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ABSTRACT

Coordinate Synthesis and Export of Lipid Virulence Factors in M. tuberculosis

Madhulika Jain

Mycobacterium tuberculosis is a highly successful human pathogen and is estimated to

infect 2 billion people worldwide, resulting in about 2 million deaths per year. M.

tuberculosis synthesizes and secretes a wide array of lipid virulence factors that are

central to its pathogenesis. Several of these lipids are associated with the cell wall and are

surface-exposed. These surface-exposed polyketide lipids are important in modulating the

host immune system as well as for protection from host radicals. The overall goal of the

work presented here is to better understand the synthesis, export and regulation of these

virulence lipids. The first part of this thesis describes the coordinate synthesis and

transport of a critical surface-exposed lipid virulence factor, phthiocerol dimycocerosate

(PDIM). PDIM is synthesized by a large number of enzymes including PpsE and

transported to the cell wall via MmpD7. We show that PpsE interacts with MmpD7

suggesting coupled synthesis and export of PDIM. We propose that the synthesis and

transport proteins form a complex that promotes efficient lipid export. The second part of

this thesis describes a novel mechanism in which virulence polyketide synthesis is

regulated by metabolite availability. Using a powerful mass spectrometric approach that

simultaneously monitors hundreds of lipids, we found that the production of two lipid

virulence factors, PDIM and sulfolipid-1 (SL-1), are coupled and co-regulated by the

Concentration of a common metabolite, methyl malonyl CoA. Consistent with this view,

increased levels of methyl malonyl CoA led to increased abundance and mass of both

vii



PDIM and SL-1. Furthermore, perturbation of methyl malonyl CoA metabolism led to

attenuation of the bacteria in mice. M. tuberculosis likely grows on host lipids during

infection suggesting that methyl malonyl CoA production by the bacteria is high in vivo

due to either increased flux through the citric acid cycle or the catabolism of odd-chain

fatty acids. Interestingly, PDIM is produced in high mass forms during infection

suggesting that, indeed, high levels of methyl malonyl CoA exist in vivo. We propose

that growth of M. tuberculosis on fatty acids during infection leads to increased flux of

methyl malonyl CoA through lipid biosynthetic pathways, resulting in increased

virulence lipid synthesis during infection.

º 4× Jºh- | 2006
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Chapter 1

Introduction



Mycobacterium tuberculosis has an extraordinary ability to resist the immune

mechanisms of the host. Tuberculosis remains a tremendous global health burden as it

causes over 2 million deaths per year, and it is estimated that approximately one third of

the world is infected (McKinney et al., 1998). M. tuberculosis is transmitted

aerogenically and is engulfed by alveolar macrophages in the terminal air spaces of the

lung. From here, the bacteria employ a number of strategies to evade the microbicidal

mechanisms of the macrophage and are able to replicate intracellularly and disseminate to

other organs of the host.

It has long been appreciated that the mycobacterial cell wall and its associated

lipids are likely important for the pathogenesis of M. tuberculosis (Brennan and Nikaido,

1995; Glickman and Jacobs, 2001). In addition to a peptidoglycan layer beyond its cell

membrane, M. tuberculosis has a formidable cell wall comprising arabinogalactan

molecules esterified to long chain (C50-70) acids termed mycolic acids (Brennan and

Nikaido, 1995). The frontline drug against tuberculosis, isoniazid, inhibits mycolic acid

synthesis (Banerjee et al., 1994). Associated with the cell wall are a number of surface

exposed lipids that have historically been implicated in virulence. Genes involved in the

synthesis and export of these surface-exposed lipids have recently been shown to be

required for growth and virulence in mice, rigorously demonstrating their requirement for

