyme (MEZ) or from oxaloatetby the sequential action of PEP
carboxykinase (PCK) and pyruvate kinase (PYK); ¢ediglecarboxylation of pyruvate by the
pyruvate dehydrogenase complex (PDHC) vyields adeb. Anaplerosis during
carbohydrate catabolism is by carboxylation of pgte to oxaloacetate by pyruvate
carboxylase (PCA). Previous studies have estallisiie importance of the glyoxylate cycle
for anaplerosis during fatty acid (FA) catabolism MTB (Mufioz-Elias and McKinney,
2005). Glyoxylate cycle enzymes are the isocittgdses (ICL1/ICL2) and malate synthase
(MLS). Anaplerosis during odd-chain H&oxidation by the methylmalonyl pathway occurs
at the succinate dehydrogenase (SDH) branch pdithieotricarboxylic acid (TCA) cycle
adapted from Tiaret al (2005). CIT, citrate synthase; ACN, aconitase; |G&bcitrate
dehydrogenase; KGD g-ketoglutarate decarboxylase; SSADH, succinic sklaigyde
dehydrogenase; SDH, succinate dehydrogenase; FUWMmnarhse; MDH, malate
dehydrogenase; MQO, malate:quinine oxidoreduc®€&, succinate synthase.

1.4.2 Regulation of carbon metabolismin MTB

MTB'’s regulatory repertoire includes 190 transdapal regulators (Colet al., 1998), which
collectively coordinate gene expression necessarpdthogenesis. Partial characterization of
a few two-component regulatory systems such as [Z$RMalhotraet al., 2004), RegX3-
SenX3 (Parislet al., 2003), MprA-MrpB (Zahrt and Deretic, 2001) andoPHPhoQ (Walters
et al.,, 2006) and a few selective sigma factors (Amtl@l., 2003; Sunret al., 2004) have
implicated these systems in virulence. However, rti@ecular mechanisms of how MTB
senses environmental stresses and induces metauagtation remain largely unknown.
Recent studies indicate that in the absence of SegRlatory protein and FNR (fumurate
nitrate regulator), MTB possesses an Fe-S clusg&rseription factor, WhiB3, and heme
proteins DosS and DosT, sensors which detect emviental redox signals such asg, @O
and fluctuations in the intracellular redox statgptomote bacterial persistence (Kuregal.,
2007; Singhet al., 2007a). The induction of the DosR regulon in ptdta (Boshoffet al.,
2004) and the essentiality of WhiB3 for growth aarigus carbon sources, including TCA

intermediates and acetate (Sirgtal., 2007a), stresses the coupling of the intraceliddox
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environment to central and fatty acid metabolisor. iRstance, in glucose limited cultures of
E. cali, the regulation of key enzymes of the TCA cyclenisdiated by FNR and ArcA, 0
sensing regulators (Shalel-Levarairal., 2005).

Contribution to the global control of carbon metigdn in MTB in response to the many
extracellular and intracellular signals throughezad messenger system based on cyclic
nucleotide monophosphates (cNMP) has been rep@eQueet al., 2000). InE. coli, the
role of cAMP signal transduction in mediating catile repression has been well
characterised with the adenylate cyclase catalysimg synthesis of cAMP, which then
transduces the signal by binding cAMP receptor ginot(CRP) and activating it as a
transcription factor (de Crombruggleeal., 1984; Kolbet al., 1993). MTB has 15 putative
nucleotide cyclases and eight orthologues of cAkBi&ptor protein (CRP)-like transcriptional
regulators (Dasset al., 2008; McCueet al., 2000). Rv3676 is one such CRP-like
transcriptional regulator described in MTB (Baial., 2005). Deletion of this gene leads to
attenuation in macrophage infections and in thesaauodel of TB (Rickmast al., 2005).
The lack of Rv3676 function iM. bovis BCG has also been suggested to be one of the
additional reasons for its attenuation (Brosthl., 2007; Spreadburst al., 2005). Together,

these observations suggest that several imporérgsgare under cCAMP regulation.

In a recent study, the relative distribution ofxflthrough central metabolism under glucose
limitation was dominated by cAMP-dependent catdbalepression (Nanches al., 2008).
Importantly, flux through the PEP-glyoxylate cygecontrolled by intracellular cAMP levels,
actively induced by the cAMP-CRP complex. @ glutamicum, the ICL-encoding gene,
aceB, is under the control of the CRP homologue, GlgRrdxylate bypass regulator) (Kiet
al., 2004), which is highly homologous to Rv3676 (7%3%ino acid identity). A potential
CRP binding site was identified 279 bp upstreanthef MTB glyoxylate cycle genegl
(Spreadburyet al., 2005), although the cognate regulatory factoraies undefined since
computational methods for identifying potential wkmn members of the Rv3676 did not
includeicl as a candidate (Bat al., 2005). An alternative theory stems from the obeton
that malate dehydrogenasedh) expression levels were increased by cAMP in sitakow

oxygen cultures (Gazdik and McDonough, 2005). MRidwerts malate to oxaloacetate and it
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is speculated that increased levels are necessamyrive the forward reactions of the
glyoxylate cycle and thereby, indirect regulatidrglyoxylate cycle metabolism by cAMP is
achieved. InE. coli, glyoxylate cycle gene expression is controlledtbg IcIR repressor
which regulates theaceBAK operon (Sunnarborget al., 1990), encoding isocitrate
dehydrogenase (ICD) kinasacéK), and both glyoxylate cycle enzymes, ICacgA) and
MLS (aceB). At the branch-point of the TCA cycle and the ajlylate cycle, flux is
predominantly controlled through the reversiblecination of ICD by phosphorylation,
catalysed by ICD kinase (LaPoseal., 1984; Walsh and Koshland, 1985). A bioinformatics
search of the MTB proteome revealed that Rv1719amos an N-terminal helix-turn-helix
DNA binding motif followed by an IcIR-type effectdninding domain (Pfam PF01614), and
along with reports that MTB possesses an ICD kir{&sagh and Ghosh, 2006) suggest that
MTB may have a similar mechanism of control. Melabcontrol analysis (MCA) predicted
that reducing kinase activity by 30% would inceetse amount of dephosphorylated (active)
ICD sufficiently to diminish flux through the glygiate cycle (Singh and Ghosh, 2006),
consistent with the low affinity of ICL for the cquating isocitrate substrate (K188 M)
(Gould et al., 2006) relative to ICD-1 (k=10uM) and ICD-2 (l=20uM) (Banerjeest al.,
2005). The mechanisms employed to regulate geneegsipn are varied and complex and
defining the precise mechanisms for directing carlftux in MTB requires further
investigation. Recent work identified a TetR-typsgulator, KstR(ketosteroid regulator)
which is induced in response to growth on palmjtavhich was proposed to regulate the
uptake and utilization of a variety of lipids, inding cholesterol; however, it also influences
genes of the pentose phosphate pathway and glyoetabolism (Kendakt al., 2007a; Van
der Geizeet al., 2007).

1.4.3 The sourcesand typesof nutrientsin vivo

Discrete microanatomical niches exist within thanlam host and sources of nutrients are
likely to be varied and vast. Proliferation of MTéther within the extracellular caseous
matter of cavities (Grosset, 2003; Lenaettal., 2007) or within permissive phagocytes such

as that witnessed at the margins of liquefied lesim lungs (Kaplaret al., 2003) and in
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follicular structures in the peripheral rim of admsnecrotic noncavitating granulomas (Ulrichs
et al., 2004), attests to the bacilli’'s exquisite ability actively harness intracellular carbon
sources, so much so that they have been describéfata(Gartonet al., 2008) and to
mobilise these extracellular sources into internederves of storage lipids, known as
triacylglycerols (TAG). These lipids are thoughtpimvide a carbon and energy source during
periods of latency and transmission when stored T&\@Gydrolysed following, for instance,
PE30 lipase induction (Schnappingral., 2003). The high global prevalence of strains of
MTB of the W-Beijing lineage and their apparent aabage over other lineages (Barcahk
al., 2005; Reedt al., 2007) has been attributed in part to the strildkogumulation of TAG in
these strains as a result of a diacylglycerol eaytiferase (TAG synthase; Rv3130c), a
member of the DosR regulon which is constitutivekpressed in these strains (Reedl .,
2007). TAG accumulation has been found in bactbiained from organ lesions (Gartein
al., 2002; Gartonet al., 2008) which might represent TAG stored duringna@ncy or
produced in the expanding granuloma from the fattigls released from the degrading host
tissue (Daniekt al., 2004). The exogenous fatty acids may form TAGIgct incorporation

or elongation usinge novo synthesised fatty acids from the uits generated bg-oxidation

of host fatty acids (Gartoet al., 2002; Sirakovat al., 2006). Fifteen TAG synthases have
been identified in the MTB genome. Many are co4caiibed with lipases that are actively
involved in making fatty acids available from sealesources, including: (i) host cellular or
membrane lipids (Jacksoet al., 1989; Masonet al., 1972); (ii) bacterial phospholipid
turnover (Gartonet al., 2002),; (iii) release of long fatty acid chaifrem polyketide
synthases (Asselineaa al., 2002); (iv) accumulated & and Gg fatty acids due to possible
FASII down-regulation in macrophages in responsacidic pH (Daniekt al., 2004; Fisheet

al., 2002). Therefore, most TAG synthases are likelglisplay broad substrate specificity
induced under the influence of different host fest@lvarez and Steinbuchel, 2002). The rich
source of energy that TAG, sourced either fromttbst or synthesized by the bacilli, may
provide to bacteria in a predominantly low metabgliate, in combination with the essential
ICL requirement for persistence, strongly implicaieAGs as a necessary component of the
physiology of MTB for long-term survival. This isarvelously exemplified by the finding
that MTB gravitates to extra-pulmonary fatty dep®sivhere it sequesters host fatty acids into
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dense TAG droplets and persists for years undetdnpgemmune surveillance (Neyrolles

al., 2006). Similarly lipid-rich foamy macrophages megnstitute a reservoir for persisting
mycobacteria which display intracytoplasmic lipitlusions when freed from the phagosome
into lipid droplets, favouring internalization ogltular host lipids (Peyrost al., 2008).

Lung surfactant ingested by alveolar macrophagesbi@&r and Meerbach, 1991) also
contains other complex lipids such as dipalmitoylogphatidylcholine, a membrane
phospholipid, which MTB is capable of metabolizifidufioz-Elias and McKinney, 2005)
using phospholipase Cplf) to produce phosphorylcholine and diacylglycerflAG)
(Johanseret al., 1996), with the latter potentially undergoingthar acylation to TAG. In
addition, phospholipases C are required for rehgpfatty acids from the host phospholipids,
which may then be used as a carbon source thigumtidation and the glyoxylate cycle, with
the joint cooperation betwegihc andicl evident in their combined requirement for virulenc
(Muiioz-Elias and McKinney, 2005; Raynagtchl., 2002).

Other intraphagosomal lipid metabolizing pathogerwsude Rhodococcus equi (Wall et al.,
2005), Candida albicans (Lorenz and Fink, 2002) andalmonella enterica serovar
typhimurium (Fanget al., 2005), which rely on a functional glyoxylate aydlke MTB for
catabolising the concentrated lipid source in taspartment. The induction of fatty add
oxidation inE. coli has recently been shown to be dependent on the-Retliated stringent
response as part of the expanded repertoire ofbmigtayenes induced by ppGpp to remediate
nutrient stress (Traxleat al., 2008). This finding further informs the complesneposition of
the phagosome environment which is in stark contoathe improved nutritional status of the
cytosol, reportedly abundant in glycogen (Ripia@l., 1997), oligopeptides, aminosugars and
amino acids (Chatterjeet al., 2006). Consistent with this, cytosolic pathogeush as
Shigella flexneri (Lucchini et al., 2005) and.isteria monocytogenes (Chatterjeeet al., 2006;
Chico-Caleroet al., 2002) aracl-deficient. Intracellulaiegionella pneumophilia scavanges
host amino acids and potentially carbohydrates ftbenhost (Bruggemanet al., 2006).
Escape into the energy-rich cytosolic environmsermdacumented for MTB where the bacilli
multiply more rapidly than their vacuolar countetpgvan der Wett al., 2007). As observed
in Candida albicans, progression to systemic disease may be dependegiycolysis (Barelle

et al., 2006).
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The usage of available nutrient sources is cledelyendent upon the location of MTB. It is
conceivable, for instance, that bacteria escagieggtanuloma and persisting in healthy lung
tissue (Hernandez-Pan@bal., 2000; Opie, 1927) may use the rich source ofeadtetol in
pulmonary exudates, a conclusion consistent wighntietabolic pattern that emerged fram
vivo non-replicating persistent type bacilli in sput(@artonet al., 2008). Mounting evidence
that cholesterol is an important carbon sourceM®B has emerged in recent years. Uptake
and catabolism of this complex sterol has been dstrated and accessing this unique carbon
source has been shown to be essential to the alisiecess of MTB (Josla al., 2006;
Pandey and Sassetti, 2008; Van der Geizal., 2007). Gaining entry into host cells by
promiscuous binding to multiple surface receptadeh in cholesterol-rich domains of the
plasma membrane (Gatfield and Pieters, 2000) emsaurgigher cholesterol fraction within
vesicles (Masoret al., 1972). Together with cholesterol-rich glycosphlngd fusion to
mycobacterial vacuoles (Russellal., 1996) , this ‘carbon collateral’ may provide ataict

advantage to MTB.

An interesting alternative is that mycobacteria rhaye evolved to utilise lipids in order to
neutralise the free fatty acids produced by maagph in antimicrobial defense (Akagial .,
2000; Coonrockt al., 1989), in addition to their use as an energy cauin support of this
hypothesis, free fatty acids are reportedly inbityitto lipogenesis (Ferdinandus and Clark,
1969), and toxic free fatty acids can be incorpatanto non-toxic triglyceride (McCarthy,
1971). This raises fundamental questions as toestablished reasons for essentiality of

certain genes involved in this process.

1.5 Propionate metabolism

The broad selection of substrates available to MAI the respective complementing
biochemical pathways for breakdown thereof havebeen fully elucidated and are the focus
of much ongoing research. For example, the estaalismportance op-oxidation and the
glyoxylate cycle in virulence of several pathogemdroorganisms, including MTB, is a

prerequisite for appreciating the degree of rekaoa lipids as a carbon sourge vivo.
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Similarly, the attenuation observed for MTB defeetiin cholesterol uptake places into
context the importance of this sterol as a carlbmurce. This leads to the actualization of a
common thread between these essential convergirigwags, namely, the potential
precursors of propionyl-CoA. Metabolism of this @mhediate is an aspect of MTB

physiology which remains to be fully characterised.

Cellular generation of propionyl-CoA can stem fra@veral different processes including
thioesterification of propionate, catabolism of theanched-chain amino acids isoleucine,
valine and methionine, decarboxylation of succirate catabolism of odd- and branched-
chain fatty acids. The cytotoxic effects of propib@0oA accumulation is associated largely
with interference of pyruvate oxidation, compettiwith coenzyme A (CoASH) (Broddt al.,

2000; Brock and Buckel, 2004; Maerlatral., 2005; Maruyama and Kitamura, 1985). These
effects encourage efficient clearance of this nuiab by channeling it as a carbon and

energy source.

In mammalian tissue, propionate is physiologicallgrived from intestinal fermentation
(Bergman, 1990) or from methyl-branched fatty acpsytanic acid and the pristanic acid
derivative, both present in the human diet (Verleoeand Jakobs, 2001¢orynebacterium
species (McKenna and Kallio, 1971) and mycobadtepacies (Coxt al., 1972; Sakagt al.,
2004) are capable of oxidizing such branched isapdealkanes, where pristane is oxidised to
pristanic acid which is then esterfied with CoAdaafter several successive cycles[af
oxidation, releasing three molecules of propionglAC The presence of pristane in human
tissue (Aviganet al., 1967) might make this a relevant source of pnogi€oA in MTB.
Cholesterol is another potentially important souotepropionyl-CoAin vivo yielding two
molecules of propionyl-CoA per molecule of cholestecatabolised byB-oxidation of the
branched side chain at£and the catabolism of rings A and B (Van der €etzl., 2007).
Potentially, breakdown of these host derived lipidsd utilization of free fatty acids,sC
ketone bodies and host protein (Ibrahim-Graet., 2008), along with intracellular recycling
of select MTB cellular components, may yield propieCoA levels which demand its

metabolism to be a pivotal facet of MTB physiology.
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151 Characterised pathwaysfor propionyl-CoA catabolism

There are several pathways characterised forxtuaton of propionate. All of the described
pathways start with propionyl-CoA, which is syntisesl by a tightly regulated ATP-
dependent acyl-CoA synthase, in keeping with CoAnéastasis (Garrityet al., 2007;
Palacioset al., 2003). Propionyl-CoA may undergooxidation in the acryloyl-CoA pathway,
B-oxidation by the 3-hydroxypropionate pathwan:carboxylation via the methylmalonyl-
CoA pathway, reductive carboxylation by the crote@gA pathway or Claisen condensation
by the 2-methyicitrate, 2-hydroxyglutarate and asiialate pathways (Textat al., 1997;
Wegeneret al., 1968b). The ultimate fate of activated propio@gA is the production of
either acetyl-CoA (non-randomising) or succinyl-CbAndomising) as end-products of these
catabolic pathways, entering the TCA cycle at ftrate synthase or succinate dehydrogenase

steps, respectively (Fig. 1).

The best studied pathway is the route for propmmaetabolism in higher eukaryotes via
methylmalonyl in which propionyl-CoA is carboxyldt¢o (S)-methylmalonyl-CoA, which is
racemised to the (R)-enantiomer. The carboxylatbmpropionyl-CoA can be catalysed by
distinct biotin-dependent enzymes, the propionyA(@aaloacetate transcarboxylase which
functions in the reversible decarboxylation of pooyyl-CoA in Propionibacterium shermanii
(Hall et al., 2004), and propionyl-CoA carboxylases (PCC) whichtalyse only the
irreversible carboxylation between propionyl-CoAda(g)-methylmalonyl-CoA (Buckeét
al., 2005). A biotin-independent methylmalonyl-CoA ddmxylase has also been identified
(Haller et al., 2000). Isomerisation is mediated by the coenz@nedependent MCM to

succinyl-CoA.

In animals and humans, propionate is oxidised byntlethylmalonyl pathway which provides
energy and removes toxic propionyl-CoA (Brock anetigel, 2004). This pathway has been
described in a number of bacteria, includRsgudomonas butanovora (Doughtyet al., 2006),

Sulfolobus solfataricus (Chonget al., 2007),Pelotomaculum thermopropionicum (Kosakaet
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al., 2006), Sreptomyces cinnamonensis (Vrijbloed et al., 1999), MSM (Stjernholnet al.,
1962) and\M. vaccae (Vestal and Perry, 1969).

The mutase enzyme also catalyses the reverse olietdlvection in a number of organisms
(Haller et al., 2000), which may link succinate to polyketidenthesis (Hunaiti and
Kolattukudy, 1984; Valentin and Dennis, 1996; Viogd et al., 1999).P. shermanii employs
the pathway for propionate formation in order tepise of reducing equivalents in glucose or
glycerol fermentations (Alleret al., 1964). In Saccharopolyspora erythraea the MCM
provides methylmalonyl-CoA subunits for erythromyciproduction in oil-based
fermentations, although it acts in the reversectima in carbohydrate-based fermentations
(Reevest al., 2006, 2007).

1.5.2 The adenosylcobalamin-dependent methylmalonyl-CoA mutasereaction

The MCM enzyme catalyses a 1,2-intramolecular esm@ment of the thioester moiety (X=

COSCoA) using adenosylcobalamin (AdoCbl; coenzyni $pecifically as a cofactor.

X H H X
a-C-C-b a—C—;—n
¥ H ¥ H

A highly reactive free deoxyadenosyl radical speaad cob(ll)-alamin are generated by
hemolytic cleavage of a C-Co bond of the coenzyma¢ is weakened by steric repulsion due
to a protein conformation change induced by sutestoanding (Garcia-Vilocat al., 2004;
Manciaet al., 1999). The crystal structure of MCM in complextwits substrate shows the
active site is deeply buried inside a TIM barrelusture, which shields the biradical
intermediates from solvent and oxidative intercap{iMancia and Evans, 1998; Thostal .,
2000). The rate of Co-C bond homeolysis is acceldray a factor of 10 in the ternary
complex of enzyme, AdoCbl and substrate relativetii® uncatalysed rate in solution,

effectively lowering the activation free energyafisition state barrier) by 71.1 kJ/mol
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(Chowdhury and Banerjee, 2000). The deoxyadenosgdon radical abstracts a hydrogen
atom from the methyl group of the substrate taateta free radical mechanism for a carbon
skeletal isomerisation, followed by re-abstractidrthe hydrogen atom from deoxyadenosine
to form the product and regenerate the cofactoméBee and Vlasie, 2002; Vlasie and
Banerjee, 2004). The hydrogen transfer proceeda highly quantal tunneling mechanism
(Dybala-Defratykeet al., 2007; Garcia-Vilocat al., 2004), and together with the lowering of
the activation barrier, contributes to the dramatite acceleration of the MCM reaction
(Chowdhury and Banerjee, 2000; Garcia-Viletal., 2004). In the case of the MCM frofm
shermanii, the overall equilibrium for the rearrangementctea favors succinyl-CoA
formation by a factor of 3 (Meiest al., 1996; Thoma and Leadlay, 1998) in agreement with
the methylene radical (methylmalonyl-CoA) havinglaghtly higher energy state than the
more stable secondary methine radical (succinyl)C@@howdhury and Banerjee, 2000).
Stabilization of the methylene radical by cob(l&ain (Buckelet al., 2005) and partial proton
transfer to activate the migrating thioester gro{fmith et al., 1999) are proposed
mechanisms thought to facilitate the MCM-catalyeeattion by lowering the transition states
that interconvert these radicals.

The central catalytic role of coenzyma,Bs therefore essential for the mutase reaction.
Availability of the adenosylated form of cobalamiis ensured by the protein
adenosyltransferase (ATR), which participates ia da novo synthesis of AdoCbl or on
precursor cobinamide (incomplete corrinoid) salehdeom the environment (Escalante-
Semerena, 2007). For an obligate pathogen suchTas which possesses three vitaminB
dependent enzymes (Cadeal., 1998; Dawest al., 2003; Warneet al., 2007) accessing the
‘escorted’ cobalamin (Yamanishet al., 2005) from mammalian tissues where the
concentration is quite low (30-700nM with >95% of,Bound ; (Hsuet al., 1966; Shevell
and Rosenblatt, 1992) is probably limited. Howevers important to note that the obligate
pathogenM. leprae, has retained the genes encoding two vitamip-dependent enzymes
(MetH, MCM) despite having lost most of the cobalansynthesizing genes through
reductive evolution (Colet al., 2001). Alternatelyn silico analysis by Rodnioet al (2003)
classified MTB as having a complete adenosylcobaldmosynthetic pathway although no

evidence ofde novo synthesis exists. Therfore, an energy saving redtere to de novo
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synthesis is that exogenous corrinoids (molecule®taining the cobalt-containing cyclic

tetrapyrrole known as the corrin ring) may be sgédhand transported into the bacterial cell
where AdoCbl, or potentially adenosylcobinamide ¢&ta; the coenzymatic form whose
lower axial ligand is not dimethylbenzimidazole (B) is formed (Andersost al., 2008).

ATR catalyses the reductive adenosylation of cabadeand transfers adenosylcobalamin to
MCM (Padovaniet al., 2008). Binding of the cofactor is accompanied aysignificant
conformational change in which the lower axial igaDMB, is coordinated to the cobalt
atom (a mode of attachment that is called ‘basg-os’'displaced from the cobalt, and then
replaced by the histidine residue in the conse®medHXXG motif of the mutase family
(Marsh and Holloway, 1992), with this base exchatgéng named ‘base-off, His-on’
(Chowdhuryet al., 2001). Impairments in the ATR-dependent conversb apo- to holo-
MCM result in no mutase activity, which, in humalesds to methylmalonic aciduria (Lesl
al., 2003), and irMethyl obacterium extorguens lacking the glyoxylate cycle, inhibits growth
on G compounds since the alternate anaplerotic pathevagpendent on MCM (Korotkova
and Lidstrom, 2004; Korotkovet al., 2005). Significantly, MCM is a crucial componenft
alternate pathways to the glyoxylate cycle for aetssimilation in various organisms, such
as the glyoxylate regeneration cycle b extorquens (Korotkova et al., 2002), the
ethymalonyl-CoA pathway described f8&ireptomyces collinus (Han and Reynolds, 1997),
Rhodobacter sphaeroides (Alber et al., 2006; Erbet al., 2007) andRhodobacter capsulatus
(Meisteret al., 2005), and the citramalate cycleR¥fodospirillum rubrum (Berget al., 2002),

highlighting the importance of vitaminBfor growth of these organisms on acetate.

1.5.3 Anaplerosis by the methylmalonyl pathway

Anaplerois is of Greek origin meaning ‘to fill upand refers to pathways that form
intermediates that replenish the TCA cycle. Severglanisms lacking the vitaminiB
dependent MCM (Ledlegt al., 1991) or only the coenzyme BHuseret al., 2003; London
et al., 1999), may use the methyilcitrate cycle for th@masation of propionate (Brockt al.,
2001; Claest al., 2002). This cycle was first discovered in alkaagd lipid metabolizing
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yeasts (Tabuchi and Serisawa, 1975). The simpbtxidation of propionate to pyruvate is
achieved by the condensation of propionyl-CoA witlkaloacetate to yield (2S,3S)-
methyilcitrate, followed by isomerisation of thisicarboxylic acid to form (2R,3S)-2-
methylisocitrate, which is cleaved to succinate gnduvate. Studies with*C-labeled
propionate indicate that k. coli, the pyruvate is further oxidised to acetyl- CoAda
channeled into the anaplerotic glyoxylate cyclex{deet al., 1997). In this system, the PEP
synthase and the PEP carboxylase were unable fmodugrowth in the absence of ICL
(Textor et al., 1997; Wegenert al., 1969). A distinguishing feature between propienat
oxidizing pathways has emerged in tEatoli, which cannot synthesise vitamin,Rle novo
but possesses a functional MCM (Roth al., 1996; Roy and Leadlay, 1992), when
supplemented with vitamin 18 appeared to have a near zero glyoxylate flux wties
pathway was used for propionate oxidation (Evenal., 1993). In addition, blocking the
methylmalonyl pathway at the succinate dehydrogetesl resulted in an absence of labeled
glutamate as observed in control wild type cultusggongly suggesting that this may be the
result of glyoxylate cycle that is now induced &saibed by Textoet al., shifting the flux
away from isocitrate dehydrogenase in the abserfcesuocinyl-CoA anaplerosis and
minimizing the incorporation of label int@-oxoglutarate (Fig. 1). This raises the intriguing
question as to whether the anaplerotic flux fronccswl-CoA from the methylmalonyl
pathway is sufficient to support growth Bf coli in the absence of ICL if provided with
exogenous vitamin B. Significantly, similar findings have been reparte Pseudomonas
and mycobacterial strains (Blevins and Perry, 19T2)this study, no ICL activity was
detected for growth on propylamine (a propionyl-Caecursor) or propionate. Furthermore,
incorporation of-*CO, into pyruvate confirmed the presence of the amapitepropionyl-CoA
carboxylase—methylmalonyl-CoA pathway of propionatéization. Interestingly, inhibition
of the pyruvate dehydrogenase enzyme complex dltdre amount of labeled pyruvate as
compared to the uninhibited control, suggesting the through the methyicitrate cycle is
disrupted by this manipulation, increasing fluxailgh the methylmalonyl pathway. Indeed,
much speculation may be made regarding pathwagmmete, given evidence that they may
operate simultaneously (Evaesal., 1993). The greater incorporation’8€0, into pyruvate

during propylamine oxidation relative to growth propionate (Blevins and Perry, 1972)

32



suggests that metabolism by one pathway is preferreespect to carbon source, or more
specifically, ambient propionate concentration.sTts illustrated inBurkholderia sacchari
where disruption of the methyicitrate cycle is omgJevant in terms of increasing poly-3-
hydroxybutyrate-3-hydroxyvalerate (3HV) producti@re. a mutation in the methylcitrate
cycle results in more propionate availability fad\3) at lower propionate concentrations
(0.02%), whereas at increased propionate concemtsatoxidation by an as yet unidentified
contributor pathway becomes significant (Brareeal., 2002). MSM does not require the
methylcitrate cycle for growth on propionate medidpton and McKinney, 2007) and
although MTB relies on the methycitrate cycle foowth in vitro (outside the living host) , it
is dispensable for survivah vivo (Mufioz-Elias et al., 2006). These findings indictie
existence of alternate pathways for propionate bodtem in these mycobacterial species,
consistent with the presence of orthologues smetifithe methylmalonyl pathway in both
MSM (Mufioz-Eliaset al., 2006) and MTB (Colet al., 1998; Fleischmand al., 2002).

Clearly, one notable difference between the methidmyl pathway and the alternate 2-
methylcitrate cycle is the ability of the former sabstitute for the glyoxylate cycle of the
TCA cycle through the net generation of succinathar than pyruvate (Fig. 1). This
anaplerotic role of the MCM pathway seems to bdatqal in several instances by organisms
deficient for ICL, supporting growth on propionyb& precursors such as 3Cq
monocarboxylic acids (Nieder and Shapiro, 1975)m&cobacterial sp. defective for the
glyoxylate cycle due to a mutated MLS gene coutmhgon pristanic acid (Sakei al., 2004).
Similarly deletion of theglcB gene encoding MLS in MSM did not affect growth on
propionate as the sole carbon source (Upton andifmery, 2007). However, in these cases
little is known about the identity of all the propate metabolizing pathways. It is possible
that growth on propionate or propionyl-CoA derivaticarbon sources in the absence of the
glyoxylate cycle may be dependent on MCM although hot been established empirically. In
humans, stimulating anaplerosis through the metalgnyl pathway as a remedy for fatty
acid oxidation disorders is widely acknowledged 4B® et al., 2003; Roeet al., 2002b).
Alternately, other propionate oxidation pathwaysickhinstead yield acetyl -CoA may be

operating. In the absence of the glyoxylate cyttie, acetyl-CoA is channeled by pyruvate
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carboxylase or PEP synthase / PEP carboxylasehat®dCA cycle (Fig. 1) to support growth
(Horswill and Escalante-Semerena, 1999). Furthadist need to be done in order to
elucidate the degree of importance that anaplefosis these multiple donor pathways has in
supporting growth on propionate-generating carbonreges in mycobacteria and other

microorganisms.

The methyicitrate cycle is analogous to the fiesivfsteps of the TCA cycle utilizing the
common enzymes, SDH, FUM, MQO and/or MDH to regateepxaloacetate from succinate
in the methycitrate cycle. Aconitase, also commorthte methyicitrate and TCA cycles,
mediates only the rehydration of 2-metlgig-aconitate to (2R,3S)-2-methylisocitrate
following dehydration of (2S,3S)-2-methyicitrate BMCD in the methylcitrate cycle.
Furthermore, intermediates of the methylcitrateleyohibit isocitrate dehydrogenase of the
TCA cycle (Brock, 2005; Cheema-Dhadi al., 1975; Horswillet al., 2001; Plautet al.,
1975). Such interferences with the TCA cycle areppsed to diminish the rate of ATP
synthesis providing a strong selective advantagéhi® autonomous methylmalonyl pathway
in any organism intent on preserving energy (Buakedl., 2005). This notion is strongly
reinforced by the preservation of the componenegédor the methylmalonyl pathway M.

leprae, an organism which has undergone large-scale tiedusvolution (Colest al., 2001)

1.6 Theanabolicroleof MCM in polyketide synthesis

In MTB, the lipid profile is influenced by the alable carbon source (Browet al., 2008;
Jain et al., 2007; Pandey and Sassetti, 2008). Similarly theatic acid pattern of the
actinomyceteRhodococcus erythropolis is affected by growth on various carbon sources.
Specifically, no odd-numbered carbon chains wewmdoin the cell unless grown on odd- or
branched-chain carbon sources such as propionakerate, nonane, undecane or pristane
suggesting that the availability of propionyl-Cofepursor derived from these carbon sources
is paramount in determining the mycolic acid pattS$okolovskaet al., 2003). Conceivably,

a similar reliance on available propionyl-CoA geigrg carbon sources for conversion to
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methylmalonyl-CoA for use in methyl-branched chéitty acid synthesis may be displayed
in MTB (Fernandes and Kolattukudy, 1997; Jain aoa,005; Rainwater and Kolattukudy,
1985; Trivedi et al., 2005). However in other organisms, using theicciicid cycle
intermediate succinyl-CoA, MCM is a major source noéthylmalonyl-CoA precursor for
polyketide products (Dayeet al., 2002; Hunaiti and Kolattukudy, 1984; Reeeesl., 2007;
Valentin and Dennis, 1996; Zhargal., 1999). Significantly, disruption of this pathwhgs
been shown to have an influence on secondarykettie biosynthesis in other
actinomycetes (Reevetal., 2004; Valentin and Dennis, 1996; Vrijbloetal., 1999).

In S. cinnamonensis, four routes to methylmalonyl-CoA have been désadi(Liet al., 2004;
Vrijbloed et al., 1999; Zhang and Reynolds, 2001), two of whichpmposed to function in
MTB, namely isomerisation of succinyl-CoA catalyseg MCM and carboxylation of
propionyl-CoA catalysed by PCC. Notably endogenaiotinylated proteins such as PCC are
sensitive to reactive nitrogen intermediates relddsy activated macrophages which induce
intermolecular disulphide formation and interferghwthe proper assembly and function of
the PCC oligomeric protein (Rhekal., 2005).

Therefore, it is reasonable to speculate that inBM3hould methylmalonyl-CoA extender
subunits necessary for methyl-branched fatty agith&sis become limiting as a result of
PCC inhibition or failure to derive sufficient prgsor propionyl-CoA from niche-specific
carbon sourcegn vivo, compensation by the anabolic succinyl-Geethylmalonyl-CoA
reaction of MCM would maintain the methylmalonyl&£anetabolite pool. This may be
relevant to the survival of MTB as the methyl-braed lipid fraction of its cell wall may
influence MTB physiology with respect to permedbjli antigenic properties and
susceptibility to bactericidal compounds (Camaehal., 2001; Rousseaet al., 2004; Zuber
et al.,, 2008). An increase in the contribution of MCM teethylmalonyl-CoA metabolite
maintenance, concomitant with a decrease in flopropionyl-CoA to methylmalonyl-CoA
by PCC has been reported (Resekal., 2003). In effect, redistributing flux in response
such perturbations encountered in activated maaggs would achieve a higher order of
cellular robustness, shown to be critical in mamigy steady-states of essential metabolites
(Kim et al., 2007). In MTB, constant methylmalonyl-CoA levetzay be maintained by

regulatory modules associated with low degree naoditab resulting in functional clusters of
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highly correlated reactions (Sametlal., 2006), in the absence of a MCM regulatoiR in
MTB (Reeveset al., 2007). Notably, a strain overexpressimgtAB was associated with a
90% loss of the episomal construct carryimgtAB in vivo which argues that perturbations of
methylmalonyl-CoA metabolism are not well tolera{ddinet al., 2007).

Potentially, PEP oxidation through the catabolicPRifyoxylate cycle (Fischer and Sauer,
2003) or oxidation of even-chain fatty acids totge€0A, which is assimilated through the
glyoxylate cycle, may act to elevate endogenou<isate levels which may be used for
anabolic polyketide synthesis through the MCM a@uensistent with this, high pools of
succinate are found in acetate grown cultures $Riageret al., 2007; Wendisclet al., 2000).

This would extend the importance of ICL beyondciassical role in the glyoxylate cycle to

the provision of precursor succinate for methylAaotsed fatty acid synthesis.

An inverse association between propionate cataholigough the methylmalonyl pathway
and fumurate respiration has been proposed (Kosakh, 2006; Thompson and Zeikus,
1988). Fumurate respiration contributes to the gimn of the PMF necessary for energy
production in hypoxic nongrowing MTB (Raa al., 2008). As a consequence, intracellular
levels of succinate may be raised. It is therefe@sonable to postulate a co-regulation of
fumurate respiration with methylmalonyl-CoA syntisesoy MCM in MTB. Indeed,
anaerobically induced fumurate reductase was fdonproduce succinyl-CoA required for
methionine biosynthesis in the absencedfetoglutarate dehydrogenase (Carrillo-Castaneda
and Ortega, 1970). In MTB, the absencexdfetoglutarate dehydrogenase and the reductive
TCA half-cycle (Tianet al., 2005a; Tianet al., 2005b) may similarly result in enhanced
succinate and succinyl-CoA formation under condgiowhere fumurate reductase is
derepressed, as Hheliobacter pylori (Pitsonet al., 1999).
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2 AIMSand OBJECTIVES

Propionyl-CoA is an important intermediary higheegy metabolite, whose toxic
accumulation may be defused through one of seveutés. The main objectives of this study
were to characterise the propionate oxidation payiswn MTB for growth on a variety of
propionyl-CoA-generating carbon sources and to rdete the functional relationship
between these pathwapsvitro, in order to gain a greater understanding of th&rdutions

of each pathway to MTB pathogenesivivo.
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3 MATERIALSand METHODS

3.1 Bacterial strainsand culture conditions

The bacterial strains and plasmids used in thidysare detailed in Table S. 1. Wild type
MTB (strain H37Rv, ATCC 25618) and derivatives wegeown standing at 3T in
Middlebrook 7H9 media (Merck) supplemented with %.2)lycerol, oleic acid-albumin-
dextrose-catalase (OADC) enrichment (Merck) an&% 0 ween 80. Sodium acetate, sodium
propionate, valeric acid and heptadecanoic acic werchased from Sigma. Bacteria grown
on fatty acids were cultured in 7H9 media contagn@5% albumin, 0.085% NaCl, 0.05%
Tween-80 and sodium acetate, sodium propionatel@riz acid at a concentration of 0.1%
(10 mM in all cases). Sodium propionate was alsteddo a final concentration of 0.2%. The
pH of the valeric acid-containing medium was adjdgb 6.8 with 10M NaOH prior to use. In
the case of heptadecanoic acid, a pre-warmed O0t@& solution of heptadecanoic acid was
added to the media at a final concentration of T000.25 mM). The poor solubility of
heptadecanoic acid in water accounted for the Idimat concentration of this carbon source.
Unless otherwise indicated, vitaminBupplement (cyanocobalamin (CNCbl)), Sigma) was
included at a concentration of J@y/ml. Hygromycin (Hyg) and kanamycin (Km) and
streptomycin were used in MTB cultures at final @amtrations of 50, 25 and 20ug/ml
respectively. 3-Nitropropionate (3NP, Sigma) wasduat a concentration of 0.1 mM (Mufioz-
Elias and McKinney, 2005). Growth curves were manaitl by measuring the optical density

(ODsog) of cultures using at least three independenbiiohl replicates.

3.2 Construction and complementation of mutant strainsof MTB

The DNA sequences of the genes under investigamnartheir flanking regions were obtained
from http://genolist.pasteur.fr/TubercuList/. MTEBrgpmic DNA containing thewutAB genes
and flanking sequences was obtained from the BAGaty (BAC Rv58 spanning region
1640681 to 172735) (Brosc#t al., 1998) and digested witkcoRI to obtain a 7760bp
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template which was cloned into p2NIL (Parish andk&t, 2000) to form p2utAB. An
internal, 2342-bp region ahutAB was deleted from p@utAB by digestion withAscl and
Bglll, with 1762bp of the full length 4101bp gene reniag. The fragment was blunt-ended
with Klenow fragment (Roche) and re-ligated to teep2AmutAB. The AmutAB mutation
created an out-of-frame fusion at tAscl/ Bglll junction and eliminated 213 amino acids
from the C-terminus of the 615-amino-aomdtA and 566 amino acids from the N-terminus of
the 750-amino-acidmutB (Fig. 5a). The remainder of the operonic genes #malr
corresponding ribosomal binding site (RBS) weraadht The Ryss-lacZ, PhspsosacB cassette
marker gene cassette from pGOAL17 (Parish and §t@#0) was inserted into tHeacl
sites of p2NIL to complete construction of the giacdelivery vector, p2mutAB17 (Fig.S.
1.i). ThemutAB deletion mutant of MTB H37RWMUtAB, was constructed by two-step allelic
exchange mutagenesis using previously describedadetGordhamt al., 1996; Parish and
Stoker, 2000).

Genetic reversion of thenutAB mutation in theAmutAB mutant strain to generate the
AmutAB::mutAB derivative was carried out by knock-in allelic baoge mutagenesis using
the suicide plasmid, pautAB17, which contains the full-lengthutAB genes plus 1431 bp of
3’- and 2228 bp of 5'-flanking chromosomal sequer(€&y.S. 1.ii). This vector was
constructed by cloning thiacZ-sacB cassette from pGOAL17 in tHeacl site of p2nutAB.
The AprpDC, AmutAB AprpDC and AmutAB::mutAB AprpDC mutants were constructed by
deletion of theprpDC gene in the H37RvAmMutAB and AmutAB::mutAB backgrounds,
respectively, using the previously described seigdasmid, pAU100 (Mufioz-Eliaat al.,
2006). TheAprpDC mutant was complemented genetically by integratbthe previously
described complementation vector, pPRPDC (Mufioasitial., 2006), at thattB locus. The
Aicll::hyg mutant was constructed by deletionidfL in H37Rv, using the knockout vector
pJMO056-1, previously described by McKinnetyal. (McKinney et al., 2000). The episomal
vector harboringcll, pICL1, was used for complementation/€ll::hyg (Muioz-Elias and
McKinney, 2005). The plasmids pAU100, pPRPDC, pJ&t@5and pICL1 were all obtained
as a kind gift from Prof. J. McKinney (EPFL, Switizand). All mutant strains were
genotypically confirmed by Southern blot analydisg( 5a and Fig.S. 2 ), as previously
described (Gordhagt al., 1996).
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MTB genomic DNA containing the Rv1998ene and flanking sequences was obtained from
the BAC library (BAC Rv175 spanning region 22380652310745) (Brosclet al., 1998)
and digested witlohl to obtain a 3640bp template which was cloned P&EM3Z(+)f
(Promega) to form pGEMRv1998c. This vector was stige withBamHI andHindlll and the
3670bp fragment containing Rv1998c was cloned p&blIL (Parish and Stoker, 2000) to
form p2Rv1998c. An internal, 312-bp region of Rv&9%as deleted from p2Rv1998c by
digestion withNarl, with 464bp of the full length 777bp gene remagiThe vector was re-
ligated to create @¥Rv1998c and confirmed by PCR (see Table S. 2 fdeszription of the
primers and amplicon properties). Thgyde-lacZ, PhspsgsacB cassette marker gene cassette
from pGOAL17 (Parish and Stoker, 2000) was inskitdo thePacl sites of p2NIL to
complete construction of the suicide delivery vegh@ARv1998c17.

3.3 Heterologous over-production of a His-tagged recombinant form of
Rv1998cin E. coli

The Rv1998c ORF was amplified by PCR with the ExpEigh Fidelity PCR System (Roche
Molecular Biochemicals) from genomic MTB DNA. Tocfatate cloning, the PCR primers
used to generate the ORF were designed to coBainH|l and Hindlll, respectively, as
described in Table S. 2. The PCR product and pQ&38Qxagen) vector were both restricted
with these two enzymes, and the PCR product wasedlanto pQE30xa for over-expression
of Rv1998c with an N-terminal His-tag. The sequentehe insert of the resulting vector,
pQE30xa::Rv1998c, was confirmed. Chemically competé. coli cells (XL-1 Blue,
Stratagene) were transformed with the plasmid aaithtained in Luria-Broth (LB) with 0.2%
glucose to efficiently block transcription of RvER9 Overproduction of the His-tagged
recombinant form of Rv1998c was performed by grapgells at 30C in LB to an ORQgo of
0.6- 0.8 and equilibrating at room temperature (€)&or 1 h. Following induction of gene
expression with 0.05 mM isopropyl thipD-galactoside (IPTG), 1.5-ml samples were taken
from cultures stirred at ~18 over a 2-h time course of subsequent growth. A®sitive
control, the MCL fronE. coli was over-expressed with an N-terminal His-tagarafel using

the pQE30prpB expression vector (Brookt al., 2001) that was kindly provided by Dr. M.
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Brock (Hans-Knoll-Institut, Germany). The cells wepelleted and resuspended in 300ul of
ice-cold phosphate buffered saline (PBS). The oslse disrupted by sonication and the
sample centrifuged af'@ (15000 x g for 5 min) to separate fractions. Sample aliqb&pl)
were fractionated by SDS-PAGE (12% acrylamide) gitageRuler prestained protein ladder
(Fermentas) as a protein size marker. OverprodudisolubleE. coli MCL (PrpB) (32kDa)
from room temperature induction was confirmed bySSPAGE. In contrast, the His-tagged
Rv1998c recombinant protein (30 kDa) was localisadlusively in the insoluble fraction
(Fig. 8). Induction conditions were adjusted in sduent experiments to optimise for the
production of small amounts of recombinant Rv19p8&itein in the soluble fraction. Fifty ml
cultures were induced at ~I8 at a lower cell density (Q=0.4) with 0.01mM IPTG
overnight in flasks with a large surface area fmplioved aeration, before harvesting by
centrifugation and resuspension in 1ml of lysislumn buffer (50mM Tris-HCI pH7.4, 0.3M
NaCl, 5mM imidazole). Chromotographic enrichment thie His-tagged proteins was
perfomed using His-Bind resin (Novagen). Brieflftea disruption by sonication, 500ul of
cell lysate was loaded onto Ni-nitrilotriacetic @qNi-NTA) agarose (Novagen) with a bed
volume of 200ul. The column was washed with lysikfmn buffer to remove unspecifically
bound proteins. MTB Rv1998c atid coli MCL (PrpB) were each eluted with 1ml of elution
buffer (50mM Tris-HCI pH 7.4, 250mM imidazole). Theluant was supplemented
immediately with 2mM dithiothreitol (DTT) to prevemxidation of any sensitive cysteine
residues. To concentrate proteins for analysis P$-8AGE, ice-cold trichloroacetic acid
(TCA) protein precipitation was done on the 1mlaglu The protein pellet was resuspended in
100 pl sample buffer (10 x concentrate).

3.4 Tetracycline-inducible expression of Rv1998cin MTB

The Rv1998c open reading frame (ORF) was amplifisd PCR in an Eppendorf
MasterCycler Gradient using High Fidelity Phusiaiyiherase (New England Biolabs) using
the primers detailed in Table S. 2. The amplicohictv contains the entire Rv1998c ORF and
its native ribosome binding site (RBS) was clonemvidstream of the tetracycline (Tet)
regulated mycobacerial promoter, BtetO, carried on the episomal plasmid, pSE100 (Ehrt
al., 2005) by insertion between tHgamHI and Sphl sites of the vector. The resulting
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construct, pSE100::Rv1998c, was confirmed by DNAusacing of the region spanning the
upstream tet-promoter to several bases after tieobthe Rv1998c ORF. pSE100::Rv1998c
(Fig.S. l.iii and Table S. 1) and was co-electrapent into wild type H37Rv together with the
integrative vector, pMC1s, which carries the Teressor (TetR) under the control of a strong
mycobacterial promoter and directs integrationhaf BmytetR fusion at theattB site of the
chromosome. Recombinants were selected on 7H10pdafas that contained 50ug/ml Hyg,
25ug/ml Km without anhydrotetracycline (AHTc) induwc To assess the possible MCL
function of Rv1998c in a background devoid of MGlIné&tion attributable to ICL (Goulet
al., 2006), a construct driving Tet-regulated exp@ssf Rv1998c was also introduced into
the ICL-deficient mutant of H37R\W(cl::hyg). However, since thaicl1::hyg mutant carries a
hyg resistance marker which precluded the use of p@ER01998c, an alternative expression
strategy was employed in which the integrative mecpMC1lm (Ehrtet al., 2005), which
carriestetR under the control of a mycobacterial promoter mieimediate strength was
modified to carry bothetR and RyctetO. An Spel (blunted with Klenow) Clal digest of
PSE100::1998c was used to excise the 1306-bp fragomntaining the RcitetO::Rv1998c
transcriptional fusion. This fragment was clonetbi@lal / Pwull digested pMC1m and the
final construct, pMC1m::RdetO::Rv1998c (Fig.S. l.iv and Table S. 1) was eledrafed
into theAicl1::hyg mutant strain. Confirmation of the transformarasbouring the integrated
and / or episomal plasmids was done by PCR (seke T®al® for a description of the primers
and amplicon properties).

3.5 Preparation of MTB cell-free extracts

Bacteria were grown to late log phase ¢P0.7-1.0) in 7H9 broth or propionate-containing
media. Twenty ml of cultures were induced with AHatca concentration of 100ng/ml for 20
h for maximal expression (Ehet al., 2005), and collected by centrifugation (110 for 20
min). The pellet was washed three times with phasgbuffered saline containing 0.05%
Tween-80 (PBST) and resuspended in 2ml of assaferbuEells were disrupted by bead
beating (Savant Fastprep FP120) with 0.1mm zireseitiga beads (Bio101 lysing matrix B)
for 3 x 60s, and cooled on ice between bursts.detdrwere clarified by centrifugation (15000
x g for 15 min) and the aqueous solution filtered tiglo a 0.45um PVDF membrane filter

42



(Millex). Protein concentrations were determinethgshe Biorad Protein Assay based on the
method of Bradford (Bradford, 1976). A standardveuwas generated with bovine serum

albumin (Sigma). Cell extracts were used immedydita enzymatic assay.

3.6 2- Methylcitrate lyase assays

Lyophilised threo-2-methylisocitrate, the racemic mixture of (2R 3Fnd (2S,3R)-2-
methylisocitrate, received as a kind gift from M. Brock (Hans-Kndll-Institut, Germany)
was dissolved in 0.5M NaOH and heated at®%or 20 min to saponify the lactone ring.
Saponified 2-MIC was diluted into 1M KIRO, at pH 7.0, before use in assays. MCL activity
was measured by following the lactate dehydroge(ia3el)-mediated reduction of pyruvate
to lactate with concomitant oxidation of NADH (Wam;, 1970). The 1-ml reaction mixture
contained 50mM KKPO, at pH 7.0, 5mM MgGl 0.1mM NADH , 7U LDH (Roche), 2mM
DTT and and cell free extract (5-100ug in 5-100kactions were preincubated for 5 min
and started by addition of 2mM 2-MIC (effectivelglhthe concentration of the biologically
active isomer (2R,3S)-2-methylisocitrate (Darle§032)). 2-MIC-stimulated NADH oxidation
was measured spectrophotometrically at 340nm usiiegstandard extinction coefficient
6.22mM* for a 1cm path length. Background was measuredsabtracted by carrying out
mock reactions without addition of 2-MIC. Calcutats were done using the equationefl=
whereA is the change in absorbanc/ménis the molar extinction coefficient,is the change

in concentration (moles/litre) ands the pathlength.