M. tuberculosis pathogenesis (Camacho et al., 1999; Cox et al., 1999).

Two of these surface-exposed lipids, phthiocerol dimycocerosate (PDIM) and

sulfolipid-1 (SL-1), have been extensively studied historically and recently for their role

in virulence. Both lipids are synthesized by specialized polyketide synthases that

elongate straight chain fatty acids by the stepwise addition of a variety of short acyl



chains. PDIM, which consists of two mycocerosic acids esterified to phthiocerol, is the

product of two such polyketide synthase systems. Mas synthesizes methyl branched

mycocerosic acids through successive additions of methyl malonyl CoA (Azad et al.,

1996; Minnikin et al., 2002; Trivedi et al., 2005) while PpsA-E synthesize phthiocerol

(Azad et al., 1997). The protein MmpD7 has been shown to be required for the export of

PDIM to the outer leaflet of the cell wall (Cox et al., 1999).

A number of PDIM synthesis and export genes were found in a signature tagged

transposon mutagenesis (STM) screen for M. tuberculosis mutants that are attenuated for

virulence (Camacho et al., 1999; Cox et al., 1999). This genetic screen consisted of

pooled infections of 48 mutants that were each uniquely identifiable by a DNA tag,

permitting the screening of hundreds of mutants in a mouse model. Mutants in several of

the genes required for PDIM synthesis and export were subsequently also shown to be

attenuated in clonal infections of mice. PDIM has also been shown to be an important

component of the cell wall for providing a physical barrier to host-induced damage as

well as for altering the immune response of the host. PDIM mutants are more sensitive to

SDS, have altered cytokine profiles in macrophages and elicit less reactive nitrogen

species (Camacho et al., 2001; Reed et al., 2004; Rousseau et al., 2004).

SL-1 consists of trehalose-2-sulfate esterified to three molecules of phthioceranic

or hydroxy-phthioceranic acids and one straight chain fatty acid, palmitate or stearate

(Goren, 1970; Goren et al., 1971). Phthioceranic and hydroxy-phthioceranic acids contain

multiple methyl branches which are incorporated by the polyketide synthase Pks2

(Sirakova et al., 2001). Mmpl8 is also required for the complete synthesis of SL-1 and a



biosynthetic precursor, SL1278, accumulates in mmpl& cells (Converse et al., 2003).

Furthermore, mutants in Mmpl8 are attenuated in a mouse model of infection.

SL-1 has been well studied historically due to a correlation between its presence

in the cell wall and virulence (Goren et al., 1974). Surprisingly however, pks2 cells

which do not make either SL-1 or SL-1278 have wild-type bacterial growth in vivo

apparently negating a role for SL-1 in virulence (Converse et al., 2003). One hypothesis

to reconcile the disparate mmpl& and pks2 phenotypes is that MmpD8 may function to

transport an as yet unidentified substrate required for virulence. Alternatively, the

attenuated virulence of the mmpl& mutant could also be due to the build-up of SL-1278,

as SL-1278 has been shown to be a CD1b ligand and T-cell clones that specifically

recognize SL-1278 have been found. SL-1278 specific T-cells are able to recognize M.

tuberculosis infected cells and kill intracellular bacteria (Gilleron et al., 2004). Virulence

studies with an mmpl&/pks2 double knockout would distinguish between these two

possibilities. Importantly, however, pks2 cells have only been tested for growth in vivo at

6 weeks and virulence or bacterial numbers at late timepoints close to mortality have not

been tested in a mouse model of infection. It may be that pks2 mutants are indeed

attenuated, implying a role for SL-1 in virulence.

The role of MmpU7 in PDIM transport and Mmpl8 in SL-1 synthesis prompt

speculation that Mmpl (mycobacterial membrane protein large) proteins in general may

play a role in virulence lipid synthesis and export. Indeed, several of the 13 members of

the Mmpl family of proteins in M. tuberculosis have been implicated in virulence

(Domenech et al., 2005). Mmpls are themselves a part of the larger family of RND

(resistance, nodulation and division) proteins that have a myriad of functions in other



organisms (Tseng et al., 1999). A number of MmpI genes are also genomically

organized proximally to lipid synthesis and modification genes lending further support to

the idea that Mmpls play a role in lipid synthesis or transport. Indeed, MmpD7 is

organized near the PDIM biosynthetic genes in the genome. Genomic organization of

Mmpl8 has also proven to be significant as Mmpl8 is downstream of the gene pks2.