3.7 Gene expresson analysis by real-time quantitative reverse
transcription-PCR (qRT-PCR)

The level of expression of theapD (Rv1130),icl (Rv0467) andmutB (Rv1493) genes in
H37Rv cultured on 7H9, propionate with and witheitamin B, and valerate with vitamin
Bi, was determined by gqRT-PCR. Cultures were growmid-log phase (OBo = 0.4),
bacteria were harvested and RNA extracted usinggdiRBigma), as previously described
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(Downing et al., 2004). The cell suspensions were transferredub@s containing Lysing
Matrix B (Q Biogene) and lysed in a ribolyser (Satvkastprep FP120) for three cycles (20
seconds at speed 6) with cooling on ice for 1 métwken pulses. Samples were then
centrifuged (1500& g for 45 seconds), and the solution above the baadscellular debris
removed to a tube containing 30®f chloroform/isoamyl alcohol (24:1 v/v) and Peasck

gel (Heavy; Sigma). Samples were mixed by rapi@iswn for 15 s and then periodically for
2 min before centrifugation (15000g for 5 min). The top aqueous layer was transfetoed
fresh tube and an equal volume of isopropanol adaedsamples incubated overnight & 4
Precipitated nucleic acids were collected by ckrmgstion (15006 g for 20 min at 4C), and
pellets washed with 70% ethanol and air dried. ErRNA samples were treated with DNase
| (Ambion) by incubation at 3T for 60 min and purified further using an RNeasy k
(Qiagen) according to the manufacturer's instrucdioThe concentration of RNA was
estimated using AdA2so spectrophotometric readings and the quality offigadr total RNA
was assessed by gel electrophoresis (2% agard$é;3DS). Samples were then subjected to
a final DNase | treatment using the Ambion DNA-fP&&kit, according to manufacturer’s
instructions. Synthesis of cDNA was carried ouB@tC for 30 min using 500 ng of RNA in a
20 pl reaction mixture containing 1x PCR bufferheiit MgCh (Roche), 12.5 nM reverse
primers, 4 mM MgCJ, 0.8 mM dNTPs, 3% DMSO and 1 ul of Enhanced Avreverse
Transcriptase (Sigma), in an Eppendorf MasterCy€entrol reactions containing no reverse
transcriptase were established in parallel to aska®ls of contaminating DNA. For gRT-
PCR, 2 ul of cDNA was used for amplification withghtCycler FastStart DNA Master
SYBR Green | kit in the Roche LightCycler (versidn5). Absolute quantifications of
transcript levels using standard curves were peradrwith the LightCycler software (version
4.0). Absolute numbers of transcript were normdligethe number afigA transcripts in the
same sample and the normalised data were compattechevmalised transcript levels in the
7H9 control. The analysis was performed in trigkcaiological samples, each in duplicate.
Primers used were designed using the Primer3 desagramme (http://frodo.wi.mit.edu/cgi-
bin/primer3/primer3_www.cgi) and are detailed irbleaS. 2. The primers used to determine

SigA transcript levels for normalization were as déssutiby Dawest al (Daweset al., 2003).
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The pairedt-test was used to assess statistical significafigeio-wise comparisons using

GraphPad Prism software (http://www.graphpad.camtkgalcs /ttestl .cfm).

Tet-regulated expression of Rv1998c under the obafrthe R,y.itetO promoter-operator was
analyzed by semi-quantitative RT-PCR using the ergandescribed in Table S. 2. cDNA
synthesis was carried out as described above anof 2DNA or genomic DNA standard was
used for PCR amplification in an Eppendorf Masteley Products were visualised on a 2%

agarose gel.
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4 RESULTS

4.1 Pathways for propionate metabolism in MTB deduced from
bioinformatic analysis

Early evidence for odd-chain fatty acid metabolismMTB stems from studies in which
respiration on heptadecanoic acid{Gvas observed (Bloch and Segal, 1956). At theeaiut
of this study, preliminary experiments that wenmexd at assessing the ability of the H37Rv
strain of MTB to grow on propionate revealed thaipionate did indeed support growth of
H37Rv as an odd-chain fatty acid carbon sourcea(aat shown). Similar findings were
independently observed and subsequently publisiyedtter groups (Changt al., 2007;
Mufioz-Elias and McKinney, 2005; Mufioz-Eliesal., 2006). However, at the time of these
initial investigations, no propionate oxidation Ipaays in MTB had been functionally
characterised, prompting a detailed bioinformahalgsis of potential propionate oxidation
pathways in MTB to be undertaken based on its cetapfjenome sequence (Caleal.,
1998). Using search terms and sequences seleateddany to information obtained from the
KEGG (Kyoto Encyclopedia of Genes and Genomes) wmth database
(www.genome.jp/kegg/pathway.html), keyword and BOAS  searches
(http://genolist.pasteur.fr/TubercuList/) agairtse tMTB genome (Colet al., 1998) revealed
the presence of two putative pathways for propemaetabolism, namely the methylmalonyl

pathway and the methylcitrate cycle (Fig. 2).
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Fig. 2 Predicted pathways of propionate metabolismin MTB

Catabolism of alternative carbon sources includidg- and branched-chain FA, branched-
chain amino acids (BCAA), and cholesterol generatepionyl-CoA as a three-carbon3fC
terminal product. Propionyl-CoA can be oxidisedgtcinate through either the methylcitrate
and glyoxylate cycles or the methylmalonyl pathwilethylcitrate cycle enzymes include
methylcitrate synthase (MCS), MCD and MCL. Glyoxglaycle enzymes are ICL1, which
also provides the methylisocitrate lyase (MCL) dttiin MTB (Gould et al., 2006; Muiioz-
Elias et al., 2006), and MLS. Methylmalonyl pathway enzymes gm@pionyl-CoA
carboxylase (PCC), methylmalonyl-CoA epimerase (MBICand methylmalonyl-CoA
mutase (MCM).

4.2 Constituentsof the methylmalonyl pathway

The first step of the methylmalonyl-CoA pathway catalyzed by a propionyl-CoA
carboxylase (PCC; Fig. 2). The PCC fr&neptomyces coelicolor has been characterised in
detail and shown to consist of three different congnts: a larger subuni chain) with the
ability to carboxylate its covalently bound biotinoup (AccA2), a smaller subun{§ Cchain)
bearing the carboxyltransferase activity (PccBY #re thirde subunit essential for maximal
activity of the complex (Peg (Diacovichet al., 2002; Rodriguez and Gramajo, 1999). Two

separate reactions are catalysed by this enzyme:
HCO; +Mg-ATP + enzyme-biotin. enzyme-biotin-C@ + Mg-ADP + Pi
Enzyme-biotin-C@ + propionyl -CoA~ enzyme-biotin + methylmalonyl-CoA

Several complexes have been purified from a nunobearther actinomycetes (Erfle, 1973;
Haaseset al., 1982; Hunaiti and Kolattukudy, 1982). These cawpk are referred to as acyl-
CoA carboxylases (ACC) as they are able to carladeyhcetyl- propionyl-, or butyryl-CoA.
The MTB genome contains several genes encodingrditiea (accAl, accA2 and accA3) or

B (accD1-6) subunits, which together form at least three imist multi-functional ACC
complexes. These presumably serve distinct bickbgimles in providing malonyl-,
methylmalonyl-, or ethylmalonyl-CoA extender unifsr the biosynthesis of different
polyketides and fatty acids (Col# al., 1998). Of the si3 subunits encoded by MTB,
BLAST analysis identified AccD5 as having the highleomology (65% sequence identity) to

the3 subunit of the characterised PCC comple$.aoelicolor (PccB). However, the aspartic
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residue (D422) believed to be responsible for satestselectivity in PccB is replaced by a
cysteine (C437) in the AccD5 of MTB (Diacoviehal., 2004). However Gaget al. found
that replacing the aspartic residue of PccB witltyateine did not alter specificity for
propionyl-CoA (Gageet al., 2006). The protein sequences of the carboxyteaasés found in
MTB and other actinomycetes were analysed using st@iww (Version 2;

www.ebi.ac.uk/Tools/) and used to construct a pygieetic tree (Fig. 3).

MTB_AccD5
Pa_PccB
Sc_PccB
MTB_AccDé
Sc_AccB
MTB_AccD4
Co_AccD3
Cy_AccD?
Cq_AccD1

Fig. 3 Phylogenetic analysis of B subunits of ACCase complexesfound in actinomycetes
The phylogenetic tree was generated using Clusfal Whe organism abbreviations are MTB,
M. tuberculosis; Pa,Propionibacterium acnes; Sc,S. codlicolor; Cg,C. glutamicum.

Consistent with the clustering of AccD5 with PCCdisem other actinomycetes, the PCC
complex in MTB, which was biochemically charactedsy others during the course of this
study, was found to comprige 3 and ¢ subunits encoded bgccA3 (Rv3285) andaccD5
(Rv3280) cotranscribed withccES (Rv3281), respectively (Gaget al., 2006; Ohet al.,
2006).

PCC stereospecifically synthesises (S)-methylmddl@oA. Either the (R) or (S) enantiomer
of methylmalonyl-CoA can be used as the chain ehignsubstrate by mycoserosic acid
synthase-like enzymes for multimethyl-branchedyfatid biosynthesis (Rainwater and
Kolattukudy, 1985). This is contrary to the MCM whirecognises only the R-stereoisomer of
methylmalonyl-CoA mutase (Retey and Lynen, 1964)thee methyl group of the S-isomer
would sterically clash with Tyr-89 (see below), shrexcluding it from the active site (Banerjee
and Vlasie, 2002). This diversion is rectified bhyethylmalonyl-CoA epimerase (MMCE)
which catalyses the conversion of the (S)-methytmglCoA to the (R)-methylmalonyl-CoA
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configuration, keeping the methylmalonyl-CoA enanters in isotopic equilibrium (Reszko
et al.,, 2003). Based on BLAST analysis, Rv1332A was assigas the putative MMCE in
MTB with approximately 60% similarity to characeed MMCE from other bacteria (Bobik
and Rasche, 2004; Leadlay, 1981).

The MTB genome was analyzed further for a MCM resjtale for the catalysis of the carbon
skeleton rearrangement of (R)—methylmalonyl-CoA diaccinyl-CoA in a vitamin B
dependent manner (Fig. 2). MTB contains orthologufethe MCM genes (Colet al., 1998;
Fleischmannet al., 2002), with Rv1492 njutA) and Rv1493 routB) annotated as th@
(65kDa)anda (80kDa) subunits, respectively, of the MCM heténmoet. Cluster analysis
grouped the MTBRx subunit withmutB from P. shermanii (Fig. 4) These branched separately
from the MeaA fromS. cinnamonensis, a B»-dependent MCM-like protein (Smité al.,
1996; Zhang and Reynolds, 2001) and the homodinv&@i, sleeping beauty mutase (Sbm)
from E. coli (Fig. 4) (Froeset al., 2008; Halleret al., 2000).

, ME_Meal
' 5C_Meah
EC_Shm

P5_MutB
MTE_MutB
SC_MutB

Fig. 4 Phylogram of MutB orthologues

The phylogram was generated by ClustaW2 and shdustedng of Methylobacterium
extorquens AM1 (ME) MeaA; Genbank accession number AAC4408&reptomyces
cinnamonensis (SC) MeaA; Genbank accession numA&G40840, M. tuberculosis (MTB)
MutB; Genbank accession number CABO20#&#8ppionibacterium shermanii (PS) MutB,;
Genbank accession number P116B3¢coli (EC) Sbm; Genbank accession number P27253
andStreptomyces cinnamonensis (SC) MutB; Genbank accession numRQe5065.

Key prerequisites including putative RBS sequermed lack of stop codon interruptions
within the ORFs of interest were noted. Each ORBE fuather analysed for the conservation
of signature motifs and important amino acids. Othlg largera subunit has a C-terminal

coenzyme B, binding domain characterised by the presence ofctiveserved DXHXXG

motif (Marsh and Holloway, 1992), and presumablydsi a single molecule of cofactor per
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heterodimer. The entire constellation of conseraetive site residues, Y243 (Y259), H244
(H260), Y89 (Y105) and R207 (R223) are presenthct subunit (using the MCM fror.
shermanii as reference numbering (Banerjee and Vlasie, 2@@B)the corresponding MTB
numbering shown in brackets). These active sitedues form an aromatic corridor for
substrate placement and play critical roles in i@dimig radical reactivity and protect against
inactivating side reactions such as electron tearfsbm cob(ll)alamin to the substrate leading
to hydroxycobalamin (OHCbl) formation (Thonsaal., 2000; Vlasie and Banerjee, 2004).
Further stabilization by an auxiliary protein whicohmplexes to MCM, known as MeaB, is
thought to protect against this suicidal inactiwatduring the course of turnover (Korotkova
and Lidstrom, 2004; Padovani and Banerjee, 200@npting an extended enzyme half-life
(~170 min forP. shermanii MCM; (Thomaet al., 2000)). Rv1496 was assigned as the
putativemeaB orthologue, showing high homology (40-70% simitlgrito meaB from other

organisms.

Notably, the MTB genome encodes threg-@ependent enzymes (Code al., 1998), and
while polymorphisms in the ribonucleotide reductéi3aweset al., 2003; Tsolaket al., 2004)
and the methionine synthase (Fleischmahral., 2002; Warneret al., 2007) have been
reported in clinical strains, the MCM is highly camved. Importantly, close inspection of this
locus in clinical strains F11, CDC1551, Haarlem d&hctlinical strains showed no allelic

variation.

Interestingly, bioinformatic analysis of tmautAB operon revealed a predictethzEF-type
toxin-antitoxin (TA) module encoded by Rv1494 and1R95, respectively, embedded
betweenmutAB and the putativeneaB. Toxin-antitoxin (TA) systems were originally fodin
associated with low copy number plasmids, increpsite effective stability by selectively
eliminating plasmid-free progeny (post segregafickiling; (Yarmolinsky, 1995)). The
molecular basis underlying this ‘addiction’ is bdsen the rapid degradation of an unstable
antitoxin protein, releasing stable toxin from thA& complex to exert its lethal activity in
plasmid free daughter cells. In this way mainteeanitthe plasmid is ensured. Although their
function is the subject of intense interest andatiebit has been proposed that chromosomally
encoded TA modules may function in genome stalitnaby limiting the loss of flanking
DNA (Szekerest al., 2007). Therefore, it is conceivable that thazEF-type TA module
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may stabilise thenutAB-meaB locus through a TA-dependent mechanism (Szekarek,
2007).

4.3 Vitamin B, supplementation enables a functional methylmalonyl
pathway

Since it appeared that MTB possessed the completaplement of genes for the
methylmalonyl pathway, thewtAB gene predicted in the bioinformatics search to foart

of the methylmalonyl pathway in H37Rv was in pastated by allelic exchange mutagenesis
(Fig. 5a) and the mutant strain assessed for pmapeoutilisation. Surprisingly, growth of
AmutAB on 0.1% propionate was indistinguishable from wilgpe (Fig. 5b.i). These
observations established that the methylmalonyhyway was not essential for growth on
0.1% propionate. Furthermore these results indidhte functionality of the alternate

propionate oxidizing pathway in MTB, the methylatt cycle.

During work probing the functionality of the;Bdependent methionine synthase, MetH, in
MTB, it was discovered that it was necessary tgkment growth media with vitamimBto
facilitate operation of this enzyme (Warretral., 2007). Since MCM also requires a vitamin
Bi-derived coenzyme for functionality, the propioratataining culture medium was
supplemented with vitamin ;B to ensure that this coenzyme was not deficienow®@r on
0.1% propionate was enhanced in the presence ahiitB,, supplement (Fig. 5b.ii). This
suggested that MTB may not synthesise the coenzyeessary for MCM activity under
these conditions. Since MTB possesses two othemuit B ,-dependent enzymes, it was
important to determine if the growth advantage raliéa by vitamin B, supplementation was
specifically mutAB-dependentAmutAB was grown in 0.1% propionate media supplemented
with vitamin By, (Fig. 5b.ii)). Growth of AmutAB with vitamin B, was similar to H37Rv
without vitamin B,. This indicates that this growth advantage is m@wedi specifically by
MCM (Fig. 5b.ii) and that exogenous vitamin.Exerts no observable pleiotropic effects on
propionate metabolism. As growth AmutAB was not abolished under conditions of vitamin
B1, supplement, it was evident that vitamin,Blid not negatively regulate the alternative
propionate metabolic pathway. Since the methyli@t@athway appears not to be negatively

regulated by vitamin B the activity of the methylmalonyl pathway is u@ik to be soley
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responsible for the improved growth on vitamig-Bupplemented propionate. The growth of
the complementedmutAB mutant in the presence of vitamin,Bvas similar to that of wild

type with vitamin B (data not shown).

It was considered that higher concentrations ofpjarmate may demand the synergistic
operation of two or more propionate oxidizing patlya. Therfore, 0.2% propionate was
subsequently used to further dissect out any plessibntribution to growth by the

methylmalonyl pathway. Growth &fimutAB was retarded relative to H37Rv (Fig. 5b.iii). This
observation was contingent on vitamin, Bupplementation as growth of H37Rv on 0.2%

propionate without vitamin B supplement is similar tdmutAB (results not shown).

Therefore, in summary, the observations displayedrig. 5 established the following: (i)
MTB does not synthesise the necessary coenzyméeddor MCM activityin vitro under
the conditions tested; (ii) the growth stimulatefffect of vitamin B, is strictly dependent on,
and mediated bymutAB as improved growth is restored in the reversiontami,
AmuUtAB::mutAB; (iii) the methylmalonyl pathway enzymes, namel¢@® MMCE and
vitamin B;,-dependent MCM are functional, and; (iv) more tleare propionate oxidizing

pathway may be required for optimal growth of MGB 0.1 and 0.2% propionate.
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Fig. 5 Construction and characterisation of the AmutAB mutant of MTB H37Rv

a. Construction and genotypic characterization of AmutAB and its reverted (knock-in)
derivative (AmutAB::mutAB)

The mutAB and flanking genes are shown as solid arrows @actle). The line drawing
above shows the 2342-bp segment internahutAB that was deleted in th&mutAB mutant
strain (hatched box). For the Southern blot analirsght), genomic DNA from the wild type,
AmutAB and revertedmutAB::mutAB) strains was digested witBphl which cuts on either
side of the deleted region to produce a 5870-bgnient from H37Rv andmutAB::mutAB
and a 3528-bp fragment frodmutAB which were detected using the PCR-generated probe
denoted by a grey box.

b. Growth of AmutAB on propionate

(i) Growth of H37Rv @) andAmutAB () on 0.1% propionate.

(ii) Improved growth of MTB on 0.1% propionate slgpented with vitamin B is mutAB-
dependent. H37Rv with{) and without @) vitamin B,,; AmutAB with (¢) and without #)
vitamin By,.

(ii) Improved growth on 0.2% propionate supplengehtwith vitamin B, is mutAB-
dependent. <), AmutAB; (A), AmMutAB containing the revertedmutAB allele
(AmutAB::mutAB) ; (m), H37Rv.
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4.4 Constituentsof the methylcitrate cycle

The MTB genome encodes homologues of M@®C; Rv1131) and MCDgrpD; Rv1130)
which are part of the same operon (Fig. 2). Sigariftly, no MCL-encoding homologue
(prpB) was immediately evident, despite the presencepr@B homologues in other
mycobacteria in an operonic arrangement \pigbD andprpC (Claeset al., 2002; Upton and
McKinney, 2007). This suggested that a non-orthalsgenzyme may have taken over the
role of the classical MCL (PrpB) enzyme in MTB. TNECL (PrpB) enzyme catalyses the
cleavage of 2-methylisocitrate to succinate andiygte, analogous to the reaction catalysed
by ICL in the glyoxylate cycle (Fig. 2). Althougl. coli ICL has no activity on 2-
methylisocitrate (Liwet al., 2005), some activity for 2-methylisocitrate, atlie50-fold lower
than the activity for the cognate substrate, isat@t has been reported for the ICL enzymes
from Neurospora crassa, Pseudomonas indigofera, Chlorella vulgaris (McFaddenet al.,
1972) andSaccharomyces cerevisae (Luttik et al., 2000). At the time of this bioinformatic
analysis, it had been proposed that the substedetvity of these two enzymes could be
attributed to steric restrictions: the methyl gro{@-CHs) present in pyruvate, but not in
glyoxylate, could be accommodated by a hydrophdlejoression in PrpB formed by F186,
L234 and P236 (using tHe coli PrpB numbering) that is not present in ICL (Griretral.,
2003). W283, F345 and T347 are the equivalent cuaderesidues in ICL1 of MTB. In
MTB, modeling predicted that addition of the metigybup to the glyoxylate bound in the
ICL enzyme would form short van der Waals contadihw 347 thereby precluding 2-
methylisocitrate from being accommodated in therbgtobic pocket of ICL (Grimnet al.,
2003; Liuet al., 2005; Simanshet al., 2003). A T347A substitution in ICL1 (reducing the
size of the side chain) was proposed as a wayhieae reversal of substrate specificity (Liu
et al., 2005). However, since all characterised ICLs héeeidentical binding pocket triad to
MTB ICL1 (Grimm et al., 2003; Liuet al., 2005), these predictions were inconsistent with
reported activity of ICLs on 2-methylisocitrate, mgntioned above. Therefore, ICL could not
be absolutely excluded as a candidate PrpB in MTiBportantly, however, the ICLs with
minimal MCL activity from Aspergillus nidulans and S. typhimurium are unable to support
growth of these organisms on propionate as a sul@oao source (Brock, 2005; Horswill and

Escalante-Semerena, 1999; Prablal., 1994). Further differences in the enzyme actite s
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may account for the minimal MCL activity observedtihese ICLs. It has been proposed that
for substrate binding and catalysis a drastic aonédional change of a loop spanning 10-11
amino acid residues containing the signature semuKKCGH in all ICLs and KRCGH in all
MCLs, including the active cysteine, is necessdnyportantly, mutation of KKCGH to
KRCGH in the ICL fromE. coli led to an 89% loss of activity (Rehman and McFacde
1997). Overall, the evidence suggested very ldtlerlap in function, with MCLs possessing
no ICL activity (Brocket al., 2001; Grimelet al., 2003; Liuet al., 2005) and ICLs possessing
minimal MCL activity. This provided the rationalerfpostulating that an enzyme other than

ICL may perform the MCL function necessary for gtbwf MTB on propionate.

4.4.1 Ildentification of Rv1998c as a putative MCL

Bioinformatic analysis identified a single MCL caddalte in the MTB proteome, namely, the
conserved hypothetical protein (CHP), Rv1998c, Wihielongs to the Cluster of Orthologous
Groups (COG) 2513 (Tatusaat al., 1997). Members of COG 2513 are part of thé3)s
ICL/ PEPM enzyme superfamily and include, amongkers, phosphoenolpyruvate mutase
(PEPM) and MCL.

PEPMs are involved in the formation of C-P bondsthe biosynthesis of phosphonate
secondary metabolites (Hidakhal., 1990; Pollacket al., 1992). Interestingly, MCL shares
greater sequence similarity with PEPM enzymes (B&)3than with ICL (23-32%) (Jiet al.,
1999). Structure-function analyses have shown that mutases catalyse very different
reactions to the lyases (Britt@hal., 2001, Liuet al., 2002; Sharmat al., 2000), but despite
this divergent chemistry, the same catalytic sd¢dffe conserved (Huang al., 1999; Liuet
al., 2004), which accounts for high structural simildconservation. The core residues
characteristic of the ICL/PEPM family members aomserved as they bind the common
substratea-C(=0)COO unit and the Mg cofactor (Luet al., 2005) (Fig. 6). The core

chemistry involves the stabilization of an oxyaniotermediate.
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PrpB e VBLHSPGKAFRAAL TKENPLQ VGTI NANHALLAQRAGY 39
CPEP e MAVTKARTFREL MNAPEI LVWPSAYDAL SAKVI QQAGF 38
PDP MAPPNGTTNGETEVATQGSYTAVSTGRKTTVHRL | EEHGSVL MPGVQDAL SAAWEKTGE 60
PEPM ~ eeeeememeeeeeoaas MBTKVKKTTQLKQVLNSKDLEFI NEAHNGL SARI VQEAGF 40
RV1998C ~ smmmmememeeeioiaoaos MBFHDL HHQGVPFVL PNAWDVPSALAYLAEGF 32
.. . . * * .
PrpB QAl YLSGGGVAAGSLGLPDLG STLDDVLTDI RRI TDVCS- LPLLVDADI GFGSSAFNVA 98
CPEP PAVHMT GSGTSASM_GL PDL GFTSVSEQAI NLKNI VLTVD- VPVI MDADAGYG- NAVBVW 96
PDP HAAFVSGYSVSAAM.GL PDFGLL TTTEVWEATRRI TAAAPNL CVWVDGDTGGG GPLNVQ 119
PEPM KG WGSGLSVSA- QL GVRDSNEASWIQVVEVL EFNBDASD- VPI LLDADTGYG- NFNNAR 97
Rv1998c TAl GTTSFGVSS- SGGHPDGHRATRGANI ALAAALAPLQC- - YVSVDI EDGYSDEPDAI A 89
. « * * . . ek e %
PrpB RTVKSM KAGAAGLHI EDQVGAKROGHRPN- - KAl VSKEEMVDRI RAAVDAKTDPDFVI M 156
CPEP RATREFERVG VGYHLEDQUNPKROGHLEG - KRLI STEEMTGKI EAAVEAREDEDFTI | 154
PDP RFI REL| SAGAKGVFL EDQUPKKCOGHVRG- - KAVWPAEEHAL KI AAAREAI GDSDFFLV 177
PEPM RLVRKL EDRGVAGACL EDKL FPKTNSL HDGRAQPLADI EEFALKI KACKDSQTDPDFCI V 157
Rv1998c DYVAQLSTAG N-- - | EDSSAEK- - - - - = - - - - - LI DPALAAAKI VAI KQ - RNPEVFVN 133
. * k% * .  k * . . . .
PrpB ARTDALAV- EGLDAA- - | ERAQAYVEAGAEM.FPEAI TELAMYRQFADAVQVPI LANI TE 213
CPEP ARTDARES- FGLDEA- - | RRSREYVAAGADCI FL EAM_DVEEMKRVRDEI DAPLLANWE 211
PDP ARTDARAP- HGLEEG- - | RRANL YKEAGADATFVEAPANVDEL KEVSAKTKGLRI ANM E 234
PEPM ARVEAFI AGAGLDEA- - L KRAEAYRNAGADAI L VHSKKADPSDI EAFMKAWKNQGPWI V' 215
Rv1998c ARVDTYW.RQHADTTSTI QRAL RYVDAGADGVFVPLANDPDEL AEL TRNI PCPVNTLPVP 193
* % .. . . * . * * %k %k - .

PrpB FGATPL FTTDEL RSAHVAMAL YPL SAFRAMNRAAEHVYNVL REGTQKSVI DTMQTRNEL 273
CPEP GGKTPW.TTKELESI GYNLAI YPL SGAWAAASVL RKL FTEL REAGTTQKFWDDVGLKMBF 271
PDP GGKTPLHTPEEFKEMGFHL| AHSLTAVYATARALVNI MKI LKEKGTTRDDLDQVATFSEF 294
PEPM PTKYYKTPTDHFRDVGVSM/ WANHNL RASVSAI QQTTKQ YDD- - - QSLVNVEDKI VSV 272
Rv1998c G - - - - LTI ADLGELGVARVSTGSVPYSAG. YAAAHAARAVSDG: - - - - - - EQLPRSVPY 241
PrpB YESI NYYQY- - EAKLDDLFARSQVK 296

CPEP AELFEVFEYSKI SELEARFVRDQD- 295

PDP NELI SLESWYEMESKFKNFTPKAT- 318

PEPM KEI FRLQRDDEL VQAEDKYLPKN- - 295

Rv1998c AEL QARLVDYENRTSTT- - - - - - - - 258

*

Fig. 6 Amino acid alignment of representatives of the | CL/PEPM superfamily

Multiple sequence alignment using Clustal Versio®.2 PrpB fromE. coli, CPEP
(carboxyPEP mutase) fro®reptomyces hygroscopicus, PDP (petal death protein) frob.
caryophyllus, PEPM fromMytilus edulis and Rv1998c from MTB. The core residues are
highlighted in yellow and the key diversificatioesidues (glutamic acid and cysteine) shown
to be essential for isocitrate and methylisocithgdse activity are denoted in red italics.
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Overall this family of proteins comprises an evanarily diverse group of enzymes, which
include oxaloacetate acetylhydrolase (OXAHYD), pitamnopyruvate hydrolases (PPYRH),
and ketopantonoate hydroxymethyl transferase (PANIBgse all catalyze different reactions
by binding substrate differently inside the barflgu et al., 2005). This diverse functional
specialization from the members of this family miegd to different undiscovered functions
for the remaining CHPs which fall within this sufaenily.

Consistent  with inclusion of Rv1998c in the ICL/MEP family, Modbase
(http://modbase.compbio.ucsf.edu/), a three-dinmvadi protein structure database, threaded
the Rv1998c protein sequence most closely with ¢tteer members of this family, namely
PrpB of E. coli Template Protein Data Bank (PDB) code: 1mumA , Zeguence identity
(Psi-Blast e-value 8e-36); and with another protdso having MCL activity (Liet al., 2005;
Teplyakovet al., 2005) called petal death protein (PDP DPoénthus caryophyllus PDB code:
1zIpA, 22% sequence identity (Psi-Blast e-value€4g In addition, homology modeling of
Rv1998c was carried out by the Robetta servep:(hMtww.robetta.org/), using. coli PrpB

(Fig. 7).
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Fig. 7 Modd of Rv1998c fitted to PrpB of E. coli

Superimposition oin silico-modeled Rv1998c (blue) and the X-ray crystal stmecofE. coli
PrpB (turquoise). Spdb viewer was used to gendhraesuperimposed image. Rv1998c is
merged with PrpB where the trace of the polypeptitkin is similar. The open conformation
of the active site loop which is the conservedlgatascaffold regulating solvent access in the
apo structure is marked in black and containsythsed signature motif KRC*GH (absent from
Rv1998c) highlighted in red. In Rv1998c, this aetsite capping loop is truncated. The amino
acids (usinge. coli PrpB numbering) around the active residue C12B®KR C*GH motif
and the catalytic E188 residue are drawn with te shains in red. The amino acid residues
F186, L234 and P236 that form the hydrophobic pbeke colored in green. Mgis shown

as a pink sphere.
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Notably, a cysteinyl residue that is the active sésidue for the C-C lyases, surrounded by
the scaffold residues, KBEGH, which form the active site gating loop, is sonserved in the
PEPMs (Grimelet al., 2003; Nimmoet al., 1989) and is similarly absent in Rv1998c (Fig. 6
and Fig. 7). However, since Rv1998c was the onhydimiate enzyme identified as part of
COG 2513 in MTB, the possibility that Rv1998c hasidual MCL activity by virtue of a
novel nonorthologous catalytic mechanism, was mgated.

4.4.2 Analysisof the MCL function of Rv1998c

4.4.2.1 Over-expression of Rv1998cin E. cali

Recombinant His-tagged Rv1998c was over-expressé&d ¢oli in order to assess whether
this protein possesses detectable MCL activity.ikénthe recombinani. coli PrpB control,
which was highly soluble, the His-tagged Rv1998combinant was found to be highly
insoluble under the conditions tested (Fig. 8).
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Fig. 8 Expression of recombinant Rv1998c in E. coli

a. Schematic representation of expression vector pQE30xa::Rv1998c

Rv1998c was fused in-frame to an N-terminal Histiader the control of thie.c operator.

b. SDS-PAGE analysis of expression of recombinant, His-tagged forms of MTB Rv1998c
and E. coli PrpB in E. coli

Samples taken 30, 60 and 120 min after IPTG indoctrere fractionated by SDS-PAGE on
12% polyacrylamide gel. The soluble and insolubéetions from the various samples were
loaded on separate gels for analysis of recombifoants of PrpB fromE. coli and Rv1998c
from MTB.

Conditions were therefore varied by changing tingpterature and length of induction (refer to
section 3.3) in order to identify conditions thabwd allow the expression of a soluble form
of recombinant His-tagged Rv1998c i coli. To detect possible trace amounts of
recombinant Rv1998c in the soluble fraction, thiacfion was concentrated by passage
through a Ni-Sepharose column followed by a TCAcjmi¢ation. The protein pellet was
resuspended in sample buffer and assessed by SB&PAg. 9). However, no protein band
corresponding to His-tagged Rv1998c was visiblecdntrast, as reported by Broekal.,
soluble recombinant PrpB froR coli was readily detected as a band migrating at 3dkDa
the soluble fraction of th&. coli host strain harboring the pQE3#pB expression vector
(Brocket al., 2001).
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32kDa PrpB from E.coli

No detectable band at 30kDa
corresponding to Rv1998c
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Fig. 9 SDS-PAGE of soluble cell extract after affinity chromatography on Ni-Sepharose
column

Aliquots of 5, 15 or 20l were run on 12% SDS-PAGE after affinity chromatgahy and
TCA precipitation of soluble cell extract (10x centrated). Vector only (pQE30xa) and
solubleE. coli PrpB were run as negative and positive contrekspectively.

4.4.2.2 Induction of Rv1998c expression in MTB and MCL assay of MTB cell extracts.

Given the insolubility of this recombinant protein E. coli, possible MCL activity of
Rv1998c in its natural host was investigated. Sguaintitative RT-PCR was used to assess
the expression of Rv1998c in MTB cultured undendéad aerobic growth conditions in 7H9
media (Table 1, column 4). However, no Rv1998c dcapt was detected under these
conditions. This gene has been identified as a reerabthe DosR regulon (Voskugt al.,
2003) which is induced by hypoxia and treatmenhwatv-dose NO (Shet al., 2005). This
gene was thus conditionally expressed by placingnder the control of a Tet-inducible
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promoter (Ehrtet al., 2005) as described in section 3.4. To facilitdegection of MCL
contributions from Rv1998c, MTB harbouring the nedmnant construct was grown in 7H9
medium to an OBy of 0.8-1.0, where levels of ICL1 are low ((Wayneld.in, 1982); Anna
Upton, personal communication) and induced for R8t9%expression.

During the course of this study, biochemical atvdcsural evidence that ICL1 plays a dual
role in the glyoxylate and methylcitrate cycles waslished by Gouldt al. (2006) who
reported some recovery of MCL activity from reconamt ICL1 (ka/ K of 1.74 x16 M

s a measure of catalytic efficiency), although bbte867 fold less thak. coli PrpB , 3678
fold less thamA. nidulans PrpB (using the pure enantiomer of MIC) (Braatkal., 2001) and
2413 fold lower thart. enterica PrpB (Grimeket al., 2003). The crystal structure of ICL1
revealed that the active site could indeed acconateothe additional methyl group of 2-
methylisocitrate. Clearly, the substrate specifiaf ICL1 does not arise from a single
determinant, consistent with other findings whiclggest that the size of the hydrophobic
pocket depends to a large extent on the backb@uemlent of the triad residues (Teplyakov
et al., 2005). Therfore to eliminate any MCL contributittom ICL1, anicll mutant of
H37Rv was constructed using a knock-out vector inbth as a kind gift from Prof. J.
McKinney (EPFL, Switzerland). Thaicll mutant was transformed with the vector carrying
R1998c under control of the Tet-regulated promaed induced similarly. Growth on
propionate of theicll mutant overexpressing Rv1998c was not assessetbdbe absence
of ICL1 activity necessary to support the functiohthe glyoxylate cycle which may be
required in conjunction with the methyicitrate aydbr growth on this carbon source (Textor
etal., 1997; Wangt al., 2003; Wegenest al., 1969).

Induction of Rv1998c expression was monitored biedeng Rv1998c transcript levels by
semi-quantitative PCR (Table 1). Rv1998c was swtug over-expressed in a AHTc-
dependent manner in both wild type H37Rv andAigtl mutant. MCL activity assays were
performed using crude cell extract (Table 1). MT®wan on propionate (which has been
shown to induce ICL1; (Mufioz-Eliaat al., 2006)) was used as a positive control for MCL
activity. The results from one representative expent are shown in Table 1 using the assay
conditions described under in section 3.6 (Brechl., 2001; Mufoz-Eliagt al., 2006). The
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MCL activity for H37Rv grown in propionate (posiéivcontrol) was comparable with that

observed by Muiioz-Elias al. (2006)and served as a positive control.

pSE100::Rv1998c [ | »  Rv1998c¢ -~ |

Fig. 10 Schematic of construct used for Tet-regulated expression of Rv1998cin MTB
Using the episomal plasmid, pSE100 (Edtral., 2005) the region upstream of the start codon
of Rv1998c is replaced with.ftetO.

H37RV:P, fetO [H37RV:R, et0 é'dlt;?ég” H37RV:pSEL00 | i37my
. . mycl’ ;
1998c ::pMC1s |1998c ::pMC1s 1998¢::pMC1m with pMCls
0.1%
Media 7H9 7H9 7H9 7H9 propionatg
AHTc + + + N/A
| —
Rv1998d o——
N/A
SOA | ee— — S —
MCL
L . . <
activity” 2.2 3.4 2 2.6 27.2

Table 1 Conditional expression of Rv1998cin MTB

Semi-quantitative RTor Rv1998c andigA was done on strains harboring episomal Rv1998c
under the control of RcitetO. Columnl, H37Rv::Ryitet01998c with pMC1ls induced,
Column2, H37Rv::Ryc1tet01998c::pMC1s uninduced, Column3,
Aicl1::hyg::Pmyctet01998c::pMC1m induced; Column4, H37Rv::pSE100Gds induced.
Control reactions without reverse transcriptaseatd no contaminating DNA (not shown).
MCL enzyme activity in cell free extracts of MTBUnits are defined as nanomoles of 2-
methylisocitrate-stimulated NADH consumption rifitmg protein)* in the cell free extract.
The detection limit was 2 nmol milnmg*. Representative data from one experiment of two
are shown.
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No increase in MCL activity was detected in celtragts from any of the cultures in which
Tet-induced Rv1998c transcript was detected. Furthecomplete loss of detectable MCL
activity was found in cell extracts induced for R98c, but lacking ICL1. This experiment
was repeated with cultures induced for 6 h to misénthe potential toxicity of high protein
expression levels, but similar findings were oledir{data not shown). (Mufioz-Eliasal.,
2006). The absence of MCL activity in thecll strain of H37Rv grown in 7H9 is consistent
with the undetectable levels of MCL activity subseuatly reported for thaicll Aicl2 strain

of Erdman grown in 0.2% glucose (Mufoz-Elias al., 2006). Together, these results
indicated that Rv1998c does not provide detectddfel activity in MTB under the
conditions tested.

4.4.3 Deetion of Rv1998cin the Aicll mutant of MTB Erdman

In terms of ICL function, an important differencgists between the H37Rv and Erdman
strains of MTB. Erdman has two distinct ICL-encagligenes,icll andicl2 (Honer Zu
Bentrupet al., 1999). Thacl2 (or aceA) gene encodes a functional ICL enzyme, although no
MCL activity was detected for this proteincfk< 1x10° s%). In H37Rv and other strains
belonging to the Euro-American lineage, #ueA gene is split into two open reading frames,
aceAa (Rv1915) andiceAb (Rv1916) which precludes the formation of ICL2 iBHRv either

as a single protein or through the associationhef separat@ceAa and aceAb modules.
Consequently, in H37Rv, both ICL and MCL activisygrovided exclusively by ICL1.

Despite the evidence that ICL1 provides MCL acyiwit MTB, anicll mutant of the Erdman
strain was still able to grow (albeit poorly) oropronate (Mufioz-Elias and McKinney, 2005).
Since recombinant ICL2 possesses no detectable &tG\Vity, the poor growth of this mutant
on propionate (Linet al., 2008; Mufioz-Elias and McKinney, 2005), combinedhwthe
residual MCL activitydetected in cell extracts of this strain (2.62 450units;(Mufioz-Elias
et al., 2006)) and the 190-fold lower MCL activity micl1lAicl2 complemented with ICL2
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(4.03 £ 0.90 unitsps compared to ICL1 (771.36 = 83.00 units) (Mufitiaset al., 2006)

supports the existence of another enzyme with M@lvidy in this organism.

To determine whether Rv1998c was accountable fomwiyr of Aicll Erdman MTB in
propionate, a knock-out vector for Rv1998c was troieted (section 3.2) and electroporated
into the Aicll Erdman strain Several attempts were made to obtain single cress-o
homologous recombinants in thell mutant of this Erdman strain although these were
unsuccessful. However, parallel electroporation® ithe MTB H37Rv strain alternately
resulted in several transformants. However, owmingme constraints, these experiments were

suspended.

45 Growth of MTB H37Rv on propionate is attributable to the
methylcitrate cycle

During the course of this study, evidence forftirectionality of the methylcitrate cycle in the
Erdman strain of MTB was reported (Mufioz-Eleisl., 2006). To assess the functionality of
this pathway in MTB H37Rv, and to establish itseral supporting the growth of this strain
on propionate, a mutant of H37Rv with thgpDC genes deleted was generated using the
same suicide plasmid as was used to crediprpDC mutant of the Erdman strain of MTB
(Muiioz-Eliaset al., 2006). As shown in Fig. 11, tipepDC mutant of H37Rv could not grow
on propionate whereas its complemented countegvaw as well as the wild type. These
results confirmed the essentiality of the methydd¢é cycle for growth of H37Rv on this
carbon source, as established previously by Muii@sg al. for the Erdman strain (Mufioz-
Eliaset al., 2006).
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Fig. 11 The methylcitrate cycleisrequired for growth of H37Rv on propionate
The effect of loss oprpDC function on growth of H37Rv#, H37Rv; [, AprpDC; A,
complemented\prpDC mutant AprpDC::prpDC).

4.6 Vitamin B, supplementation enables growth of a prpDC mutant

The results of section 4.3 established that supghéation of propionate-containing medium
with vitamin By, enabled the activity of MCM, thereby facilitatingogvth of MTB on this
carbon source. The ability of the methylmalonylhpedy to support growth okprpDC on
propionate wherthe media wasupplemented with vitamin 1B was therefore investigated.
The results shown in Fig. 12 demonstrate thatiir@DC mutant can indeed grow in vitamin
Bi-supplemented propionate media. Therefore, the yluiifate cycle is conditionally
essential in the absence of vitamif, Bupplement. This finding reinforces the operatbn
the methylmalonyl pathway subject to the avail@&pibf vitamin By, consistent with our
earlier observations of improved growth on vitarBi3 supplemented propionate (Fig. 5b. ii

and iii). These findings also contribute to validgt the existence of a pathway for
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cyanocobalamin uptake into MTB and conversion ®dhtive adenosylcobalamin form by a
functional ATR.

To confirm that growth on propionate supplementgdrzitamin B, was mediated solely by
MCM, a AmutAB AprpDC double mutant was made. This mutant was unablaeiabolise
propionate as indicated by its inability to grow tims carbon source (Fig. 13). However,
reversion of theAmutAB mutation tomutAB” in this mutant backgroundAfutAB::mutAB
AprpDC) restored growth in the presence of vitamin @ig. 13) showing unequivocally that
mutAB encodes a functional apoenzyme which must be stitated with adenosylcobalamin
obtained from cyanocobalamin supplement. HoweVes,reversion mutant did not grow as
well as theAprpDC comparator strain (Fig. 13). The reasons for dlfference are unclear,
but one possibility is that during the three rounéisllelic exchange mutagenesis required for
its construction, the reversion mutant may havedueaently acquired a second site

mutation(s) that adversely affected its growth copponate.

Growth dependent only on the methylmalonyl path\sgrpDC with vitamin By, Fig. 12)
was notably poorer than growth dependent only enntiethylcitrate cycle (H37Rv without
vitamin By, Fig. 11). As addition of vitamin 8 did not enable the equivalent growth of
AprpDC (Fig. 12) to that of wild type growth without vitan B, (Fig. 11), the effect of
increasing concentrations of vitamin,Bsupplement on growth was assessed. Vitamin B
was titrated from 1 to 2@/ml and found to be saturating for growth atug/nl (Fig. 14).
Therefore, the observed growth kineticsApf pDC in propionate supplemented withpdml
vitamin B, (Fig. 12) established that supplementation wittaain B, was not growth

limiting.
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Fig. 12 Growth on propionate supplemented with 10 pg/ml vitamin Bis».
€, H37Rv;, AprpDC; A, complementedprpDC mutant {prpDC::prpDC).
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Fig. 13 Vitamin Bi, supplementation enables mutAB-dependent growth of a prpDC-
deficient mutant of H37Rv on propionate
B, AprpDC; ¢, AmutAB AprpDC; A, AmutAB AprpDC double mutant containing the

revertedmutAB allele AmutAB::mutAB AprpDC).
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Fig. 14 Effect of vitamin Bj, (cyanocobalamin) concentration on growth of the AprpDC
mutant on propionate.

The concentration of vitamin ;B was varied between 1 - 20ug/ml and the correspgndi
growth rate was plotted as a function of g2 time

4.7 Determining propionyl-CoA partitioning through the methylcitrate
cycle and methylmalonyl-CoA pathway by gene expression analysis

The results from sections 4.3, 4.5 and 4.6 confirtirat both the methylcitrate cycle and the
methylmalonyl pathway are functional in MTB. Thealiwidual operation of either pathway
allows for growth on propionate (Fig. 5b and Fig@).1However the relative contribution of
either pathway to growth on vitamin Bsupplemented propionate was not known. In order to
ascertain if the enhanced growth on vitamin, Bupplemented propionate relative to
propionate (Fig. 5b ii and iii) was ascribed to #uivity of both pathways, quantitative gene
expression analysis by qRT-PCR was performed ocectesl genes from the two pathways
(Fig. 15a). Levels oprpD, icl and mutB transcript were determined for bacteria cultured i
propionate by real-time gRT-PCR and normalisedrejahe values obtained from bacteria
grown in Middlebrook 7H9 medium supplemented witR% glycerol, OADC enrichment
and 0.05% Tween 80 to assess any differential atigul of these genes in propionass/H9.
Further the effects of vitaminiB on expression levels of these genes in propionate

evaluated. The methyicitrate cyclardD, icl) was transcriptionally responsive to a functional

70



methylmalonyl pathway as significantly differentariscript profiles in the presence and
absence of vitamin 8 were obtained (Fig. 15). A significant reductionprpD (P < 0.0001)
and icl (P < 0.0005) expression levels was observed concamitéth vitamin B»
supplementation of the propionate-containing med{krg. 15b). Using transcript levels as a
proxy for flux, the inference that significantlywer transcript levels oprpD in propionate
with vitamin By, (Fig. 15) corresponds to reduced flux throughrtiehylcitrate cycle may be

made.

Paradoxically,mutB transcript is more abundant in propionate mediative to propionate
supplemented with vitaminiB (Fig. 15). The standard deviation for fold indoatifor mutB
(Fig. 15) may reflect a high degree of heteroggngaitthe sample population. It is also
possible that raised expression rafitB in propionate in the absence of vitamin, Bs a
compensatory response illustrating the bacteriwfferts for achieving optimal growth on
this fatty acid.
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Fig. 15 Quantitative expression analysis of methylcitrate cycle and methylmalonyl
pathway genesin MTB

a. Expression of prpD, icl and mutB genes of H37Rv cultured in propionate compared to
THO.

H37Rv with (1) and without @) vitamin By». Insets denote expressionpopD, icl and mutB
genes of H37Rv grown on propionate in the presemadbsence of vitaminBcompared to
7H9. Significant differences in expressionpopD andicl in fatty acid carbon sources relative
to the 7H9 control are denoted by a double astéifisk0.0005) or single asterisk £ 0.005).
b. Using the data represented in insets from a. the fold induction of prpD, icl and mutB
genes of H37Rv cultured in propionate compared to propionate supplemented with
vitamin B1, isquantified.

Comparative analysis in expression @pD, icl and mutB transcript of H37Rv grown in
propionate media in the presence and absence afitB,. Significant differences in
expression oprpD andicl in propionate relative to propionate with vitanBg, are denoted
by a double asterislP(< 0.0001) or single asterisk € 0.0005).

4.8 Growth of MTB on propionatein the absence of the glyoxylate cycle

Some microbes that metabolise propionate via thiaytoitrate cycle require the glyoxylate
cycle for carbon anaplerosis (Texabral., 1997; Wanget al., 2003; Wegenegt al., 1969). By
definition, anaplerotic reactions are those thamfantermediates of the TCA cycle. For
example, pyruvate, the end product of the methyli@t cycle, could be channeled into the
TCA cycle metabolite pool by other compensatorypégratic enzymes which use pyruvate as
a substrate, such as pyruvate carboxylpsa) @nd malic enzymentez) (Fig. 1). Alternately
conversion to acetyl-CoA by pyruvate dehydroger{®seH) would depend on anaplerosis by
the glyoxylate route, contingent on ICL (Fig. 1)CA cycle intermediates could also be
replenished by the activities of glutamate dehydnage and methylmalonyl-CoA mutase. In
MSM, the anaplerotic enzyme, PCA, is part of themaaoperon as the methyicitrate cycle
genes, which may allow for growth on propionat¢hi@ absence of the glyoxylate cydle, a
Aicl1Aicl2 mutant of MSM can grow on propionate (Upton andKioey, 2007). InS
typhimurium, which similarly does not require the glyoxylatele for growth on propionate,
pyruvate is converted to oxaloacetate by the sd@lesctivity of PEP synthase and PEP

carboxylase (Horswill and Escalante-Semerena, 1989MTB possesses a bifunctional ICL,
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it is unknown whether this enzyme acts only in dpacity as a MCL for growth on

propionate in conjunction with anaplerotic enzynpes,andmez (Fig. 1).

The advantages of having a propionate oxidizinghway operate autonomously and
independently from these other recognised anajdeeozyme was considered. Presumably,
given that propionyl-CoA is converted to the TCAckeyintermediate, succinyl-CoA, by the
methylmalonyl pathway, the activities of the othetact anaplerotic enzymes would be

negligible.

The question of whether the methylmalonyl pathwagsvable to support growth in the
absence of the bifunctional ICL/MCL enzyme was d¢fi@me investigated. This line of
investigation was prompted by significant downragjoh of not onlyprpD but alsoicl
transcript in the presence of vitamin,BHaving established that vitamin Bsupplementation
could complement growth of thaprpDC mutant of H37Rv, the same remained to be
demonstrated faicll. The lack of a complete methyicitrate and glyoxgleycle in an ICL1
mutant was proposed not to have any consequenie ipresence of vitamin;B given the
above mentioned rationale. Surprisingly, howeveiCN#imediated growth of the\icll
mutant on propionate with vitaminiBsupplement did not phenocopy that of thepDC
mutant (Fig. 16). A two week lag phase was obsep@al to the initiation of logarithmic
growth. In other organisms, growth inhibition oropionate in MCL mutants was shown to
be due to the accumulation of 2-methylcitrate an@/methylisocitrate, earlier intermediates
in the methylcitrate cycle, which competitively iblh the NADP-dependent isocitrate
dehydrogenase (Brock, 2005; Cheema-Dhetddil., 1975; Horswillet al., 2001; Plautt al.,
1975). Similarly, it was speculated that in the emdz® of MCL activity, the buildup of
intermediates from the methyicitrate cycle might@mt for the differences in growth of the
Aicll andAprpDC mutants on vitamin B-supplemented propionate. To test this idea , growt
of ~AprpDCAicll (AprpDC grown in the presence of 3NP as described belatgll and

AprpDC were compared on vitamim,Bsupplemented propionate.
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Fig. 16 The methylmalonyl pathway enables bypass of the glyoxylate cycle allowing
growth of Aicll on propionate supplemented with vitamin Bjo.