Interestingly, there is specificity in Mmpl mediated transport. Aside from PDIM

export, MmpL7 does not appear to have any other lipid associated defects and secretes

other surface-exposed lipids similarly to wild-type. Conversely, other MmpD mutants are

able to transport PDIM like wild-type cells (Converse et al., 2003). It is therefore also

possible that MmpDs are adapters that interface with a separate lipid export machinery to

promote specificity in lipid transport.

A central question in the understanding of surface-exposed virulence lipids is how

these lipids are exported to the outer leaflet of the cell wall. In the first part of this thesis,

I show that MmpU7 interacts with PpsE, an enzyme required for the synthesis of PDIM

and suggest that MmpU7 may act to couple synthesis and secretion of PDIM. Thus,

Mmpls may in fact act as scaffolds for the assembly of polyketide synthetic machinery

thereby promoting the synthesis and export of their specific lipid substrates.

In the second part of the thesis, I employ a mass-spectrometric approach that

simultaneously monitors hundreds of lipid species to identify novel differences in lipid

synthesis and export under different conditions. Using this method, we made the

interesting discovery that the production of PDIM and SL-1 is coupled and co-regulated

by the concentration of the common precursor, methyl malonyl CoA and that this



Chapter 2

Interaction between polyketide synthase and transporter suggests coupled synthesis

and export of virulence lipid in M. tuberculosis



Abstract

Virulent mycobacteria utilize surface-exposed polyketides to interact with host

cells but the mechanism by which these hydrophobic molecules are transported across the

cell envelope to the surface of the bacteria is poorly understood. Phthiocerol

dimycocerosate (PDIM), a surface-exposed polyketide lipid necessary for

Mycobacterium tuberculosis virulence, is the product of several polyketide synthases

including PpsE. Transport of PDIM requires MmpU7, a member of the Mmpl family of

RND permeases. Here we show that a domain of MmpD7 biochemically interacts with

PpsE, the first report of an interaction between a biosynthetic enzyme and its cognate

transporter. Over-expression of the interaction domain of MmpD7 acts as a dominant

negative to PDIM synthesis by poisoning the interaction between synthase and

transporter. This suggests that MmpU7 acts in complex with the synthesis machinery to

efficiently transport PDIM across the cell membrane. Coordination of synthesis and

transport may not only be a feature of MmpU-mediated transport in M. tuberculosis, but

may also represent a general mechanism of polyketide export in many different

microorganisms.

Introduction

Mycobacterium tuberculosis, the causative agent of tuberculosis, has an

extraordinary ability to resist the bactericidal mechanisms of the human immune system

(McKinney et al., 1998). The integrity of the complex mycobacterial cell wall and its

associated lipids has long been thought to be important for virulence (Brennan and

Nikaido, 1995; Chan et al., 1991; Glickman and Jacobs, 2001; Goren et al., 1974; Ng et



al., 2000). This complex lipid metabolism is reflected in the enormous capacity of M.

tuberculosis for polyketide lipid synthesis as there are at least 24 different polyketide

synthases and numerous lipid modification enzymes encoded in its genome (Cole et al.,

1998). Recent evidence has shown that surface-exposed polyketides, associated with the

outer leaflet of the cell wall, are central to the pathogenesis of M. tuberculosis (Camacho

et al., 1999; Converse et al., 2003; Cox et al., 1999; Domenech et al., 2004). Genes

involved in the synthesis and transport of these polyketides are required for growth and

virulence in mice. Furthermore, these lipids have been shown to provide both a direct

physical barrier to host induced damage (Camacho et al., 2001) as well as to modulate the

immune response to infection by altering cytokine profiles in macrophages (Rao et al.,

2005; Reed et al., 2004; Rousseau et al., 2004).