Growth ofAicll on propionate supplemented with vitamig, Bras compared taprpDC and
H37Rv. O, 4icll; A, AprpDC; m, H37Rv; #, dicll::icll

3NP is a structural analog of succinate and a patéibitor of ICL (Honer Zu Bentrugt al.,
1999; Schloss and Cleland, 1982). As such, 3NPfewaxl to be inhibitory to growth of MTB
Erdman on acetate and propionate but not on glu@dséoz-Elias and McKinney, 2005;
Sharmaet al., 2000). Consistent with the findings in MTB ErdmaMufioz-Elias and
McKinney, 2005) H37Rv was similarly unable to metide propionate in the presence of
3NP (Fig. 17a). The growth of H37Rv with 3NP anthmiin By, (Fig. 17a) correlated with
growth ofAicll (Fig. 16),displaying a consistent two-week growth delay iopmonate with
vitamin B;,. This observation supported the specific inhilitad ICL by 3NP. Significantly,
growth of AprpDC with vitamin B, in the presence of 3NP was indistinguishable from
growth of AprpDC with vitamin B, supplement in the absence of 3NP (Fig. 17a). Since
inactivation of prpDC precluded flux of propionyl-CoA through the meittifdate cycle, the
differential response of wild-type antprpDC to 3NP-mediated inhibition of ICL (MCL),

75



implicated the accumulation of toxic, growth inhdsy methylcitrate cycle intermediates in

3NP-treated wildtype but natprpDC strains, accounting for the lag observed in thimé.

Similar growth rates during log phase growth onppoate with vitamin B and 3NP were
displayed by\prpDC and H37Rv (synonymous with tiaécl1 mutant) (Fig. 16 and Fig. 17a).
This confirms the theory that the anaplerotic mittayonyl pathway alone is sufficient for
growth of MTB on propionate with vitamin,B Abrogation of MCM activity in the\mutAB
mutant eliminated growth on propionate with vitarBipp in the presence of 3NP (Fig. 17b)
confirming that the effects of vitamimBsupplementation were specifically mediated through
MCM activity.
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Fig. 17 The methylmalonyl pathway enables bypass of the glyoxylate cycle during
growth of MTB on propionate.

a. Growth of H37Rv on propionate in the presenc8N® with (1) or without (®) vitamin
B1, supplementation v&prpDC on vitamin B,-supplemented propionate with)(or without
(A) 3NP.

b. Growth of theAmutAB mutant on vitamin B-supplemented propionate witfY) or without
(®) 3NP
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4.9 Emergence of suppressor mutantsin response to metabolite stress

To examine whether the growth that was observdaviiig the two-week lag was due to that
of a suppressor mutant, a ‘reconstruction’ expemnimgas performed (Rosenberg, 2001).
Cultures of H37Rv grown on propionate with vitanBg, and 3NP (Fig. 17a) and those of
Aicll grown on propionate with vitaminiB(Fig. 16) were passaged several times in 7H9
media to eliminate residual traces of vitamipp.Brhese cultures were then used as inoculum
into media where the conditions of the original esment where reconstructee. an aliquot

of the passaged culture was used to inoculate ntdBn-supplemented propionate with
0.1mM 3NP. In the case aficl, no 3NP was added. In both instances, growth rdtes a
subculturing were comparable to that of H37Rv itawiin B-supplemented propionate
without 3NP (Fig. 18 and data not shown), indicatinat the growth observed in the original
experiment was due to the presence of a suppresgant. Importantly, the two-week growth
delay was eliminated and growth remained stricilgnain B;, dependent. These observations
suggested that a functional methylmalonyl pathwag hllowed suppressor mutants to arise
from 3NP inhibited cultures of H37Rv (and frakicl1; data not shown) possibly as a result of
toxic metabolite accumulation imposing stress-imlmutagenesis.
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Fig. 18 Vitamin Bj,-dependent growth in propionate of a suppressor mutant after serial
passagein 7H9

H37Rv suppressor mutants isolated from vitamin &ipplemented propionate with 3NP
were serially passaged in 7H9 media and reintradiuogo vitamin B, supplemented
propionate with ¢) and without &)3NP. No growth of H37Rv suppressor mutants was
observed in propionate with 3NP onis ).

Since the two-week delay was reproducible and ekseindependently with both the H37Rv
and Aicll strains, this suggested that mutants were noixjsté®y in the population as this
would have been expected to result in variable gidvinetics. Assuming ~6 x 2@CFU/m
(as determined from cultures seeded at OD=0.0Lltsesmot shown) and a spontaneous
mutation frequency of 19-10%, the emergence of mutants after 2 weeks would tstiea

To determine the molecular basis of this heritaj@aotypic adaptation, thepDC locus of
suppressor mutants which arose from cultures ofR¥3grown in propionate with 3NP and
vitamin By, (Fig. 17a) as well adicll suppressor mutants grown in propionate with vitamin
B1» (Fig. 16), was sequenced to identify any mutati@ss mutations in thprpDC operon
and/or its promoter region might be expected tapéualate theAprpDC growth phenotype on
vitamin By, supplemented propionate with or without 3NP (Riga). However, no mutations
were found in thgrpDC genes or in the intergenic region between Rv11&8t Rv1130
(sequenced ~500bp upstream of the Rv1130 ATG siddrcspanning one third of Rv1129c¢).
As a result, the mechanism for bypass of ICL1 msséy in the wild type strain during

growth on propionate and vitaminhas yet to be identified.

Damage-induced mutagenesis is mediated in MTB lgy dhtions of specialised DNA
polymerases, such as DnaE2 (Boslebfél., 2003). In addition, DinB1 and DinB2 are MTB
homologues oE. coli pollV (DinB) which has been implicated in ‘adaiwr stress-induced
mutagenesis in that organism (Goodman, 2002). Tdrexeto investigate the role, if any, of
specialised DNA polymerases in the emergence oftippressor mutants described above,
the ability of strains deficient in these DNA polgrases to overcome the growth impairment
on propionate supplemented with vitamigy Bnd 3NP was tested. However, no differences in
growth on propionate with vitaminiBand 3NP were observed between wild tygregE2-

deficient anddinBl/dinB2-deficient strains were observed. ddnsistent, two-week growth
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delay was observed in all strains (results not st)dwther supporting the notion of a lack of
pre-existing mutants in the starting culture andl@ding a role for any of the specialised

polymerases in induced mutagenesis by toxic mathsie cycle metabolite accumulation

4.10 Growth on Cs and C, carboxylic acids

Oxidation of longer odd-chain fatty acids releagdesvative acetyl-CoA as well as propionyl-
CoA subunits. In this scenario, the potential of astive methylmalonyl pathway was
considered. Should propionyl-CoA be diverted irtite tnethylmalonyl pathway, ICL would
be relieved of its role as a MCL, improving effisey of the glyoxylate cycle. This ‘division
of labor’ was proposed to enable the optimal ussuch carbon sources. Therefore growth on

longer odd-chain fatty acids was assessed.

4.10.1 Growth on valerate

Growth on valerate (§ yields a 1:1 ratio of acetyl-CoA:propionyl-CoA437Rv was found
to grow poorly on valerate in the absence of vitaBi, (Fig. 19a).

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
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Fig. 19 Growth of MTB on valerate as a propionyl-CoA precur sor

a. Stimulatory effect of vitamin 8 on the growth of H37Rv and th&prpDC mutant on
valerate (G). H37Rv with ) or without @) vitamin Byy; AprpDC with ((J) or without (=)
vitamin B

b. Improved growth of H37Rv on vitamin;Bsupplemented valerate mutAB-dependent.
AmutAB with vitamin B> (A); AmutAB containing the reverteaiutAB allele withvitamin By,
(AmutAB::mutAB) (¢); H37Rv with (J) or without (®) vitamin By,

In the absence of propionyl-CoA metabolism throtlgh methylmalonyl pathway, catabolism
of both propionyl-CoA and acetyl-CoA through the thycitrate and glyoxylate routes
respectively, may result in a ‘bottleneck effeethere a degree of toxic intermediate buildup
as a result of inefficient streaming of these melitds may possibly account for the retarded
growth. This observation together with the sigmifit downregulation of methylcitrate cycle
genes in the presence of a functional methylmalpagthway on propionate (Fig. 15) strongly
implied that partitioning of propionyl-CoA throughe methylmalonyl pathway might avoid
cytotoxic effects by methylcitrate cycle intermedson valerate supplemented with vitamin
Bi,. Indeed, growth was markedly improved on valesupplemented with vitamin 1B

supporting this theory (Fig. 19a).

The prpDC mutant of H37Rv could not grown valerate, as established previously by
Mufioz-Elias et al. for the Erdman strain (Mufioz-Eliagt al., 2006). However,
supplementation with vitamin ;B restored growth ofAprpDC (Fig. 19a) presumably
alleviating propionate toxicity resulting from tladsence of both the methyicitrate cycle and
methylmalonyl pathway. It was shown that the vitarBi,-dependent growth on valerate is
mediated bymutAB and furthermore, thahAmutAB with vitamin B, on valerate grows as
poorly as H37Rv without vitamin 18, which again confirms that vitamin;Bitself is not a

regulator of the dynamic between these two progeoaidizing pathways (Fig. 19b).
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4.10.2 Comparative analyses of prpD, icl and mutB expression on different carbon
sources

Inspection ofprpD, icl andmutB transcript levels during logarithmic growth on efate with
vitamin By, indicated that levels gfrpD andicl were further repressed than on propionate
with vitamin By (Fig. 20)

O propionate + B,

B valerate + By,

>*
X

Expression of prpD, icl and mutB in fatty
acid carbon source relative to 7H9
N
|

prpD icl mutB

Fig. 20 Expression of prpD , icl and mutB genes of H37Rv cultured on propionate or
valerate in the presence of vitamin By

Levels of prpD, icl and mutB transcript were determined by real-time gRT-PCR and
normalised against the values obtained from bactgrown in Middlebrook 7H9 medium
supplemented with 0.2% glycerol, OADC enrichmerd &05% Tween 80 (7H9) to assess
any differential regulation of these genas a function of carbon source. Significant
differences in expression @rpD andicl in fatty acid carbon sources relative to the 7H9
control are denoted by a single asterBk(0.0001) or a double asterigk € 0.005).

This indicated that not only was propionyl-CoA d¢amibism being regulated largely by
methylmalonyl pathway, as interpreted by IpmpD levels, but also that the glyoxylate cycle
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may not be active given the lowl levels. To test this, the growth of cultures orexate in

the presence of 3NP with and without vitamipy Bias assessed (Fig. 21a). This experiment
showed that the effects of addition of 3NP to aglsugrown on valerate were negligible in the
presence of vitamin B supplement and again confirmed that vitamia-dependent growth
on valerate in the presence of 3NP is mediateshiipB (Fig. 21b).

Whereas H37Rv was unable to grow (even partialiy)alerate in the presence of the ICL
inhibitor 3NP, growth of H37Rv with 3NP and vitant, supplement was identical to that of
AprpDC with 3NP and vitamin B (Fig. 21a). The absence of differential growthwaesn

(H37Rv + vitamin B, + 3NP) and AprpDC+ vitamin B2 + 3NP) was in stark contrast to the

differential response on propionate (Fig. 17a).
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Fig. 21 Anaplerotic role for MCM revealed by growth of MTB on valerate with 3NP and
vitamin B, supplementation.

a. Growth of H37Rv on valerate in the presenceN 3vith (J) or without (®) vitamin By,
supplementation v&\prpDC on vitamin Bj-supplemented valerate with)(or without (&)
3NP.

b. Growth of AmutAB (A) and AmutAB::mutAB (A) on vitamin B supplemented valerate
with 3NP.

82



This firstly implied that there was virtually noul through the methyicitrate cycle which
would presumably result in toxic intermediate bugdin the absence of ICL activity. The
significant difference® < 0.0001) inprpD levels between cultures grown on propionate with
vitamin By, relative to valerate with vitamin 1B (Fig. 20) coupled with the difference in
growth phenotype of H37Rv with 3NP on vitamin,Bupplemented propionats. valerate
suggested that transcript levels were reflectivBud. Notably, the expression level pfpD

in valerate supplemented with vitamin,Bvas not significantly different from that observed
in 7H9 broth (Fig. 20). Secondly, it implied thepeaity of the methylmalonyl pathway to
perform an anaplerotic function for assimilation afetyl-CoA in the absence of the
glyoxylate cycle. The apparent dispensability of_l@r growth of MTB on valerate was
confirmed by identical growths afprpDC in the presence or absence of 3NP (Fig. 21a). This
was reinforced by the observation that the additb8NP had no effect on growth of H37Rv

in the presence of vitamin;Bsupplement (Fig. 22).

0.8 ]

0.6 1

OD600

0.4 7

0.2 -

Days

Fig. 22 The operation of an autonomous methylmalonyl pathway bypasses the
requirement for the glyoxylate cycle during growth of MTB on valerate
Growth of H37Rv on vitamin B-supplemented valerate withl§ or without (®) 3NP.
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Paradoxically, theicl1 mutant was found to be unable to grow on valeratheé presence of
vitamin By, (results not shown). The ICL enzyme may have scegelatory role on longer
chain fatty acids which is important for isocitrdtemeostasis at the ICL/ICD branchpoint,
which had been disrupted Mcll.

4.10.3 Growth on heptadecanoate

Growth of H37Rv and therpDC mutant was then assessed on the longer chain deittly
heptadecanoate (g, the oxidation of which produces seven moleculescetyl-CoA for
each molecule of propionyl-CoA (7:1 ratio). In cast to the findings on valerate, growth of
H37Rv in the absence or presence of vitamigp Bas indistinguishable (Fig. 23).
Furthermore, unlike growth on propionate (Fig. aayl valerate (Fig. 19a), tiagrpDC grew

on heptadecanoate in the absence of vitamin(Big. 23), although initially, at a slightly
slower rate than wild type. Vitamin;Bsupplementation augmented growthAqirpDC on
heptadecanoate. This implied that in the preseifice foinctional methylmalonyl pathway,
propionyl-CoA may be predominantly catabolised tigio this route, as seemed to be the
trend in cultures grown in propionate and valeraitd vitamin By, supplement. This would
suggest that even though a functional methylmalpagtway appears dispensable for optimal
growth on this carbon source as no visible grovavaatage was afforded by vitaminBor
H37Rv as seen on propionate (Fig. 5b. ii and ngl &alerate (Fig. 19a), the flux distribution
through these central networks may differ in vitarmi,-supplementeds. non-supplemented
cultures. The anaplerotic contribution by a fungéib methylmalonyl pathway was not
assessed, although it is probable that with inangamolar ratio of acetyl-CoA to propionyl-
CoA, anaplerosis by the methylmalonyl pathway pesgively declines consistent with the
dispensability of this pathway for growth &prpDC on longer odd-chain fatty acids.
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Fig. 23 Growth of MTB on heptadecanoate (C;7)
Growth of H37Rv with ) or without @) vitamin By,; growth ofAprpDC on heptadecanoate
(C17) both with (J) and without @) vitamin B..

It was considered that intracellular propionyl-Cogenerated by the catabolism of
heptadecanoate may be incorporated in methyl-beghdipids in AprpDC grown without
vitamin By, By extension, H37Rv grown on valerate may siryldivert propionyl-CoA into
methyl-branched fatty acids. The activated methidmgd-CoA derivative from propionyl-
CoA was shown to be used as a substrateMby tuberculosis var. bovis cell extract to
generate methyl-branched mycocerosic acids, pnoyidiirect evidence for elongation of
preformedn- fatty acid primers with methylmalonyl-CoA (Raintgaand Kolattukudy, 1983).
Each molecule of PDIM synthesised abstracts terecutgés of methylmalonyl-CoA from the
intracellular metabolite pool (Trivedt al., 2005). Growth on valerate was thus compared
between isolates of H37Rv producing either neglggibBmounts of PDIM (the standard
laboratory strain employed in the MMRU (Kasiaal., 2008)) or significant amounts of this
lipid (H37Rv strain received as a kind gift from oRr C. Sassetti. University of

Massachusetts). The rationale for this comparisas tvat if the latter strain could incorporate
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greater amounts of propionyl-CoA levels into thisthyl-branched virulence lipid than the
former, this would translate into improved growth walerate without vitamin 8. The
results demonstrated that the high PDIM-producisglaite of H37Rv showed markedly
improved growth on valerate that is independenthef requirement for vitamin ;8 on this
carbon source, compared to the poor PDIM produtcaimsemployed in this study (Fig. 24).
Growth of the two H37Rv strains on glycerol as &oa source is identical. These results

suggests that PDIM production may act to detoxfyacellular propionyl-CoA in MTB.
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Fig. 24 Growth comparison on valer ate between two variable PDIM -producing strains of
H37Rv
Differential growth of H37Rv producing lowem() and higherI((J) levels of PDIM.

4.11 Growth of MTB on acetate with vitamin By

Growth of MTB on acetate requires the glyoxylateirgh(McKinneyet al., 2000; Mufioz-
Elias and McKinney, 2005). Alternate acetate adation pathways have been described, and
a common denominator is that all such characteps¢iolways require MCM activity (Albest
al., 2006; Erbet al., 2007; Erbet al., 2008; Ivanovskyet al., 1997; Korotkoveet al., 2002;

Korotkova et al., 2005). Assessing the MTB genome for alternaticetate assimilation
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pathways using bioinformatics is complicated asdaheyme activities for all of the steps in
these pathways have yet to be resolved. The pbgsibiat MTB could utilise acetate in the
absence of the glyoxylate shunt was therefore tigeted experimentally. Acetate
supplemented with vitamin 1B (to enable MCM) and 3NP (to inhibit ICL) did natpgport
growth of MTB (Table 2). The results in Table 2 gast that alternate acetate assimilation
pathways are either not expressed or are not fumadtiin MTB under standard growth

conditions.

Acetate + vitamin B, +
3NP

Acetate Acetate + 3NP

Growth + - -

Table 2. Growth on MTB on acetate supplemented with 3NP and vitamin Bis.
MTB grew on acetate media (+), but failed to growthe presence of 3NP (-) regardless of
vitamin By, supplementation.
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5 DISCUSSION

In this work, mutants of MTB H37Rv impairing one looth of the recognised pathways for
propionate oxidation were generated by allelic exgfe mutagenesis. Flux through either
pathway enabled growth of the mycobacterium on iprade, suggesting a redundancy of
function for growth on propionate. Inhibition of tho pathways abrogated growth on
propionate, suggesting the presence of only theseftnctional pathway alternatives for
propionyl-CoA catabolisnmn vitro (Fig. 2).

5.1 TheMTB gene complement for propionate oxidation

In silico interrogation of the whole genome sequence of Midcated that this organism
possesses two possible routes for the catabolispnopionyl-CoA, namely the methylcitrate
cycle and the methylmalonyl pathway. All putativengponents of the methylmalonyl
pathway were readily identified as being intacthmynology searches suggesting a complete
and functional pathway. Conversely, the methyltétiaycle appeared incomplete as it lacked
a homologue oprpB, which encodes MCL. MTB does not have the charattenprpDBC
gene cluster present in other actinomycetes sudb. ghutamicum (Claeset al., 2002) and
MSM (Upton and McKinney, 2007) and appears to hawdergone a probable deletion of
prpB in this region.M. leprae, on the other hand, has lost the enprpDBC operon but
retains a complete MCM pathway (Caeal., 2001). Potentially contributing to the apparent
loss of prpB in MTB would be the presence of another proteimiriga MCL function. A
bifunctional ICL possessing MCL/ICL activity wasrdered as one possibility, as reported
for several organisms (Brock, 2005; Horswill anc&ante-Semerena, 1999; Lutik al.,
2000; McFadderet al., 1972; Pronket al., 1994; Upton and McKinney, 2007). Another
possibility was that PrpB activity in MTB is provd by Rv1998c which was identified as a
member of the group of proteins included in COG2508s group of proteins is part of the
ICL/PEPM enzyme superfamily. Significantly, a membeCOG2513 i<. coli PrpB, which
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was the template with highest homology to Rv1998kected by the Robetta server for
modeling the tertiary structure of this CHP. On thasis of these findings, Rv1998c was
hypothesized to provide non-orthologous MCL acgiut MTB.

5.2 MCM isnot essential for propionate metabolismin MTB

To assess the role of the methylmalonyl pathwayiB H37Rv, the MCM-encodingnutAB
genes were functionally inactivated and the muteas assessed for growth on propionate.
Surprisingly, no difference in propionate metahuoliwas observed between the parental and
AmuUtAB strains, indicating that the methylmalonyl pathwaydispensable for growth on
propionate (Fig. 5) and confirming the existenceanfalternate pathway(s) for propionate
metabolism, specifically, the methylcitrate cycted section 5.5). This finding contrasts with
the situation in the actinomycetdéocardia corallina, Aeromicrobium erythreum and S
cinnamonensis, where disruption omutB abolished growth on propionate (Reewtsal.,
2004; Valentin and Dennis, 1996; Vrijbloetal., 1999), indicating that, unlike MTB, these
actinomycetes do not possess alternative pathwayprbpionate metabolism or that these

pathways are negatively regulated by vitamja B

53 Vitamin Bj;, supplementation facilitates operation of the
methylmalonyl pathway

Despite reports that MTB has a complete gene camgé for coenzyme B biosynthesis
(Rodionovet al., 2003), the results of a related study sugge$t@dMTB does not synthesise
the cobalamin cofactoin vitro (outside the living host). In that study, vitamBy,
supplementation was shown to be required to supthatfunction of the vitamin B
dependent methionine synthase, MetH (Waebed., 2007). As vitamin B is also required
as a cofactor for MCM, cyanocobalamin was included supplement in the growth medium
and was found to stimulate growth of MTB on progitan(Fig. 5b. ii and iii). It was evident
that increasing concentrations of propionate weretabolised less efficiently by the
methylcitrate cycle in the absence of vitamipy Bupplement. Two possible explanations are
proposed. (i) Higher concentrations of propionagguire the synthesis of TCA cycle

intermediates via induction of glyoxylate cycle wmes in addition to the reliance on
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anaplerotic enzymes such as malic enzyme or PCAi@HEliaset al., 2006) (ii) Should
oxidation of propionyl-CoA via the methyicitrate atg proceed to acetyl-CoA via the
pyruvate dehydrogenase complex, inhibition of #mzyme complex by elevated levels of
propionyl-CoA (Brock and Buckel, 2004; Maerker al., 2005; Maruyama and Kitamura,
1985) may explain the poor initial growth on 0.2¥gonate, as activation and turnover of
propionate needs to be balanced (Brock and Bu@k€l4). Supplementation with vitamin
B1. eliminates this lag, consistent with the elimiaatiby supplementation with succinate, of
an extended lag phase similarly displaye&.igoli cultures grown on propionate (Wegeeer
al., 1968a).

The impaired growth oAmutAB on 0.1 and 0.2% propionate supplemented with vitaBa,
relative to H37Rv indicated that the improved griowtas mediated by MCM (Fig. 5b. ii and
lii) and provided the first evidence that all ofethreactions required for a complete
methylmalonyl pathway are functional in MTB. Funththe identical growth oAmutAB on
propionate in the presence of vitamin,Bo H37Rv grown on propionate in the absence of
vitamin By, (Fig. 5b. ii) indicates that the alternate path{@ayor propionate assimilation are
not negatively regulated by vitamin; B However, although the independent operation of
either propionate oxidation pathway in MTB is calesed unlikely, from these observations
alone it is not possible to determine whether thieaeced growth of H37Rv on vitamin B
supplemented propionate reflects operation of galed MCM pathway, or a combination of
pathways. Thus, further investigation of the metiglonyl pathway in MTB was dependent
on a concomitant investigation of the operatiothef methylcitrate cycle. This study therefore
probed the possible contribution of Rv1998c agtitd propionate metabolism in MTB in

parallel with studies on the methylmalonyl pathway.

5.4 Theunresolved function of Rv1998cin MTB

Growth of theAmutAB mutant on propionate (Fig. 5) provided the firsidence that the
putative methylicitrate cycle identified using bifmrmatic analysis (section 4.4) was
responsible for growth on this substrate in theeabs of a functional methylmalonyl

pathway.
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Early reports that ICL1 and, to a lesser extent,2i@re required for growth on propionate in
MTB (Mufioz-Elias and McKinney, 2005) could be imested in two ways. The first
implicates a role for these enzymes as MCLs eveugh it had been reported that ICL cannot
substitute for MCL for growth on propionate in att@ganisms (Bramer and Steinbuchel,
2001; Brock, 2005; Claest al., 2002; Horswill and Escalante-Semerena, 1999).sEeend is
that the operation of the methyicitrate and glyaxglcycles together are required for growth
on propionate (Textoet al., 1997; Wanget al., 2003; Wegeneet al., 1969) and that MCL
activity is not provided by ICL. Rv1998c was iddietl as a potential candidate for providing
MCL activity in MTB (Fig. 6 and Fig. 7). Studiesperted during the course of this work
subsequently revealed that ICL1 from MTB Erdmansdoeleed have dual ICL and MCL
activity (Gouldet al., 2006; Muioz-Eliast al., 2006) although recombinant ICL2 had no
MCL activity. Therefore, the poor growth of ancll mutant on propionate could be as a
result of another uncharacterised enzyme functgasa MCL in the methylcitrate cycle with
the further requirement for ICL2 exclusively in tgboxylate cycle, supporting the notion

forwarded above (Mufioz-Elias and McKinney, 2005).