Many of the surface-exposed polyketides in M. tuberculosis require active

transport from their site of synthesis in the cytoplasmic membrane to the cell surface.

Unfortunately, little is known about the mechanism of polyketide secretion. MmpU7, a

member of the Mmpl (mycobacterial membrane protein large) family of proteins in M.

tuberculosis, was the first MmpI shown to be required for the transport of a specific

polyketide, phthiocerol dimycocerosate (PDIM) to the cell surface (Cox et al., 1999). A

number of genes involved in PDIM biogenesis have also been identified (Azad et al.,

1997; Azad et al., 1996; Onwueme et al., 2004) and the biosynthetic pathway is shown in

a schematic in Figure 1A. The Pps A-E gene products extend straight chain fatty acids to

phthiocerol and the Mas enzyme catalyzes the addition of methyl branches to synthesize

mycocerosic acids (Azad et al., 1997; Azad et al., 1996; Trivedi et al., 2005). The

enzymes Fad■ )26 and Fad■ )28 are thought to be AMP ligases which activate straight



chain fatty acids for transfer to the Pps and Mas enzymes (Trivedi et al., 2004). Finally,

both MmpU7 and DrrC are required for transport of PDIM to the cell surface (Camacho

et al., 1999; Cox et al., 1999). Mmpl&, another Mmpl family member, has been shown

to be required for the biogenesis and transport of sulfolipid (SL-1) (Converse et al., 2003;

Domenech et al., 2004). Given the apparent specificity in MmpD-mediated transport, it is

likely that the other eleven MmpD proteins encoded by the M. tuberculosis genome

transport specific lipids that may be involved in bacterial virulence.

Mmpls belong to a broader class of proteins termed RND (resistance, nodulation

and cell division) permeases (Tseng et al., 1999). MmpU7, like most RND transporters, is

predicted to contain twelve transmembrane (TM) domains with two non-transmembrane

domains between TM #1 and #2 (domain 1) and between TM #7 and #8 (domain 2)

(Figure 1B). The structure of Acrb, a well studied RND transporter involved in multidrug

efflux in Escherichia coli, has been determined and its non-transmembrane domains have

been localized to the periplasm (Murakami et al., 2002; Yu et al., 2003). Acrb interacts

with an outer membrane protein, TolC, to expel a variety of drugs from the cytoplasmic

membrane across the entire cell wall (Tikhonova and Zgurskaya, 2004; Touze et al.,

2004). Since Mmpls are similar in predicted topology to RND permeases, and are

required for the transport of cytoplasmic polyketide substrates, we reasoned that they

may also interact with other proteins that are involved in the transport of lipids to the cell

surface. To better understand the transport of PDIM to the outer leaflet of the cell wall,

we probed for interactors of Mmpl7. Surprisingly, we found an interaction between

MmpD7-domain 2 and the PDIM synthetic enzyme PpsE that is required for the final step

of phthiocerol synthesis. Because PpsÉ acts in the cytoplasm, where PDIM is

10



synthesized, the interaction suggests that MmpD7-domain 2 is accessible to the

cytoplasm. We propose that MmpD7 acts as a scaffold to recruit PDIM synthetic

machinery, forming a complex that coordinates lipid synthesis and transport.

Results

Identification of MmpD7-PpsE interaction

To determine the mechanism of PDIM transport to the surface of M. tuberculosis

bacilli, we first sought to identify components that interact with the two large non

transmembrane domains of MmpU7 using a yeast two-hybrid approach (Figure 1B)

(Golemis et al., 1999). We created two “bait” constructs to express either an MmpD7

domain 1 or an MmpD7-domain 2 fusion with the LexA DNA binding protein in yeast.