Rv1998c was initially over-expressed as a His-taggin inE. coli and found to be insoluble
under all conditions tested, in contrast to recarabiE. coli PrpB which was over-expressed
in parallel as a soluble protein. The productionirefoluble inclusion bodies when over-
expressing recombinant protein B coli is particularly pronounced with MTB proteins
(www.webtb.org). Further studies therefore focuseaxpression of Rv1998c in MTB under
the control of a Tet-inducible promoter. Although-RCR analysis confirmed Tet-regulated
over-expression dRv1998c transcript in MTB, no MCL activity was detectedtire crude cell
extracts (Table 1). As expected, MCL activity waduced by growth of wild type MTB on
propionate (Table 1; (Muioz-Eliag al., 2006) thus validating the biochemical assay for
MCL activity. The lack of activity could be due toefficient translation of the Rv1998c
transcript resulting in low protein levels. Altetivaly, it is possible that Rv1998c protein was

over-produced but has no MCL activity.

A genetic approach was thus adopted to furthersinyate whether Rv1998c possesses MCL
activity. Growth on the reduced carbon source, flate results in up-regulation of the DosR
regulon in MTB (Boshoffet al., 2004). As a member of the DosR regulon (Vosktidl.,
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2003), induction of Rv1998c on propionate may aotdior the residual MCL activity
observedn cell extracts fromAicll Erdman (Mufioz-Eliagt al., 2006). It was postulated,
therefore, that the poor growth afcll Erdman observed on propionate (Mufioz-Elias and
McKinney, 2005) would be eliminated by loss of R986 gene function . However, whereas
H37Rv was readily transformed with the Rv1998c lkuwat construct to yield single
crossover recombinants, no single crossovers wataned in theAicll mutant of Erdman
consistent with the markedly reduced frequencyarhblogous recombination in the Erdman
strain of MTB compared to the H37Rv strain employedthis study (G. Abrahams,

unpublished; J. McKinney, personal communication).

An alternate hypothesis is that Rv1998c may plagl@in propionate metabolism as part of a
putative citramalate pathway in MTB. 2-Methylmalage a metabolite in the citramalate

pathway implicated in propionate oxidation (Texter al., 1997), acetate assimilation

(lvanovskyet al., 1997) and autotrophic GGixation (Herteret al., 2002b) (Fig. 25).

Methylmalonyl pathway
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Fig. 25: Citramalate cycle adapted from Ivanovsky et al (2002) and Textor et al (1997).

The scheme shows the citramalate cycle for acesenilation (right to left in blue) where
acetate and pyruvate are condensed to citramataf#nis; citramalate synthase (lvanovsky
al., 1997; Meisteet al., 2005; Xuet al., 2004). Cms fronbeptospira interrogans has highest
homology (31% identity, 52% similarity) twaF (in the KstR regulon (Kendadk al., 2007b;
Van der Geizeet al., 2007) of MTB. Further the scheme shows the citramalte cyote
propionate oxidation (left to right in red) (Friedmmet al., 2007; Herteet al., 2002a; Textor
et al., 1997) where propionyl CoA and glyoxylate are camgkd to 3-methylmalyl-CoA by
Mcl; L-malyl-CoA lyasep-methylmalyl-CoA (Meistet al., 2005). Mcl fromR. capsulatus
has highest homology (31% identity, 44% similaritp) the CHP Rv3075c of MTB.
Following dehydration/hydration of3-methylmalyl-CoA by unknown enzymes to 2-
methylmalate, cleavage to acetate and pyruvatestufated by Rv1998c.

2-Methylmalate was identified as a substrate foPPB member of the ICL/PEPM enzyme
superfamily whose broad substrate activity alsduihes 2-methylisocitrate, as mentioned
previously. If Rv1998c displays similar diversity fonction, it is possible MTB possesses a
citramalate pathway that may function in propionabgdation in MTB. To test this
hypothesis, growth of thaprpDC mutant expressing Rv1998c under the control of & Te
regulated promoter was assessed in propionate méedianduced expression of Rv1998c
was unable to facilitate growth of this mutant eagionate (results no shown) suggesting that
further biochemical studies would be required taldssh whether a citramalate pathway for
propionate oxidation, having Rv1998c perform asi@afve citramalate lyase, exists in MTB.
Conceivably, genes of the citramalate pathway mayniduced only under certain vivo

conditions.

5.5 Conditional essentiality of AprpDC for growth on propionate

During the course of this study, elegant work byeos (Mufioz-Eliaset al., 2006)
demonstrated the essentiality of the methylcitrayele for growth of MTB Erdman on
propionate. The contribution of the methylcitragele to propionate metabolism in H37Rv
MTB was therefore investigated by the constructidra mutant strain lacking therpDC
genes, which encode the first two enzymes of thdecgFig. 2). As observed in Erdman
(Muiioz-Elias et al., 2006), loss ofprpDC also abolished growth of H37Rv MTB on
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propionate (Fig. 11). However, the conditional esisdity of the methylcitrate cyclen vitro
(Fig. 11) was shown to be due to the vitamin &ixotrophy of MTB, as growth afprpDC

on propionate was observed provided the media waglemented with vitamin B (Fig. 12).
The fact that growth ohprpDC on propionate with vitamin 8 supplement was abrogated by
loss of mutAB function (Fig. 13) confirmed the essential roletioé¢ vitamin B,-dependent
activity of MCM in growth of theAprpDC mutant on propionate. Furthermore, the finding
that supplementation with exogenous cyanocobalgmitamin By,) is able to support the
activity of MCM (Fig. 12 and Fig. 13) confirms thdTB can not only assimilate vitaminB
from the environment, but also has a functional A3y®tem for enzymatic conversion of
vitamin By, to the active form of the cofactor. Together, &heasbservations establish

unambiguously the existence of a functional metlamyl pathway in MTB.

55.1 A functional methylmalonyl pathway in MTB

Propionate incorporation into resting cells of MT¥Bano and Kusunose, 1966) contributed to
earlier evidence supporting the activity of PCQrigicobacteria. Subsequently, variable PCC
activity was reported in MSM cultured under differeonditions (Wheeleet al., 1992), for
which the quaternary structure of the PCC comples wavailable (Haasa al., 1982). The
main role of the recently characterised\ccA3-BAccD5<AccE5 biotin-dependent PCC
complex of MTB is proposed to be the synthesis ethyimalonyl-CoA (Gagat al., 2006;
Ohet al., 2006). In MSM, the AccD5 orthologue, togetherhwitccA3 and AccD4, comprise
the subunits of the ACC involved in mycolic acido®ynthesis (Porteviret al., 2005),
suggesting a broader role for the AccD5 carboxgtienase 3-subunit in MTB. In C.
glutamicum, linear chain ketoacyl derivatives are substrdtas carboxylase complexes
essential for mycolic acid synthesis (Garelleal., 2004; Gandest al., 2007); specifically,
AccD2 and AccD3 constitute th@ subunits of the carboxylase involved in mycoligdac
synthesis (Gandet al., 2004; Gandet al., 2007). Supporting a broader role for AccD5 in
mycolic acid biosynthesis, aamccD2 mutant ofC. glutamicum, the orthologue oéccD5 in
MTB (Gandeet al., 2007) is deficient in mycolic acid production (Geet al., 2004). Efforts
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are been made to design inhibitors against the BCRITB (Lin et al., 2006b) using the
crystal structure of AccD5 (Holtoet al., 2006; Linet al., 2006b), given the essentiality of the
subunit componenis vitro (Holtonet al., 2006; Sassetét al., 2003).

MCM requires the (R)-epimer of methylmalonyl-CoA asubstrate. The putative epimerase
responsible for the conversion to this stereoisowees identified as Rv1322A. However, the
promiscuousa-methylacyl CoA racemase (MCR ; Rv1143) which isnrately involved in
the B-oxidation of methylbranched fatty acids origingtifrom isoprenoids, has reported
racemization activity with methylmalonyl-CoA thides and might provide redundant
activity. Its wide range of substrates includestanic acid. MCRs essential in mycobacteria
for the oxidation of this carboxylic acid (Salatial., 2004). Conceivably, the propionyl-CoA
liberated duringp-oxidation is carboxylated to (S)-methylmalonyl-Co#hich is further
dependent on this MCR for conversion to the cowadmg (R)-methyl enantiomer in a
reaction that is cobalt dependent, interestingly gween the cobalt requirement for the,B
coenzyme (Bhaumikt al., 2007). Should growth on vitaminBsupplemented propionate be
abolished in a strain where bqifpDC and Rv1322Aave been deleted, redundant epimerase

activity by MCR could be excluded.

Vitamin By, was titrated to establish the optimal concentratbthis supplement for growth
of theAprpDC mutant on propionate (Fig. 14). However growttA\pfpDC equivalent to that
of wildtype (with or without vitamin B) could not be obtained, even with saturating

concentrations of vitaminB(>7.5ug/ml). The following possibilities were considered:

i.  Propionate oxidation via the methylmalonyl pathwiagy not be as efficient as via the
methylcitrate cycle as growth ajorpDC with vitamin B, (Fig. 12) was poorer than
wild type without vitamin B, (Fig. 11). However, this is unlikely in organisnvbere
close co-operation of the methylcitrate and glyais/lcycles exists (Textat al.,
1997; Wanget al., 2003; Wegeneet al., 1969) as it undermines the rate of energy
flow by circumventing two NADH-generating reactions the TCA cycle, and also
fails to harness the ATP-generating potential @& pihopionyl-CoA metabolite from
substrate level phosphorylation at the succinyl-GyAthase junction common to the
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methylmalonyl pathway and TCA cycle (Hambgnhal., 2008). The methylmalonyl-

CoA pathway therefore appears the more efficienteréor propionate metabolism.

The operation of the methylmalonyl pathway is cameed either by inefficient uptake
or adenosylation of vitamin ;8 which leads to insufficient coenzyme. However, a
metE mutant grows as well as wild type suggesting iffictransport of vitamin B
(Warner et al., 2007) despite the apparent absence of a spdudic affinity
transporter system (Rodionost al., 2003). The B,dependent MetH and MCM
enzymes require a different form of cofactor fot\aty, namely, methylcobalamin vs.
adenosylcobalamin. Therefore, processing of exagenotamin B, to the active

coenzyme subsequent to uptake may rather be #ndimating step.

Insufficiency in other aspects of the methylmalompathway such as GOfor
carboxylation of propionate or constitutively loevels of MCM itself (see section
5.6) is a further possibility. Growth on propionatay be enhanced by the addition of
biotin or sodium bicarbonate by stimulating PCCiwtgt, as has been reported in
mycobacteria (Wheeleet al., 1992) and other organisms (Evass al., 1993;
Maruyama and Kitamura, 1985). Preliminary examorai of AprpDC grown in
propionate with vitamin B in a 5% CQ humidified incubator surprisingly revealed
no growth forAprpDC, although wild type cultured under identical cdiwis grew
well (data not shown), consistent with the repoéachulatory effects of 5% Cbn
growth of MTB (Schaefeet al., 1955) A plausible explanation for these observations
is that rate-limiting enzymes downstream of PCC magult in buildup of
methylmalonyl-CoA as a result of the increased flilmough this pathway. In
Caenorhabditis elegans, accumulation of this metabolite produced incrdas@mounts
of growth inhibitory methylmalonic acid in the aute media (Chandlest al., 2006).

Propionyl-CoA may, in the absence pfpC, competitively inhibit citrate synthase
(Horswill et al., 2001; Manet al., 1995) counteracting the growth stimulatory effect
of an active methylmalonyl pathway. Should thistte case, it is clear that the citrate
synthase cannot be that proficient in making 2-iyleitnate as the low levels

produced are not enough to arrest cell growtheénpitesence of vitamin,B
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The poorer growth on propionate supplemented wiiidamin B;, of both AprpDC (Fig. 12)
and AmutAB mutants (Fig. 5b. ii) relative to the wild typeash (Fig. 5b. ii) reinforced the
notion that the additive effects of two propionatdizing pathways are required for optimal
growth on this fatty acid carbon source. If the myghalonyl pathway alone was responsible
for improved growth on propionate supplemented witmin By, (Fig. 5b. ii and iii) and if
the methylcitrate pathway is negatively regulatgdsitamin By,, then growth of the\prpDC
would be identical to that of the wild type withtasinin B> supplement and thAmutAB
mutant would not be expected to grow. In the cdsbeotwo methionine synthases, MetE and
MetH, their activity is mutually exclusive as exogus vitamin B represses transcription of
metE by binding to the upstreamy Briboswitch motif present in the promoter regidrtlas
gene(Warneret al., 2007). Since only two B-riboswitch motifs have been identified in the
MTB genome, the other located immediately upstregnPPE2 (Rodionowt al., 2003;
Vitreschaket al., 2003), the methylcitrate cycle in MTB is not sedij to this regulatory
mechanism AmutAB grows in the presence of vitaminBunlike AmetH (Warneret al.,
2007)). Thus the observations in this study suggest synergistic interaction between the
vitamin B;>-dependent methylmalonyl pathway and vitamip-iBdependent methylcitrate
cycle. To further investigate this relationshipeithregulation was therefore probed by gene

expression analysis.

5.6 Transcriptional analysisof prpD, icl and mutB

Global regulation of gene expression by transaipfactors (Martinez-Antonio and Collado-
Vides, 2003) or bifunctional proteins active in lbometabolism and control of gene
expression, (known as trigger enzymes; (Commichaai $tulke, 2008)), is generally the
mainstream control of flux distribution. In thisudl, the levels of transcript for selected genes
in the methylmalonyl pathway and methylcitrate eyetere investigated as an indicator of
intracellular flux distribution through the pathvgyn other organisms, a correlation between
gene expression and metabolic activity on progmieas generally been observed for the
methyilcitrate cycle (Claest al., 2002; Husekgt al., 2003; Plassmeieat al., 2007). In MTB,
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the genes of the methylcitrate cycpeD andicl) were found to be significantly upregulated
in propionate compared to propionate supplemeniédwitamin B, (Fig. 15). The reduced
levels of prpD andicl transcript implied that the improved growth onxBupplemented
propionate (Fig. 5b. ii and iii) may be largely dte the activity of the methylmalonyl
pathway rather than upregulation of both pathwaysikaneously. Paradoxically, however,
growth of AprpDC (Fig. 12) is significantly poorer than wild typ&ig. 5b. ii and iii) on

propionate media supplemented with vitamin. B

The downregulation gbrpD andicl in response to vitamin;Bsupplementation is interesting
given the lack of an identifiable upstream,boswitch in the promoter regions of these
genes. Instead, this transcriptional responsiweigeprobably regulated by propionyl-CoA
and derivative metabolite levels rather than bgmin B ,, sinceAmutAB grows similarly on
propionate in the presence and absence of thislesuppt (Fig. 5b. ii). If vitamin B was
directly responsible for influencing a reductionprpD andicl transcript, a reduced growth
rate for AmutAB on Bys-supplemented propionate relative to propionatelavdne expected.
Presumably, vitamin B facilitates propionate regulation indirectly byabliing MCM
activity, which influences the intracellular metéteprofile.

However, it is recognised that induction at thes@iptional level does not always reflect the
level of flux or enzyme activity in these pathwaysis is exemplified by the fact that there
was virtually no induction ofmutB in B;>-supplemented propionate cultures (Fig. 15) despite
the modest contribution to growth by this pathwag, evidenced by growth @fprpDC in
propionate with vitamin B (Fig. 12). This is contrary to the observeg-Bboswitch located
upstream ofmutA in P. shermanii (Vitreschaket al., 2003), which suggests that in this
actinomycete, MCM would be transcriptionally respoe to vitamin B,. In MTB, the
absence of induction may suggest that given theueably accelerated reaction rate of this
enzyme (Chowdhury and Banerjee, 2000; Doll and &ir2003) constitutive levels of MCM
suffice, which are able to support any measuralobe through the pathway. Furthermore,
given the very low rate of generation of inactiveitases (Padovani and Banerjee, 2006;
Vlasie and Banerjee, 2004; Yamanishal., 2005), a low, steady-state turnover of the protei
is maintained. Consistent with the findings of tktsdy, it is worth noting that numerous

studies profiling the global transcription of MTRres under different conditions have not
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found mutAB to be highly responsive. Insertion of thezEF-type TA module inserted
betweenmutAB and the putativeneaB of MTB may have selected for constitutive low
expression of this operon, since fluctuationsmazEF transcript levels could conceivably
result in an excess of the stable toxin over th&gabie antitoxin with negative consequences
for the bacterium. Tight regulation ofutAB might therefore account for the poorer growth of

AprpDC relative to wildtype on vitamin B-supplemented propionate.

In future studies, metabolic analysis using 1&J-propionate could be done to distinguish
the partitioning between these two pathways. Sipedlij, the coupling interaction dfC-
13c2C of the propionate carbon skeleton would be pweskerwith flux through the
methylcitrate cycle as it is converted to pyruvaiere it is lost in the randomizing
methylmalonyl pathway, as demonstratedBncoli (London et al., 1999). The relative
contribution of these pathways to the formatioralahine (or its pyruvate precursor) could be
calculated from the abundance of the different msstopes. Developments made in
extraction protocols for metabolome analysis in abacteria make such future studies
feasible (Jaket al., 2006).

5.7 Bypassing the requirement for the glyoxylate cycle for growth on
propionate by the methylmalonyl pathway

In this study, carbon anaplerosis by the methylmglpathway independent of the glyoxylate
cycle on the fatty acids, propionate and valerage (section 5.9), was demonstrated. Growth
on odd-chain fatty acids has been noted in theralesef virtually any glyoxylate cycle
activity (Blevins and Perry, 1972; Evam al., 1993) or in mutants defective for the
glyoxylate cycle (Horswill and Escalante-Semeretr®99; Nieder and Shapiro, 1975; Sa#ai
al., 2004; Upton and McKinney, 2007). These obsermatsuggested that in some organisms,
propionate metabolism is divorced from the glyokylaycle. In the absence of carbon
anaplerosis through this pathway, other candidataplarotic enzymes were obviously
supporting growth on this fatty acid although nodsts have been done to elucidate which
may have been responsible. By deduction, if pragtiens metabolised to pyruvate through

one of several previously described routes, matizyme, pyruvate carboxylase, or PEP
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synthase and PEP carboxylase would be individuallgollectively responsible for ‘topping

up’ of TCA cycle intermediates (Fig. 1).

In this study, aricll mutant of MTB was shown to be able to grow on-&ipplemented
propionate in the absence of both the methycitate glyoxylate cycles (Fig. 16). Similarly,
inhibition of ICL with 3NP allowed for growth of MB on propionate subject to
supplementation with vitamin 1B (Fig. 17a). This growth was shown to be mediatgd b
mutAB (Fig. 17b). There are two known pathways which fo@n acids directly from
propionate. For the first pathway, Reeves and AP6R) reported the synthesis af
hydroxyglutarate from propionyl-CoA and glyoxylatatalyzed by cell-free extracts fro
coli grown on propionatex-Hydroxyglutarate is metabolised to succinate algfono attempt
was made to purify the enzyme and to elucidatengghanism of action (Reeves and Ajl,
1962; Wegeneet al., 1968b).a-Hydroxyglutarate synthase is not expected to fonan the
absence of ICL (Wegenet al., 1968a; Wegeneat al., 1969). The second is the anaplerotic

methylmalonyl pathway.

Despite the significantly reduced levels @D in propionate with vitamin B relative to
propionate alone (Fig. 15), the methylcitrate cywkes still partially active as evidenced by
the growth delays oAicll in propionate with vitamin B and H37Rv in propionate with
vitamin B;, and 3NP when compared tprpDC, confirming that the growth delay was a
result of the build-up of toxic 2-methylcitrate/2ethylisocitrate metabolites (Brock, 2005;
Cheema-Dhadliet al., 1975; Horswill et al., 2001; Plautet al., 1975). Similar toxic
intermediate buildup has been reported by funcimpairment of the methylcitrate cycle in
Ralstonia eutropha (Bramer and Steinbuchel, 2001), M§Mpton and McKinney, 2007) and
C. glutamicum (Plassmeieet al., 2007). However, this does not necessarily defraat the
ability of the methylmalonyl pathway to support gth independently of ICL. Together,
these observations provide conclusive evidencethtigamethylmalonyl pathway bypasses the
need for anaplerosis via the glyoxylate cycle amdufficient for the growth of MTB on
propionate as the sole carbon source, providedthigavitamin B, cofactor requirement for

MCM activity are met.
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Unlike MTB, MSM produces vitamin Binvitro (Karassevat al., 1977)(S. Dawes, personal
communication). In MSMthe growth ofAicllAicl2, AprpDBC and AprpDBCAicllAicl2
mutants on propionate (Upton and McKinney, 200Tld¢oherefore be attributed to a putative
methylmalonyl-CoA pathway (Stjernholnet al., 1962; Wheeleret al., 1992). A
AprpDCAMUtAB mutant would confirm if the methylmalonyl pathwisyfunctional and/or if
another propionate oxidizing pathway is prese1®M. This is the focus of ongoing studies
in the MMRU. Notably, 3NP inhibits growth of MSM oacetate (Mufioz-Elias, 2005).
However, preliminary findings suggested that 3NRsdoot inhibit growth of a\mutAB
mutant of MSMon propionate (data not shown) in contrast to tRE-Bnediated inhibition of
MTB grown on this carbon source (Fig. 17). Assumihgt propionate oxidation in MSM
occurs only via the methylmalonyl pathway and miilnate cycle, these observation suggest
that 3NP specifically inhibits ICL and not the MOE MSM and that MSM is able to oxidise
propionate in the absence of carbon anaplerosithéyglyoxylate cycle or methylmalonyl
pathway. In this case, anaplerosis is presumalalyestrated byca (Fig. 1) which, in MSM,

is transcribed as part of the methylcitrate cydae operon (Mukhopadhyay and Purwantini,
2000). These findings contrast with the essengiqliirement of the glyoxylate cycle by some
microorganisms during growth on propionate (Texeébral., 1997; Wanget al., 2003;
Wegeneset al., 1969).

5.8 Genotypic adaptation of Aicll to growth on Bj,-supplemented
propionate

As described above, toxic metabolite buildup ccaddount for the retarded growth icl1
on propionate with vitamin 8 (Fig. 16), H37Rv with 3NP on propionate with vitanB;,
(Fig. 17a) and also, of H37Rv on valerate withoutmin B, (see section 5.9 below).
Positive feedback by 2-methyicitrate is regulatgdhe transcriptional activator, PrpR, &
enterica (Palacios and Escalante-Semerena, 2004). The danesopionate oxidation its
enterica are located in two adjacent divergently transctiheits, prpR and prpBCDE
(Horswill and Escalante-Semerena, 1997). Closemaxation of theprpDC locus in MTB
displays a similar gene arrangement, having a 20tgpgenic region betwegorpDC and a

putative transcriptional regulatory protein (Rv1tp%ranscribed in the reverse orientation.
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Rv1129c is induced (17-fold) withrpDC in activated macrophages (Schnappingeal.,
2003). A similar feedback mechanism may occur in BMThrough buildup of 2-
methylcitrate/2-methylisocitrate in the absencel®L (Palacios and Escalante-Semerena,
2004). This may be particularly relevant to theematiated phenotype observed for an ICL
mutant in vivo (Mufioz-Elias and McKinney, 2005), and reinforcdge timportance of
investigating the regulation of the methylcitratgcle in MTB. As a result, ICL may be
essential for its MCL activity rather than for itsle in the glyoxylate or PEP-glyoxylate
cycles. Supporting this possibility is the followin(i) unlikeicl, glcB encoding MLS is not
upregulated in the lungs of chronically infectedenf{Timmet al., 2003); and (ii) the apparent
attenuation of aprpD but not aAprpDC in mice (Mattowet al., 2006). However, if this were
the case, one would expect thatidd mutant would be as severely attenuatediaklAicl2
(McKinney et al., 2000; Muioz-Elias and McKinney, 2005) assumirag tto MCL activity is
afforded by ICL2. Should another enzyme functioraa@dCL (accounting for the growth of
the Aicll on propionate), then the suggestion that ICL seesal by virtue of its role as a
MCL would be invalidated.

Genetic adaptation, presumably in response to roltmlstress, was revealed by isolating
suppressor mutants from H37Rv grown in propionaté witamin B, and 3NP (Fig. 17) as
well as fromAicll grown in propionate with vitamin B (Fig. 16). TheprpDC locus was
sequenced for any mutations that might abrogatadheity of the enzymes responsible for 2-
methylcitrate / 2-methylisocitrate buildup. Howeveo mutations were detected at this locus
in two independent suppressor mutants. The 5hgodigion of Rv1129c¢ was also sequenced
as lesions which altereprpR activity had found to map to the N-terminal domainthe
protein in S enterica (Palacios and Escalante-Semerena, 2004), but nations were
uncovered. CobB, an enzyme of the cobalamin bib&gitt pathway is a co-regulator of the
of prpBCDE operon inS. typhimurium (Tsanget al., 1998). TherforecobB in MTB will be

examined for lesions in ongoing studies.

Preliminary investigations found that the specadipolymerase®nakE2 and DinB1/DinB2
were not involved in the emergence of suppressdiamisi under conditions of metabolite
stress investigated in this study (Fig. 18). Indgérgly, Poll mutants irS typhimurium are

unable to grow on propionate as a carbon sourcend®ovet al., 1995) owing to the
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production of reactive intermediates during propiencatabolism by the methyicitrate cycle
which exert damaging effects on DNA that requirel Raliting function during DNA

replication. Therefore, in the presence of an aiter propionate oxidizing pathway, selection
for mutations which inactivate the methylcitratecleyis likely to be strong. It has yet to be
established whether stress-induced mutagenesis atayrole in facilitating the emergence of

suppressor mutants under these conditions.

5.9 Growth on valerate as a carbon source

In this study H37Rv MTB was found to grow poorly walerate, a €substrate which yields
acetyl-CoA and propionyl-CoA subunits in equal pdn. ICL has a considerably higher
affinity for isocitrate (Km =180 uM) than 2-methsticitrate (Km = 718 uM) (Goulet al.,
2006). Very low levels of 2-methylicitrate / 2-mélibgcitrate are considered sufficient to
arrest growth (Brock, 2005; Horswit al., 2001) which raises the question as to whether
efficient clearance of these metabolites would odckCL catabolises propionate (through the
methylcitrate cycle) and acetate (through the gjjabe cycle) simultaneously. The poor
growth of H37Rv on valerate (Fig. 19a) is thereftheught to be due to the potentially
crippling effects of methylcitrate cycle intermeiabuildup, analogous with the delayed
growth of Aicll in vitamin By, supplemented propionate (Fig. 16) The compromgsesth

of H37Rv on valerate raises question as to theiploggcal relevance of ICL as an MCL
given its apparently limited capacity to catalysathbreactions simultaneously. However
should MTB encounter only longer chain fatty ac{dse section 5.10) and/or cholesterol
(Pandey and Sassetti, 2008)ivo low levels of MCL activity may be sufficient.

The findings on propionate established that thehghetalonyl-CoA pathway can metabolise
propionate independently of the methyicitrate argbxylate cycles. However, the dual
operation of the methylmalonyl pathway and the glyate cycle may be required for optimal
growth on valerate. Indeed, the markedly improveawgh on valerate in the presence of
vitamin B, suggested the regulated partitioning of propidDghA into the methylmalonyl
pathway and acetyl-CoA into the TCA cycle.
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The transcriptional data for growth on valeratee aonsistent with propionate oxidation
primarily through the methylmalonyl pathway (Fig))2Further downregulation @rpD and
icl expression on valerate with vitamin,Belative to propionate with vitamin,Bsuggests
that flux through the methyicitrate and glyoxylatgcle is minimal. This is also consistent

with metabolite rather than vitamin Bmediated regulation of transcription.

The key finding that no differential phenotype abbk detected in theH37Rs. AprpDC for
growth on valerate in the presence of 3NP and witaBa, (Fig. 21a) reinforced the notion
that methylmalonyl pathway is the default routegoopionyl-CoA oxidation in the presence
of vitamin B, and acetyl-CoA (derived from valerate). On valeratith vitamin Bp,
chemical inhibition of ICL with 3NP (Fig. 21a) didot result in the 2-methylcitrate / 2-
methylisocitrate-mediated growth inhibitory effecisserved on propionate with vitamin.B
(Fig. 17a), consistent with the 2.6-fold lower |exa# prpD expression in vitamin B
supplemented valerate compared to propionate. @Y. Furthermore, the expression data
suggested an absence of any signifigepD induction in valerate with vitaminiBrelative to
7H9 (Fig. 20). Therefore, these findings suggesit tin the presence of an active
methylmalonyl pathway, the flux through the metity&te cycle is substantially reduced in
cultures grown on valerate. This reflects an imguurtfacet of propionate regulation at the
PCC/MCS junction. The marked upregulationpgbDC genes (Schnappinget al., 2003) in
macrophages may be an indication that vitamip i8 unavailableax vivo, and may explain
the requirement gbrpDC for MTB replication in macrophages (Muioz-Elgsl., 2006).

5.9.1 Anapleroticrolefor the methylmalonyl pathway on valerate

Growth of H37Rv on valerate with vitamimBwas unaffected by the presence of 3NP (Fig.
21a). This demonstrates the anaplerotic contrinuticche methylmalonyl pathway, as growth
on a theoretical mixture of propionate and acetasipported in the absence of a glyoxylate
cycle. The robust growth on valerate with 3NP ia gresence of vitaminiBconfirms that

the generation of energy equivalents by the acli@A cycle satisfies the demand for
gluconeogenesis on this fatty acid carbon sourberéfore, the expression data, the absence
of putative toxic methylcitrate cycle intermediagccumulation (Fig. 21a) and the

dispensability of glyoxylate cycle (Fig. 22) tolget substantiates the methylmalonyl pathway
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as the preferred route for propionate metabolisoh establishes the fundamental role of the

methylmalonyl pathway in anaplerosis.

The finding that theAicll mutant was unable to grow on valerate despite witaBi;
supplementation was unexpected as it was not ¢densiwith the robust growth observed for
H37Rv on vitamin By-supplemented valerate in the presence of 3-NPghSand Ghosh
predicted approximately 24% flux through the glylaxg cycle in the presence of 0.1mM 3NP
(Singh and Ghosh, 2006). Therefore, one possibgpanation for the lack of growth of the
Aicllmutant onvitamin By, supplemented valerate is that some minimal threshotivity
regulates metabolite flow at the ICL/ICD (glyoxylate cycleéZR) branch point preventing the
buildup of derivative acetyl-CoA. Acetate inhibiti@f growth has been shown to arise from
the depletion of intracellular methionine poolstwilhe concomitant accumulation of the toxic
intermediate, homocysteine (Rekal., 2002a). Alternatively, some baseline activitylGt
(~24%), while not sufficient to support growth onlerate with 3NP (Fig. 21a), may be
adequate to prevent 2-methylcitrate/2-methylisatétr buildup from propionyl-CoA that
potentially ‘overflows’ into the methylcitrate cycbn vitamin B, supplemented valerate with
3NP. Three independent lines of evidence supgst riotion. (1) No anaplerosis by the
glyoxylate cycle is necessary on valerate withmitaB;, when the methylmalonyl pathway
predominates (Fig. 22). Growth on valerate withawiin By, is orchestrated by the
methylmalonyl pathway in conjunction with the TC#Acte. (2) Extremely low levels of 2-
methylisocitrate are sufficient to inhibit ICD (Brg 2005; Horswillet al., 2001) and, has
been shown that in response to such inhibition, gbecific activity of ICD is increased
(Brock, 2005). (3) ICL and ICD compete for a commsubstrate (Walsh and Koshland,
1985), so given the rather low affinity of ICL focitrate relative to ICD (Holms, 1987), the
residual ICL may, by default, fulfill a dedicatedQ¥ function. Therefore, given the evidence
that there is little requirement for the role oLI@ the glyoxylate cycle and the compensatory
action of ICD to 2-methylcitrate/2-methylisocitratenibition, ICL may perform exclusively

as a MCL during on valerate supplemented with vitaB),.

In an ICL-deficient mutant, clearance of methyhtiér cycle intermediates would be entirely
abrogated. For the reasons outlined above, thdtaasdlow of isocitrate at the ICL / ICD

junction would be potentially severed. Additionality this background, increasing levels of 2-

105



methylcitrate would target aconitase and citratatisyse (Cheema-Dhadét al., 1975),
manifesting in acetyl-CoA buildup which would fueththwart efforts by ICD to maintain
isocitrate homeostasis in the absence of ICL fonctMoreover, decreasing the generation of
energy equivalents in this way would exacerbaterggnéoss due to uncoupling of the
membrane potential by acetate buildup (Baronofslat., 1984). This reasoning is supported
by the growth on similar fatty acids of other myaoteria which lack the glyoxylate cycle but
maintain an intact methylcitrate cycle by virtuehafving a dedicated MCL. For example, a
MLS mutant ofMycobacterium sp. strain P101 is able to grow on pristanic aeiich is also
oxidised to a propionyl-CoA:acetyl-CoA ratio of 1{Bakaiet al., 2004). AnAicllAicl2
mutant of MSM is also able to grow on valerate (Maiklias, 2005). Here, the ability of ICL-
deficient mycobacterial strains to grow on thegg/facids may be largely due to detoxifying
MCL (prpB) activity, which is entirely absent in MTBicl1. In keeping with this hypothesis,
a AprpDCAicll double mutant would be expected to grow in valestpplemented with

vitamin By».

Finally, understanding the disparity between gengdnockout) and chemical (3-NP) loss of
ICL function is of considerable importance in terafigirug targeting against ICBy analogy
with the relatively invulnerable mycobacterial DNi§ase, whose activity can be reduced by
90% without any effect on survival (Korycka-Machada al., 2007), it is possible that
(incomplete) chemical inhibition of ICL may havélé effect on mycobacterial cell viability.

5.10 Growth on heptadecanoate as a carbon sour ce

Markedly improved growth of H37Rv was observed eptadecanoate (Fig. 23) relative to
valerate (Fig. 19a). In this case, oxidation o thropionyl-CoA moiety released from
oxidation of the @ substrate did not appear to cause sufficient bpilaf toxic, methyicitrate
cycle intermediates believed to account for tharoetd growth on valerate. Furthermore, the
methylcitrate cycle is dispensable for growth ois thdd-chain fatty acid (Fig. 23), contrary
to the failure ofAprpDC to grow on propionate (Fig. 11) and valerate (Ef@). Subculturing

of AprpDC revealed no detectable growth inhibitory effest$iich would have suggested
propionyl-CoA accumulation over time. Furthermaysgwth of AprpDC was restored to that
of wildtype on the second passage (data not sholim$. adaptation suggests that derivative
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propionyl-CoA not able to be oxidized as a carbow &nergy source, may instead be
accommodated into cellular lipids during derivatigeetyl-CoA-dependent growth. Here
endogenous propionyl-CoA is carboxylated by PC@&hylmalonyl-CoA extender subunits
required for methyl-branched fatty acid synthesse( section 5.11), consistent with the
essentiality ofAccD5 (Holton et al., 2006),accA3 andaccES (Sassettét al., 2003). However,
given the poor growth of H37Rv on valerate (Figajl9he amount of intracellular propionyl-
CoA diverted into this alternate route appearseaadstricted, although variable and subject to
differences between strains , as discussed ingebti 1.

Valerate media may be approximated to a carbotum@»of 50% acetate and 50% propionate
(1:1) (bearing in mind the addition of 0.05% Twehin the media). Consistent with this, a
AprpDC mutant of MTB Erdman is unable to grow in mediataining either a mixture of
50% acetate and 50% propionate or valerate asatt®ic source (Mufioz-Eliag al., 2006).
This is contrary toAprpC2 of C. glutamicum which is able to grow in media comprising a
carbon mixture of 50% propionate and 50% acetakesgiheieret al., 2007), despite being
unable to grow solely on propionate (Claesl., 2002). Varying carbon balances in media
with decreasing concentrations of propionate hankshown to relieve growth inhibition
(Brock and Buckel, 2004). In this study growth aprpDC on heptadecanoate (Fig. 23),
which compares to a carbon mixture of 85% acetatk 1% propionate (7:1), but not on
valerate (Fig. 19a) indicates that MTB in the alogeof propionate oxidizing pathways is able
to grow on longer odd-chain fatty acids providedgionate is sufficiently diluted relative to
acetate. Growth on heptadecanoate in the abserameyqgbropionate oxidizing pathways has
also been reported for the actinomycgterythreum (Reevet al., 2004). Should growth on
heptadecanoate most accurately reflect thevivo environment it may explain the
dispensability oprpDC in vivo (Mufioz-Eliaset al., 2006).

In A. fumigatus a ratio between acetyl-CoA and propionyl-CoA gredkan 4 (specifically
4.8:1) has no adverse effect on growth of wild tywemutant strains unable to oxidise
propionate (lbrahim-Granet al., 2008). Similarly, this study established that #oratio of
7:1 acetate to propionate (fond; MTB experiences no apparent propionyl-CoA tayici
From this it may be may assumed that the endogeraiio of acetyl-CoA:propionyl-CoA

generated by the oxidation of odd-chain amino acid/or fatty acid turnover s 7 given that
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a AprpDC mutant of MTB shows no growth deficit on 7H9 medis is the case fdC.
glutamicum where the methycitrate cycle has a nominated ‘®kesping function’(Plassmeier
et al., 2007).

The anaplerotic role of the methylmalonyl pathwayMTB on odd-chain fatty acids longer
than valerate has yet to be demonstrated. Integbgtigrowth is possible on nonanoic acid in
Pseudomonas putida lacking isocitrate lyase (Nieder and Shapiro, 9@ owth on this odd-
chain fatty acid was ascribed to the organism’itghio form and incorporate propionyl-CoA,
although no pathway was implicated. M glutamicum the activity of the glyoxylate cycle
significantly diminishes on addition of propionateacetate media which has been speculated
to be due to the anaplerotic reaction catalyse@®y which uses the pyruvate produced by
the methylcitrate cycle. In MTB, the findings frothis study suggest that as the ratio of
derivative propionyl-CoA decreases relative to @le€DA, the anaplerotic contribution of an
active methylmalonyl pathway would diminish, as \bits ability to support growth on odd-

chain fatty acids of increasing length in the alogent a functional glyoxylate cycle (Fig. 26).
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Fig. 26 Proposed model detailing the variable anaplerotic contribution of the
methylmalonyl pathway relative to the glyoxylate cycle on odd-chain fatty acids.

As the relative ratio of propionate {Cto acetate (& increases along the gradient of
decreasing length odd-chain fatty acids, the amafecontribution of the methylmalonyl
pathway is proposed to become more pronouncedjdad\he vitamin B-derived cofactor
requirements are met. In the absence of relativiglly concentrations of propionate relative to
acetate, the glyoxylate cycle may predominate. dinection of decreasing magnitude is
illustrated by the narrowing triangular neck.

In accordance with this model, two possible expiana for the attenuated phenotype of
MTB infecting macrophages with added 3NP (Mufioa&knd McKinney, 2005) are offered.
Either vitamin B, supplies may be limitingx vivo or alternately insufficient propionyl-CoA
is metabolised through the anaplerotic methylmdlgmgthway to afford growth in the

absence of the glyoxylate cycle.

Altering intracellular pathway fluxes by vitamin;Bsupplementation may also increase
resistance to ICL inhibitors, as observed for 3NR/alerate with vitamin B. The action of
the methylmalonyl pathway may also alter MTB susibdjiy to other classes of antibiotics.
It has been recently shown that several antibiotixsrt a bactericidal effect through the
common induction of oxidative stress independentroig-target interaction (Dwyest al.,
2007; Kohansket al., 2007). This oxidative damage pathway resultmgellular death is
triggered by NADH depletion and superoxide formatlmy hyperactivation of the electron
transport chain. These events promote destabdizati iron-sulfur clusters, stimulation of the
Fenton reaction and cell death. Diminution of tli@ATcycle decreases NADH production and
consequently decreases superoxide generation. sbatulof the cellular redox environment
by the TCA cycle and its established link with R@&8meostasis (Maillowet al., 2007;
Ogasawarat al., 2007) can be exploited by organisms for increasststance to oxidative
stress (Husaiset al., 2008; Maillouxet al., 2007) or such bactericidal antibiotics (Koharaki
al., 2007). Therefore, the MICs of anti-tubercular girumay vary as the available pool of
NADH generated during the TCA cycle is increaseegmthe methylmalonyl pathway is the
major propionate oxidizing route. This is consisteith carbon source utilization influencing
the intracellular redox state (Singdh al., 2007a). Accordingly, susceptibility to oxidative
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stress in cultures grown on odd- and even-chaiborasources with and without vitamin B

should be evaluated.

5.11 Propionyl-CoA incorporation into virulence lipids relieves toxicity on
valerate

The ability of MTB to grow on valerate appears ®dubject to inter-strain variation. Unlike

the data reported from other studies, the straifl®fRv used in this study grew relatively

poorly on valerate (Chang al., 2007; Mufoz-Eliat al., 2006). Furthermore, Mufoz-Elias

showed that ICL1-dependent growth of tiel2 mutant of MTB Erdman on valerate does not
phenocopy the H37Rv strain employed in this studgspite possessing only a single
functional ICL (Muioz Elias, 2005). Instead, grovath valerate was similar to the parental
Erdman strain (Mufioz-Eliaat al., 2006).

This perplexing observation suggested the possitohi an alternate route for ‘diffusion’ of
propionyl-CoA, evident in Erdmanicl2 on valerate and, to a lesser, extent in H37Rv on
heptadecanoate. If one reconciles this notion whth observation that in the absence of a
methylcitrate cycle, H37Ryv fails to grow on valerséiut not on heptadecanoate, the siphoning
of propionyl-CoA into methylmalonyl-CoA -and henicto lipid synthesis, in a concentration
dependent manner -emerges as a likely explanatiothé differences observed. The H37Rv
strain used in this study is a poor producer of MD(Kanaet al., 2008) unlike the Erdman
strain, which produces high quantities of thisdipi(Prof. J. McKinney, personal comm.).
Therefore, production of PDIM can drain the methglomyl-CoA pool and hence, provide a
sink for intracellular propionyl-CoA. Significanthedding of PDIM into culture media
containing 0.05% Tween (Camachbal., 2001) supports the notion of a propionyl-CoA
‘sink’. Jainet al. observed a significant increase in PDIM for MTi®wn in propionate and
valerate (Jairt al., 2007) and proposed that this phenotype was tleetdiesult of increasing
intracellular levels of the biosynthetic precursbipolyketide lipids, namely, methylmalonyl-
CoA. Furthermore, propionyl-CoA released from oxiola of the cholesterol side chain is
assimilated into PDIM in activated macrophages ¢(egrand Sassetti, 2008). Consistent with

the observations is the finding thedcD5 is strongly upregulated in MTB grown in IFN-
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activated macrophages vs. resting macrophages (fRewntt al., 2006a) which may explain
why the AprpDC mutant of MTB Erdman is severely impaired in negtivs. activated
macrophages (Mufioz-Eliaa al., 2006). In this respect, the virulence attribubésPDIM
extend beyond its antigenic properties to encompds®ader role in propionate metabolism.
The markedly improved growth on valerate of a POdMéducing isolate of H37Rv compared
to the isolate employed in this study (Fig. 24) waasistent with this notion. However, this
may be an over-simplified explanation as exceshyhaalonyl-CoA has been shown to be
diverted into hydroxyacids and further incorporaiatb sulpholipids in a PDIM mutant
(Sirakovaet al., 2003). Pks2 incorporation of methylbranches @sgimethylmalonyl-CoA)
into virulence lipid SL-1 (Sirakovet al., 2001) was also shown to increase dramaticallig wit
increasing concentrations of propionate resultim@ igreater abundance and mass of SL-1
(Jain et al., 2007). Perturbations in the methylmalonyl-CoA @ypwould likely have
pleiotropic effects as this substrate is necess$arythe biosynthesis of multiple methyl-
branched fatty acids including phthioceranic, hygphthioceranic, mycosanoic, and
mycolipenic acids, which form glycolipids PDIM, SL- diacyl trehaloses (DAT), and
pentaacyl trehalose (PAT) (Jacksa@l., 2007; Minnikinet al., 2002).

This raises the question as to what extent celelepe remodeling may occur in the H37Rv
strain employed in this study to accommodate aiprofrCoA sink when grown on valerate
and heptadecanoate. Clearly, the complex regulafiomethyl- branched fatty acids is subject
to strain variation and is not simply dictated e tavailability of methylmalonyl-CoA.

Further insight will be gained from ongoing investiions into the role of MCM in secondary

metabolism of polyketide synthesis.

Diverting propionyl-CoA metabolites into virulendgids this way may regulate flux
primarily through the methylmalonyl pathway. Thisidy has shown that an active MCM
enzyme (and not vitamin B per se) decreases flux through the methyicitrate cycles|

possible, therefore, that an active MCM would redtice methylmalonyl-CoA metabolite
pool, in response to which flux through the methgdte cycle may be ‘turned-down’ to
compensate for flow through the methylmalonyl bfrarto sustain methylmalonyl-CoA
homeostasis. This proposal is substantiated by ntestudies which linkedmutAB

overexpression in cultures grown in 7H9 to a 30% &% drop in PDIM and SL-1
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production respectively (Jaiet al., 2007), suggesting methylmalonyl-CoA sequestrakign
MCM despite the absence of vitamin,Bin the 7H9 growth media. Such a proposed
coherence of reaction fluxes in the network is dbed for metabolites with a low degree of
connectivity, such as methylmalonyl-CoA (Saraadl ., 2006).

5.11.1 Maintaining methylmalonyl-CoA homeostasisin MTB

Propionyl-CoA as the terminal product @oxidation and as a precursor for polyketide lipid
biosynthesis, including SL-1 and PDIM, provides iatimate link between central carbon
catabolism and virulence (Browet al., 2008). Mutants deficient in multimethyl-branched
fatty acids such as PDIMs (Cexal., 1999; Sirakovat al., 2003), related but structurally
distinct phenolic glycolipids (Reeét al., 2004) and SL-1 (Converset al., 2003), are
attenuated in mice although the mechanism by wthiehabsence of these virulence lipids
causes attenuation is unclear. Presumably, theynaodved in immune modulation as they
form a significant portion of the noncovalently Ked lipids in the mycobacterial outer
membrane leaflet (Zubeat al., 2008). However, another mode of action of thisifa of
virulence factors may be in maintaining the physigeoperties of the cell wall such as
reducing cell wall permeability (Camacleb al., 2001) and protecting against bacteriocidal
activity of reactive nitrogen intermediates relebbg activated macrophages (Rousseial.,
2004). MTB may have adopted specific mechanismengure that a biosynthetic deficiency

of such virulence lipids is limited.

An increase in PDIM synthesis is reported for baatgrowing within host tissue (Jaéh al .,
2007). Significantly, Jaimt al. (2007) concluded that such virulence polyketidebafiam is
directly regulated by a metabolic shift to growth @dd-chain fatty acids vivo, given that
PDIM and SL-1 production was stimulated during gitown propionate and valerate, but not
on acetate. However the possibility that bacteriplat the reverse succinyl-CoA
—methylmalonyl-CoA mutase reaction as an adaptigparse to insufficient propionyl-CoA
precursoiin vivo cannot be excluded and requires further investga@onsistent with such a
proposal, methylmalonyl-CoA production for PDIMnslgesis may have increased as a result

of MCM activity in host tissue, assuming the #Bofactor is accessibla vivo. Similarly,
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should vitamin B, be supplied to acetate grown cultures, a similargase in PDIM synthesis
may occur by virtue of raised levels of intracedlulglyoxylate cycle-derived succinate
diverted to methylmalonyl-CoA through MCM. Compans of lipid profiles on acetate or
butyrate with and without vitamin;Bwould offer insight into the contributing role MfCM

on even-chain fatty acids.

In vitro (outside the living host), the carboxylation of piknyl-CoA by PCCase
(accD5/accA3/accES) is an essential reaction (Holtat al.,, 2006; Sassettet al., 2003)
supporting the notion that under standard cultugagditions, only this pathway contributes
to the generation of methylmalonyl-CoA. Howeversthieaction may be conditionally
essential subject to the availability of vitamig,Bn succinate and/or acetate. In this instance,
an accD5 mutant of MTB might be viable for growth on succinate and /ortaiee media
supplemented with vitamin 1B as demonstrated in this study feprpDC on propionate
supplemented with vitamin;B Conversely, autAB mutant may be attenuated for growth

vivo should methylmalonyl-CoA be generated via thigeon the human host.

Targeting virulence has been proposed as a newoaprin antimicrobial development
(Clatworthy et al., 2007). The increased pathology of MTB clinicableédes has been
attributed to differences in the surface expospiidi (Mancaet al., 2001). In this context,

targeting genes which perturb methylmalonyl-CoAlpgesents an attractive option.

5.12 A rolefor MCM in acetate assmilation

Aside from the glyoxylate cycle MCM plays a roleati other described alternate pathways
for acetate assimilation. Notably these alternathyways require complex carbon skeletal
rearrangements involving cobalamin as a cofactoes€ are the glyoxylate regeneration cycle
for M. extorquens (Korotkovaet al., 2002; Korotkovaet al., 2005), the citramalate cycle (see
Fig. 25) in Rhodospirillum rubrum (lvanovsky et al., 1997) and the ethylmalonyl-CoA
pathway ofR. sphaeroides (Alber et al., 2006; Erbet al., 2007; Erbet al., 2008). These
alternate anaplerotic reactions are not restritbetCL-deficient bacteria. Alternate acetyl-
CoA assimilation has been shown to operate indepehd of the glyoxylate cycle in

Sreptomyces collinus grown on acetate without Tween (Han and Reynold97). As
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mentioned above, interrogation of the MTB genome ditiernative acetate assimilation
pathways is complicated as the enzyme activitieglicthe steps in these pathways have yet
to be resolved. Both the ethylmalonyl-CoA pathwayl dhe proposed citramalate cycle in
MTB (Fig. 25) involve a complex series of carboxyla and rearrangement reactions
involving the newly discovered enzyme L-malyl-Coyasep-methylmalyl-CoA lyase (see
Fig. 25) (Meistert al., 2005), as well as enzymes of propionate metanalMCM) to yield
succinate. However, preliminary investigations eded that chemical inhibition of ICL using
3NP resulted in no growth of MTB on acetate supgleted with vitamin B, Similarly,
MSM, which is capable of producing sufficient viteamB;, to support its vitamin B-
dependent enzymes (Karasseed al., 1977) (D. Warner & S. Dawes, unpublished

observations) cannot grow on acetate in the absgn€d. (Mufioz Elias, 2005).