Although MmpI,7-domain 1 activated transcription of both the LEU2 and lacz yeast

reporters on its own, MmpD7-domain 2 expression did not auto-activate the reporters

(Figure 2A, B) and thus was suitable for screening an M. tuberculosis genomic “prey”

library for interactors. We identified positive library clones by selecting for growth on

media lacking leucine followed by blue-white screening on plates containing X-gal. Out

of the 16 million clones screened, we obtained about 2000 positive interactors on media

lacking leucine. Out of these 2000 interactors, we tested 1000 by blue-white screening

and obtained over 500 positive clones, out of which we sequenced 136. A list of the gene

fragments that yielded good sequence and that were also in the correct orientation in the

prey plasmid is included in Table 2.
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Surprisingly, our screen identified an interaction between Mmpl7-domain 2 and a

373 amino acid fragment of PpsE, the enzyme required for the final step of phthiocerol

synthesis (Figure 2). A number of reasons suggest that the interaction between MmpU7

domain 2 and PpsB is meaningful. First, PpsB was one of the strongest interactors

identified in the screen as judged by blue color on indicator plates as well as quantitative

3-galactosidase assays (>100X over controls, Figure 2B). Second, the interaction between

MmpI,7-domain 2 and PpsE is specific as PpsE did not interact with either LexA alone or

with domain 2 of the homologous transporter, MmpD8 (Figure 2A, B). Western blot

analysis using anti-LexA antibodies indicated that the MmpU8-domain 2 and MmpD7

domain 2 baits were expressed at equivalent levels (data not shown). Finally, as PpsE is

required for the synthesis of PDIM and MmpD7 is required for the transport of PDIM

(Cox et al., 1999), the interaction between PpsE and MmpD7 suggested the intriguing

possibility that PDIM synthesis and transport are coupled.

To confirm the interaction between MmpD7-domain 2 and PpsE in vitro and test

its role in vivo, we first sought to generate a mutant MmpU7-domain 2 that does not

interact with PpsE. We used a reverse yeast two-hybrid approach (Bennett et al., 2004) to

identify single amino acid changes in MmpD7-domain 2 that disrupt its interaction with

PpsE. We engineered our original MmpD7-domain 2 bait vector to include a C-terminal

GFP fusion to easily avoid mutations that resulted in protein truncations. We randomly

mutagenized MmpL7-domain 2 using error prone PCR, introduced these constructs into

yeast cells bearing the PpsÉ prey plasmid, and screened for colonies that were both white

on X-gal indicator plates and GFP positive. Colonies with the desired phenotype were

isolated and the bait plasmids were recovered, re-tested, and sequenced. Interestingly, of

12



the 12 plasmids that contained mutations that led to single amino acid changes in

Mmpl7-domain 2, 9 clustered in a 50 amino acid region of the protein (Figure 3A). Eight

of the mutations led to substitutions with Proline or Glycine which are more likely to be

structurally disruptive and possibly lead to global unfolding of the protein. The four

remaining mutants, W571R, Y594H, Y594C, and I611S (amino acid numbers correspond

to positions in full-length MmpU7) were reconstituted into the original bait vector lacking

GFP and assayed for interaction both on X-gal plates and by liquid fl-galactosidase assays

(Figure 3B). Western blot analysis confirmed that these changes did not lead to

differences in protein levels (data not shown). Since the I611S mutation is the most

conservative mutation and leads to a large reduction in the interaction with PpsE, this

mutant was chosen for subsequent analysis.

Mmpl7-domain 2 interacts with PpsF in vitro

To independently test the interaction between MmpD7-domain 2 and PpsE

identified in the two-hybrid screen, we performed in vitro GST pulldown experiments

(Figure 3C). Glutathione agarose beads coated with MmpD7-domain 2 GST fusion

protein were incubated with lysates from M. smegmatis cells expressing full-length, myc

tagged PpsE. PpsE interacted with MmpD7-domain 2 coated beads but not with beads

containing only GST protein (lanes 2 and 3). Furthermore, the I611S mutation led to

drastically reduced binding with PpsE (lane 4). Coomassie staining of proteins eluted

from the beads demonstrated that equal amounts of MmpU7-domain 2 and the I611S

mutant protein were present during the pulldown (data not shown). Importantly, while the

I611S mutation has a large effect on PpsE binding, we consistently observed low-level

13



residual binding both by GST pulldown and yeast two-hybrid assays. Taken together, our

results demonstrate that MmpD7-domain 2 can specifically interact with PpsE in vitro.

Mmpl7-domain 2 inhibits PDIM synthesis in vivo

We next sought to determine whether the interaction between MmpD7 and PpsE

occurs in vivo. Since MmpD7 is an integral membrane protein and PpsE is most likely

present in the cytoplasm, we reasoned that MmpD7-domain 2 must be accessible to the

cytoplasm in order to interact with PpsE. Over-expression of Mmpl7-domain 2 in the

cytoplasm would then act as a dominant negative by titrating PpsE away from

endogenous full-length MmpD7.

To this end we expressed MmpU7-domain 2 in the cytoplasm of wild-type cells,

under the control of the constitutive groEL2 promoter. To assay PDIM synthesis and

transport, we labeled cells with "C-propionate (which is incorporated into PDIM) and

extracted surface-exposed lipids from the cell wall. In this procedure, radioactively

labeled cells were resuspended in hexanes and then harvested by centrifugation to yield a

supernatant fraction (S) that contained surface-exposed lipids, and a pellet fraction (P)

that contained the remaining total lipids associated with the cell. Lipids from both

fractions were extracted and separated by thin layer chromatography (TLC) in order to

resolve PDIM (Figure 4A). As expected, in wild-type cells PDIM was present in both the

pellet and supernatant fractions (lanes 1 and 2) demonstrating that PDIM is both

synthesized and transported. In a PDIM synthesis mutant, fadD28, PDIM was absent

from both fractions (lanes 3 and 4), whereas in the PDIM transport mutant, mmpl?",

PDIM was present only in the pellet fraction (lanes 5 and 6). Interestingly, over

14



expression of MmpD7-domain 2 in wild-type cells resulted in >98% inhibition of PDIM

synthesis (Figure 4A, lanes 7 and 8). Although over-expression of MmpD7-domain 2 did

not cause any growth defects (data not shown), it was possible that it had a non-specific

effect on lipid synthesis. To confirm that over-expression of MmpD7-domain 2

specifically inhibits PDIM synthesis, we monitored SL-1, which like PDIM also

incorporates propionic acid, in the same extracts and observed no differences in SL-1

synthesis or transport (Figure 4A).

The effect on PDIM synthesis was surprising, as mmpl/ cells are still able to

synthesize PDIM; thus a simple prediction would have been that a dominant negative

form of MmpD7 would inhibit PDIM transport not synthesis. Although the mechanism

of the dominant negative effect of domain 2 is unclear, the specific effect of MmpU7

domain 2 on PDIM synthesis, in addition to its specific interaction with PpsE, suggests

that MmpU7-domain 2 interacts with PpsE in vivo.

To test whether the dominant negative effect of MmpD7-domain 2 on PDIM

synthesis is indeed due to its interaction with PpsÉ, we over-expressed the I611S mutant

form that fails to interact with PpsE. The I611S mutation was generated in the MmpD7

domain 2 over-expression construct and introduced into wild-type M. tuberculosis cells.

Although MmpD7-domain 2 I611S was expressed at similar levels to the wild-type

version, it was unable to inhibit PDIM synthesis to the same extent (Figure 4B). PDIM

synthesis in this strain was approximately 50% of wild-type, consistent with the severely

reduced, but not completely abolished, interaction of the I611S mutant MmpD7-domain 2

with PpsE. This result strongly suggests that MmpU7-domain 2 inhibits PDIM synthesis

via direct inhibition of PpsE.
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We reasoned that if Mmpl7 interacts with PpsÉ in vivo to coordinately synthesize

and transport PDIM, then an MmpD7 mutant that does not interact with PpsE may be

defective for PDIM transport. To test this we introduced the I611S change in the context

of full-length Mmpl7 and expressed the wild-type and mutant forms of MmpU7 in an

mmpl/ strain. We found that both forms were able to complement the PDIM transport

defect (Figure 4C, lanes 8 and 10). We also tested the mutant form of MmpU7 for subtle

defects in PDIM transport as well as increased sensitivity to SDS and found no difference

between the wild-type and mutant forms of MmpU7 (data not shown). Therefore,

although the I611S mutation led to decreased interaction between MmpD7-domain 2 and