Therefore, in MTB, the glyoxylate cycle seems tahmeonly pathway for assimilating acetate
in vitro. However the possible upregulation of alternatd¢sdeegrathway genesa vivo cannot
be excluded. It may therefore be argued thairih@vo essentiality of ICL in mice might be

attributed, at least in part, to insufficienfoenzyme.

The carbon rearrangement of methylmalonyl-CoA toeBwyl-CoA by coenzyme vitamin B
dependent MCM is also an integral part of autotrogiarbon dioxide assimilation routes
(Berg et al., 2007; Herteret al., 2002a). In the described 3-hydroxypropionate/4-
hydroxybutyrate autotrophic carbon dioxide assitialapathway (Berget al., 2007; Strauss
and Fuchs, 1993), GChixation by the methylmalonyl pathway enzyme, P@Qd acetate
assimilation cycles are intimately linked througlseries of common enzymes, with both
pathways requiring MCM. This raises the intrigugugestion as to whether similar cycles may
be operational in MTB, provided the cofactor reqmients are mefn alternate strategy for
C, assimilation may afford some advantage to MTB umiteosative stress where enzymes of
the glyoxylate cycle, aconitase and MLS are inkibi(Rheeet al., 2005). The possibility that
the MCM reaction may be involved in such other rbelia pathways in MTB remains to be

addressed.
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6 CONCLUDING REMARKS

MTB as an obligate pathogen needs to survive in aeasangly complex and heterogeneous
environment in the human lung as disease progre¥ses requirement is illustrated by the
rich and diverse set of genes (Ceteal., 1998) which this organism possesses to optimise
survival in the numerous cellular niches servingoatential habitats within the human host
(Hernandez-Pandet al., 2000; Neyrolleset al., 2006; van der Wekt al., 2007). The
metabolic adaptability of this organism is a keynpmnent of virulence.

Given the central role occupied by propionyl-CoAcgilular metabolism as both a terminal
product off-oxidation of odd- and branched-chain fatty acidd a precursor in several lipid
biosynthetic pathways (Kolattukudy al., 1997), this study has focused on characterizieg t
pathways for propionate metabolism as an imporfacet of MTB physiology. Host
cholesterol is avidly exploited as a carbon solmcéhis organism (Mohet al., 2008; Pandey
and Sassetti, 2008; Senaragtel., 2008; Van der Geizet al., 2007) potentially releasing
copious amounts of derivative propionyl-CoA durmjdation of this sterol. MTB possesses
alternate pathways for oxidizing this high-energstatolite owing to the toxic side-effects of
derivative propionyl-CoA accumulation(Brock and Rak 2004).

Marked up- regulation oprpC and prpD in the macrophage (Schnappingral., 2003)
revealed a methylcitrate cycle in MTB, and is cetesit with the propionate-induced activity
of MCS in vitro (Mufioz-Eliaset al., 2006). However, grpDC-deficient of MTB is not
attenuated for growthn vivo (Mufioz-Eliaset al., 2006) which signifies the presence of
alternate buffering pathway(s). As methylmalonglACis a precursor of essential methyl-
branched lipids (Camacha al., 2001; Minnikinet al., 2002; Rainwater and Kolattukudy,
1983), propionyl-CoA may be diverted into anabg&thways for cell wall synthesis and
maintenancen vivo. This is consistent with the growth on a;@atty acid of theAprpDC
mutant of the H37Rv strain of MTB observed in tslisdy. Alternatively, propionyl-CoA may
be oxidised to succinyl-CoA by the vitaminRBlependent methylmalonyl pathway. In this

study, the functionality of this anaplerotic patiywsubject to supplementation of media with
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vitamin By, was demonstrated, reinforcing the potential impuarga of vitamin B, in

mycobacterial pathogenesis.

Pathway(s) preference by MTB for propionate oximatn vivo is likely to be balanced by the
availability of vitamin B, and the demands for TCA cycle intermediates antthyhbranched
lipids as a function of stage of infection and raeamvironment encountered by the pathogen
within the host. For example, although ICL is esisémuring acute infection (Mufioz-Elias
and McKinney, 2005), it is downregulated in endgstggranulomas concomitant with the
upregulation ofmeaB (Rachmaret al., 2006b). Therefore, the role of the MCM pathway
vivo has been prioritized for ongoing and future inigegton. Important areas for further
study include characterising different MTB straibpg their ability to synthesize methyl-
branched polyketides as a means of detoxifyingveavie propionyl-CoA by monitoring
growth of AprpDC on odd-chain fatty acids of chain length betwekea two extremes
employed in this studyi.e. >5 and <17). Furthermore, validation of the mogeposed in
this study (Fig. 26) requires that anaplerosish@yrmhethylmalonyl pathway on odd-chain fatty
acids of chain length greater than five be asseasedfunction of growth independent of the
glyoxylate cycle. Future work will also focus dmetconstruction of AmutABAprpDC and
AprpDCAicl1Aicl2 mutants of MTB Erdman and assessment of theiityhi grow and
persist in macrophages and in mice to establishrélerance of propionate metabolism in
MTB pathogenesis. A possible essential role for MGM propionate and/or acetate
metabolism and/or polyketide synthesis during tw®mic stage infection will be investigated
in parallel by assessing the virulence on@AB mutant of MTB Erdman. Such studies should

provide key insights into the availability of vitamB;, cofactorin vivo.
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7 APPENDICES

7.1 Appendix 1: List of Abbreveations

Abbreviation Abbreveated term/phrase
ACC Acyl-CoA carboxylase

ACN Aconitase

AdoCba Adenosylcobinamide

AdoCbl Adenosylcobalamin

AHTC Anhydrotetracycline

Amp Ampicillin

aph Gene encoding aminoglycoside phosphotransferase
ATCC American Type Culture Collection
ATR Adenosyl transferase

BCAA Branched chain amino acids

BCG Bacilli Calmette-Guérin

bp Base pair(s)

CFU Colony forming unit

CIT Citrate synthase

CMS Citramalate synthase

CNCbl Cyanocobalamin (vitamin B

Cco Carbon monoxide

CRP cAMP receptor protein

DAG Diacylglycerol

DMB Dimethylbenzimidazole

DMSO Dimethylsulphoxide

DNA Deoxyribonucleic acid

dNTP Deoxyribonucleotide triphosphate
DOTS Directly observed therapy, short-course
EHR Enduring Hypoxic Response

EMB Ethambutanol

ETC Electron transport chain

FNR Fumurate-nitrate regulator

FUM Fumurase
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HIV
Hyg
Hyg
ICD
ICL

INH
IPTG
IRIS
LTBI
Kb
2KG
KGD
Km

lacz
LB
LDH
MCD
MCL
MCM
MCR
MCS
MDH
MDR
MEZ
MLS
MMEE
MQO
MSM
MTB
NDH
Ni-NTA
NO
3-NP
OADC

Human immunodeficiency virus
Hygromycin B

Gene conferring resistance to hygromycinB

Isocitrate dehydrogenase
Isocitrate lyase
Interleukin

Isoniazid

Isopropyl thig3-D-galactoside

Immune reconstitution inflammatory syndrome

Latent TB infection

Kilobase

a-Ketoglutarate
a-Ketoglutarate decarboxylase
Kanamycin

Michaelis constant

Gene encodinf-galactosidase
Luria-Bertani broth

Lactate dehydrogenase
Methylcitrate dehydratase
Methylcitrate lyase
Methylmalonyl-CoA mutase
a-Methylacyl-CoA racemase
Methylcitrate synthase

Malate dehydrogenase
Multi-drug resistant

Malic enzyme

Malate synthase
Methylmalonyl-CoA epimerase
Malate:quinine oxidoreductase
Mycobacterium smegmatis
Mycobacterium tuberculosis
NADH dehydrogenase
Nickel-nitrilotriacetic acid

Nitric oxide

3-Nitropropionate

Albumin-dextrose complex supplement withiokecid for Middlebrook 7H9
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ODGOO
ORF
PAGE
PCA
PCC
PCK
PCR
PDB
PDHC
PDIM
PDP
PEP
PEPM
PKS
PMF
PPC
PPS
PYK
PZA
RBS
RIF
RNA
RT
sacB
SCS
SCFA
SDH
SDS
SL
SSADH
TA
TAG
TB
TCA
TNF
Tween
XDR

Optical density at 600 nanometre wavelength
Open reading frame
Polyacrylamide gel electrophoresis
Pyruvate carboxylase
Propionyl-CoA carboxylase

PEP carboxykinase

Polymerase chain reaction

Protein data bank

Pyruvate dehydrogenase complex
Pthiocerol dimycocerates

Petal death protein
Phosphoenolpyruvate

PEP mutase

Polyketide synthase

Proton motive force

PEP carboxylase

PEP synthase

Pyruvate kinase

Pyrazinamide

Ribosome binding site

Rifampicin

Ribonucleic acid

Reverse transcription/transcriptase
Gene encoding levansucrase
Succinate synthase

Short chain fatty acids

Succinate dehydrogenase

Sodium dodecylsulphate
Sulphlipids

Succinic semialdehyde dehydrogenase
Toxin-antitoxin

Triacylglycerol

Tuberculosis

Trichloroacetic acid

Tumor necrosis factor
Polyoxyethylene sorbitan monooleate

Extreme drug resistance
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7.2 Appendix 2: Culture Media

All media was made up to a final volume of 1 litlgionised water, and sterilized by autoclaving24fC for 15

minutes.

Luria-Bertani broth (LB)

10g tryptone powder; 5g yeast extract; 10g sodiblorie

Middlebrook-OADC (7H9-OADC)

4.7g Middlebrook 7H9 broth base; 2ml glycerol

100ml OADC supplement and 0.05% Tween 80 added afttoclaving.

Middlebrook-OADC plates (7H10-OADC)

19g Middlebrook 7H10 agar powder; 5ml glycerol

100ml OADC supplement and 0.05% Tween 80 added aft®claving.

Propionate media

4.7g Middlebrook 7H9 broth base
0.5% Albumin

0.085% NacCl

0.05% Tween-80

0.1% or 0.2% sodium propionate

10 pg/ml vitamin By, (optional)
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Valerate media

4.7g Middlebrook 7H9 broth base

0.5% Albumin

0.085% NacCl

0.05% Tween-80

0.1% Valeric acid

pH of the valeric acid-containing medium was adjdgb 6.8 with 10M NaOH.

10 pg/ml vitamin By, (optional)

Heptadecanoic acid

4.7g Middlebrook 7H9 broth base

0.5% Albumin

0.085% NacCl

0.05% Tween-80

0.007% Heptadecanoic acid (from pre-warmed 0.2%ks$olution)

10 pg/ml vitamin By, (optional)
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Fig.S. 1 Vector Maps

Maps of vectors used in this study iutAB with an internal deletion of 2342bp carried on the
suicide vector p2mutAB17 (Parish and Stoker, 2000); ii) Full lengthutAB used for
complementation carried on the suicide vectom@?B17 (Parish and Stoker, 2000); iii)
Rv1998c placed under the control of the tet-indieciiromoter, RycitetO on the replicating
vector pSE100::Rv1998c (Guat al., 2007); iv) RycitetO ::Rv1998c and the tet-repressor,
Pmyc::tetR expressed together on the integrating vgatC1::Ryy.itetORv1998c (Kap=t al.,
2001).
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Fig.S. 2 Southern blots

A. Southern blot for prpDC allele.

For the Southern blot analysis (right), genomic DNdm the wild type, AprpDC,
AmutAAprpDC, AmutAB:: mutABAprpDC and Aicl1::hyg was digested witlBglll which cuts
on either side of the deleted region to produc8@%p fragment from H37Rv arcl::hyg
and a 2649-bp fragment frofprpDC, AmutAAprpDC and AmutAB:: mutABAprpDC which
were detected using a 1073bp PCR-generated probe
B. Southern blot for icll allele

For the Southern blot analysis (left), genomic DRém the wild typeand Aicll::hyg was
digested with&all which cuts on either side of the deleted regionptoduce a 1072-bp
fragment from H37Rv and a 1770-bp fragment frioll::hyg which were detected using a
787bp PCR-generated probe.

155



Table S. 1 Strains and plasmids used in this study

Name Description Reference/source

Strains

H37Rv Virulent reference laboratory strain; ATC(628 London School of Hygiene an
Tropical Medicine

AmutAB mutAB deletion mutant of H37Rv, lacking 2342 bp interAsdl / Bglll fragment This study

AprpDC prpDC deletion mutant of H37Rv, lacking the 2660 bp oegfrom the start codon qfrpD to the stop This study

AmutAB::mutAB
AprpDC::prpDC

AmutAB AprpDC
AmutAB::mutAB

AprpDC::prpDC

Aicl11::hyg

Aicll::hyg::icll

H37RV::RycitetO
1998c ::.pMC1s
Aicl11:hyg:: PrycitetO
1998c::pMC1m

codon ofprpC (Munoz-Eliaset al., 2006)
Reversion mutant adimutAB in which the wild typenutAB allele was restored by knock-in mutagenesis This study
prpDC mutant carrying a 3115 bp gene region containiegptpDC locus in pPRPDC (Munoz-Eliast  This study
al., 2006) integrated at tratB locus; Knf
mutAB and prpDC double deletion mutant This study

Double mutant complemented This study

Icl11 deletion mutant of H37Ryv, carryingicll::hyg allele lacking codons for amino acids 65-290 &f thTrhis study
428 amino acid ICL1 protein ; Hfig

icll mutant carrying a 1.6kb gene region containingit¢helocus in pICL11(Mufioz-Elias and McKinney,This study
2005) as an episomal vector; Fygn

Wild type strain carrying episomal pSE100::Rv19p8smid and pMC1s integrated B locus This study

icl1 deletion mutant carryingficl1::hyg allele with vector pMC1m:: RtetO Rv1998c integrated attB  This study
locus

o

H37Rv::pSE100 with Wild type strain carrying episomal pSE100 plasmid gpMC1s integrated attB locus. This study
pMCls
Plasmids
pGEM3Z(+)f Cloning vector; Amp® Promega
p2NIL Cloning vector; K} (Parish and Stoker, 2000)
pGOAL17 Plasmid carryintacZ andsacB genes as Bacl cassette; Amp (Parish and Stoker, 2000)
p2mutAB p2NIL carrying 7760 bjiccoRI fragment excised from the H37Rv cosmid Rv58 @loet al., 1998) andThis study
containing thenutAB genes plus 1431 bp of 3"- and 2228 bp of 5'-flagkthromosomal sequence; Rm
p2AmutAB p2NIL carryingAmutAB allele generated by digestion of p2mutAB witkcl and Bglll and re-ligation to This study
eliminate 2342 bp of sequence within thetAB region; Knf
p2AmutAB17 AmutAB knockout vector — pmutAB containingPacl cassette from pGOAL17; Kfrsuc This study
p2mutAB17 mutAB knock-in vector — p2mutAB containiriRacl cassette from pGOAL17; Kfhsuc This study
pGEM1998c Derivative of pGEM3Z(+)f carrying 3640Igphl fragment excised from the H37Rv cosmid Rv175bhis study
(Brosch et al., 1998) and containing the 777bp R8tQene; Amp
p2Rv1998c Derivative of p2NIL carrying 3670BamHI-Hindlll fragment excised from pGEM1998c and containinghis study

Rv1998c; Knft
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p2ARv1998c

p2ARv1998c17
pAU100

pPRPDC
pIMO056-1

pICL1

pSE100

pMCls

pMC1m
pPSE100::Rv1998c

pPMC1m::RytetO
Rv1998c
pQE30xa

pQE30:prpB
pQE30xa::Rv1998c

p2NIL carrying ARv1998c allele generated by digestion of p2Rv19@&t Narl and re-ligation to This study
eliminate 312 bp of sequence within the Rv1998@reg<m®
ARv1998c knockout vector — ARv1998c containingPacl cassette from pGOAL17; KfsSuc

pJG1111 carryingprpDC allele — fusion of 1kb PCR products upstream dadnstream oprpDC (Munoz-Eliaset al., 2006)
eliminating 2660bprpDC coding sequence; KiHyg®
pMV306 (Stover et al., 1991) carrying a 3115HmpRI / Ncol fragment containingorpDC; Km® (Munoz-Eliaset al., 2006)

pYUB631 (Pavelka and Jacobs, 1999) aagrgi 2.7kbBamHI-Clal fragment containingcll had 685bp (McKinney et al., 2000)
internalXhol fragment deleted and replaced wiyg cassette (McKinney et al., 2000); Fiygm® Suc

pPEM2634 (Stover et al., 1991) carrying a 1.@del fragment containingcl1; Snf (Mufioz-Elias and (Mufioz-Elias and McKinney,
McKinney, 2005) 2005)

pMS2 derivative containing,RtetO (Guo et al., 2007)

pPMV306Km derivative, KinpsmyctetR (Ehrt et al., 2005)
pPMV306Km derivative, KipmyctetR (Kaps et al., 2001)

This study

Derivative of pMS2 with Rv1998c under the contrbPgy.;tetO This study
Derivative of pMS2 with Rv1998c under the contrbPgyitetO andetR under the control ofiRc This study
Expression vector; Anip Qiagen

PQE30 carryingrpB from E. coli (Brocket al., 2001)

pQE30xa (Qiagen) carrying the p&&bnHI / Hindlll fragment containing Rv1998c¢ fused in frame witfThis study
a 6x His-tag under the control ofsRcO; Amp
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Table S. 2 Oligonucleotides used in this study

Name

Sequence (5'-3)

Application Properties

Primers

MutA-F

MutA-R

MutB-R

MutAB-F
MutAB-R

PrpDC-F

PrpDC-R

PrpDC-R2

Icl1-F

Icl1-R

GGGGTACCGAAGCAAGCCCAAGCA

GGACTAGTCAATGCCTTCCGGCGT

GGAAGCTTGCAGGCGCTGGCGA

AGATCCGTACCATTTCCGGG
TTGTTGGAGACGATGAGCCA

GGGGGCTGCTCTGCGGCACGGTG

GGGGGATCTTGTAGGCCATGTGCTC

GGGGGTACAACAGGATCTTGGCGAC

GGGGGACAACGCTCACATATGTGGTT

GGGGGAGCCAGTTCTCCACCGAAGTA

Forward primer used for PCR2084 bp amplicon generate
genotyping of mutAB and AmutAB from the wild type mutAB
alleles allele using MutA-F and
Reverse primer used for PCR-baseldlutA-R primers
genotyping of thenutAB allele

Reverse primer used for PCR-baset933 bp amplicon generatg
genotyping of the\mutAB allele from the AmutAB allele
using MutA-F and MutB-R
primers
Forward and reverse primer pair used @04 bp amplicon spannin
generate the DNA probe used fofrom the 3'-end ofmutB to
genotypic confirmation of théamutAB  within Rv1495 (see Fig. S
mutant by Southern blot analysis in the Supplementar
Information)
Forward primer used for PCR-based073 bp amplicon generate
genotyping of the prpDC andprpDC from wild type prpDC allele
alleles using PrpDC-F and PrpD(Q
Reverse primer used for PCRR
genotyping oprpDC allele
Forward and reverse primer pair used to
generate the DNA probe used for
genotypic confirmation of théprpDC
mutant by Southern blot analysis
Reverse primer wused for PCRL195bp amplicon from
genotyping ofAprpDC allele. AprpDC allele using PrpDC
F and PrpDC-R2
Forward and reverse primer pair used f687bp amplicon generate
generate the DNA probe used fofrom wild type icll allele
genotypic confirmation of theAicll using Icl1-F and Icl1-R
mutant by Southern blot analysis

2l

2d

< =

2l
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pPSE100Rv1998c-F
pSE100Rv1998-R

UV15Tet-F
Rv1998c-R
(internal)

attBT1-F
attL1-R

attL2-F
attBT2-R

Rv1998c-F
Rv1998c-R

1998c: pQE30xa-F

1998c: pQE30xa-R

Rv1998c-R2

GGGGGGATCCTTACCAGGTCGGAACTAGCCA
GGGGGCATGCTCACACATACAATCAGGCCCAT

GTCCTCCCTATCAGTGATAG
ATGTCGACGCTGACGTAGCAT

ACCGGGTACGTAACGACTGC
CCGCGTATGCCCAGGTCAGA

CTTGGATCCTCCCGCTGCGC
AGACACCTGGCCGTTGGTGC

CGCGCGCGCGCGAGGCCTATGAGTTTCCACGATCT
GCGCGCGCGCGCAAGCTTTTACGTTGTACTCGTGCG

CCCCCGGATCCATGAGTTTCCACGATCTTCA

CCCCCAAGCTTTTACGTTGTACTCGTGCGGTT

GCTGTATCCGTCCTCGATGT

Forward and reverse primer pair used ®62bp amplicon
generate a full length copy of Rv1998€rom  wildtype
for expression study. 862bp PCRillele using
product restricted witlgpohl andBamHI  Rv1998cF

and cloned into pSE100. Primers useoSE100Rv1998R
to sequence PCR product.

Primer pair used for PCR to confirm the888bp amplicon
presence of episomal pSE100::Rv1998c

in H37Rv:: pSE100::Rv1998c
“pMCls and pMCim: RdetO
Rv1998c in Aicll::hyg

pMC1m::R,,tetO::Rv1998c

Primer pair used for PCR to confirm857bp amplicon
integration of pMC1ls, pMC1lm and

pMC1m:: RB,detO Rv1998c ahttB site

in H37Rv:: pSE100::Rv1998c ::.pMCls

and Aicll::hyg i
pMC1m::R,,tetO::Rv1998c

Primer pair used for PCR to confirml130bp amplicon
integration of pMC1ls, pMC1lm and

pMCim:: R, detO Rv1998c a#ttB site

in H37Rv:: pSE100::Rv1998c ::pMCls

and Aicll::hyg .
pMC1m::R,,tetO::Rv1998c

Forward and reverse primer pair use800bp amplicon
for PCR to confirm the 312bp internal

deletion in pARv1998c

799bp PCR product digested wittv99bp amplicon
BamHI andHindlIl for in-frame His-tag

fusion in pQE30xa.

Primers used to sequence PCR product.

sequencing primer
regions of

vectors

setll to sequence upstred
Rv1998c i
pSE100::Rv1998
and pQE30xa::Rv1998c

generatg
Rv1998¢
pSE10
and

1M

9]
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RT primers

S

d

ed

30

80

130

1998c RT2-F GCTATCGGCACAACCAGTTT 189bp amplicon to detect AHTcThis study
1998c RT2-R CGACAGTTGTGCGACGTAGT induced extrachromosomal
expression of Rv1998c¢

mutB RT-F TATCGTTCTTCTGGGGCATC 187bp amplicon This study

mutB RT-R GCCACGTTGTTGAACACATC

PrpD RT(AS) ATCGCGTGGTAGATGGTCTC 155bp amplicon This study

prpD RT (S) GGTCTGGTAACCGCCTATGA

icll RT-R ATACGCGCTCATCTGGTTCT 195bp amplicon This study

icll RT-F ATGCTGGCCTACAACTGCTC

SigA-F1 TGCAGTCGGTGCTGGACAC 194bp amplicon (Dawes et al., 2003)

sigA-R1 CGCGCAGGACCTGTGAGCGG

Sequencing primersfor Rv1129c and prpDC region

Rv1129c-F AGCCACCGG TAAGACATTAC PCR and sequengimigner 1679bp PCR product using

Rv1131-R TCATCGATTTCGTGGCAGCGA PCR and sequenciriqer Rv1129cF and Rv1131R from two
isolated Aicll suppressor mutant
and sequenced

Rv1130-F TGGACAAAGCGCCGGTGATT PCR and sequencingpr 1276bp PCR product using Rv1130

Rv1132-R ATTCGGCCAGGTCGATGTCG PCR and sequencirigner F and Rv1132 R from two isolate
Aicll suppressor mutants and
sequenced

Rv1128c-F TGCTGAAACCACAGTAATAT PCR and sequencininger 1684bp PCR product generat
using Rv1128c and PrpDC-R from
two isolated Aicll suppresso
mutants and sequenced

Rv1130a -R ATCGCGTGGTAGATGGTCTCTT sequencing prime Used to sequence Rv11}
amplified from two isolatedAicl1l
suppressor mutants

Rv1130b -F TAACCGCCTATGAGATCCACAT sequencing prime Used to sequence Rv11}
amplified from two isolatedAicll
suppressor mutants

Rv1130c -F ATGTAGTGATCGGAACGGGAT sequencing primer Used to sequence Rv]
amplified from Aicll 1 and 2
suppressor mutants

Rv1131la -R TAGAGGATCATCGACTGCTCGAA sequencing peim Used to sequence Rvi1l
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amplified from two isolatedAicl1
suppressor mutants

Rv1131b -F TTATGCGCAGAACTTCCTGCACA sequencing peim Used to sequence Rv1131
amplified from two isolatedAicll
suppressor mutants

Rv113ic -F AAGCTGCCGGACAACTGCCA sequencing primer Used to sequence Rvi131l
amplified from two isolatedAicll
suppressor mutants

Rv1131d -R AGGAAGGCGACCTGCTCGAAACT sequencing peim Used to sequence Rv1131
amplified from two isolatedAicll
suppressor mutants

a. GC-clamp sequences (non-H37Rv) are italicisestriRtion sites used for subsequent cloning of R@Bments are underlined, and the relevant enzyme
detailed under application.
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All things are difficult before they are easy.
Thomas Fuller, M.D.
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