PpsE in earlier experiments, in the context of full-length protein this mutation alone was

not sufficient to decrease Mmpl7 activity in vivo. Although the reason is unclear, this

could be because MmpU7 has multiple interactions with PpsE, and perhaps with other

members of the PDIM synthesis and transport machinery, that compensate for this

mutation.

Dominant negative effect of MmpI,7-domain 2 requires MmpD7

A simple mechanism to account for the dominant-negative effect of MmpD7

domain 2 expression is that the protein interacts directly with PpsE in the cytoplasm in

such a way as to render the synthase inactive. Alternatively, because other RND family

members act as trimers (Murakami et al., 2002; Yu et al., 2003), it is possible that

MmpU7-domain 2 may inhibit PpsE while in a complex with full-length MmpU7. To

distinguish between these two possibilities, we tested whether the dominant-negative

effect of Mmpl7-domain 2 requires the presence of full-length MmpU7. Interestingly,
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expression of MmpU7-domain 2 in mmpD 7 transposon mutant cells failed to inhibit

PDIM synthesis (Figure 5A, lane 4). Because the transposon mutant may express

fragments of MmpD7, we also created an M. tuberculosis strain in which the full mmpl/

gene was removed (Figure 6). Like the transposon mutant, the Ammpl? strain was unable

to transport PDIM (Figure 6C) and was insensitive to the dominant-negative effect of

MmpD7-domain 2 expression (Figure 5A, lanes 5 and 6). Expression of MmpU7-domain

2 was similar in all three strains (Figure 5B, lanes 2-4). Therefore, this data demonstrates

that the activity of cytoplasmically expressed MmpD7-domain 2 requires the presence of

wild-type MmpD7. Taken together, our results suggest that MmpD7-domain 2 enters into

a complex with endogenous MmpU7 that interacts with PpsE, trapping the synthase in an

inactive state, thus inhibiting PDIM synthesis.

Sub-cellular localization of Mmpl7 and PpsE.

To experimentally determine the sub-celullar localization of MmpD7 we

heterologously expressed an HA-tagged version of MmpD7 in M. smegmatis. We

performed sub-cellular fractionations and analyzed the fractions by SDS-PAGE and

western blotting. We found that MmpD7 preferentially localizes to the membrane over

the cytoplasm (Figure 7).

We also attempted to determine if PpsE is recruited to the membrane

preferentially in M. smegmatis cells expressing MmpD7 as compared to cells that were

not, but were unable to monitor a difference in membrane-associated levels of PpsE in

the presence of absence of MmpD7 (data not shown). In either case, we found PpsE in

both the membrane and cytoplasm fractions of the cells.
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As a membrane control for MmpU7 we also introduced the membrane protein

Snm4 which is required for the secretion of Esató (Stanley et al., 2003) along with PpsE

into wild-type M. smegmatis cells. Curiously, we observed that this strain had

significantly smaller membrane pellets as compared to wild-type cells, or wild-type cells

expressing MmpD7 and PpsE, suggesting perhaps that expression of Snm4 destabilizes

membranes.

Discussion

PDIM, like other polyketide lipids, is a key molecule in the pathogenesis of M.

tuberculosis. In this study, we have identified a novel interaction between MmpD7, a

protein required for PDIM transport, and PpsE, an enzyme required for PDIM synthesis.

Over-expression of the interaction domain of Mmpl7 causes a drastic defect in PDIM

synthesis, suggesting that this domain interacts with PpsÉ in vivo and inhibits its activity.

To our knowledge, this is the first report of an interaction between a synthetic enzyme

and its cognate transporter. We propose that MmpU7 interacts with the PDIM synthetic

machinery to form a complex that coordinately synthesizes and transports PDIM across

the cell membrane (Figure 9).

Interestingly, the dominant negative effect of domain 2 on PDIM synthesis is

dependent upon the presence of full-length MmpD7. This strongly suggests that domain 2

incorporates into a complex with endogenous MmpU7 and exerts its effect only in this

context. Like Acrb, an RND transporter in E. coli (Murakami et al., 2002; Yu et al.,

2003), MmpU7 may normally act as a trimer or a higher order oligomer, and a hybrid

complex of full-length MmpD7 with domain 2 may trap PpsE in an inactive state.
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Since MmpD7 is dispensable for PDIM production it is curious that expression of

domain 2 inhibits PDIM synthesis. We propose a simple model to reconcile this paradox.

In a stepwise process of efficiently coordinating PDIM synthesis and export, MmpD7

may possess both inhibitory and activating activity on PDIM synthesis. For example,

domain 2 may act to inhibit PpsE activity until the entire PDIM synthesis-transport

complex is assembled, at which point the inhibition is relieved. Thus, MmpU7-domain 2

may exert its dominant negative effect by stabilizing the inhibitory state of this complex.

In the absence of MmpU7, however, there is no inhibition or activation of PDIM

synthesis, therefore PDIM synthesis is unaffected. This model would also explain why

the I611S mutation, when reconstituted into full-length MmpU7, has no apparent effect.

If the isoleucine residue is important for inhibition of PpsE then the I611S mutation

would not necessarily lead to a defect in PDIM synthesis or transport.

Since MmpD7 and Acrb share the defining features of RND transporters, it is

tempting to draw parallels between the two proteins. Both contain twelve putative

transmembrane helices with non-transmembrane loops between TM #1 and #2, and TM

#7 and #8. In the crystal structure of Acrb, the non-transmembrane domains are predicted

to be periplasmic (Murakami et al., 2002; Yu et al., 2003) and the transmembrane

domains form a central cavity that is accessible to the cytoplasm. Transmembrane

prediction algorithms (TMPred, TMHMM) suggest that the non-transmembrane domains

of MmpD7 are also periplasmic although no experimental data exists to validate this

prediction. Since the interaction domain of MmpU7 lies between TM #7 and #8, in order

to interact with PpsÉ, it must be accessible to the cytoplasm. There are a number of ways

in which this could occur. First, like the glutamate transporter, EAAT1 (Seal and Amara,
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1998), the interaction domain of MmpU7 may be reentrant through the membrane and

thus interact with PpsE. Alternatively, the PpsE protein may access the extracellular

portion of MmpU7 via a central pore created by the MmpD7 transmembrane domains.

Finally, since Mmpls and Acrb are distantly related members of the RND permease

family, the structure of MmpD7 may differ from Acrb and the orientation of Mmpl7 in

the membrane may be such that domain 2 is located in the cytoplasm. Indeed, there are

examples of evolutionarily-related transporters with opposite membrane topology (Saier,

2003).

Since there is specificity in MmpD-mediated transport, it is attractive to speculate

that this specificity may be in part due to the interaction with the cognate transporter.

There is evidence in both E. coli and Pseudomonas aeruginosa that when both the non

transmembrane regions of two different RND permeases with different drug efflux

specificities are swapped, that the respective drug specificities are also switched (Elkins

and Nikaido, 2002; Tikhonova et al., 2002). We constructed analogous chimeras

between Mmpl7 and Mmpl8; although these hybrids were expressed, they were non

functional (Figure 8). Despite the negative result, this suggests that portions other than

domains 1 and 2 are required for Mmpl function.

Given the results presented here, we propose that MmpD proteins act not only as

transporters but also as scaffolds to couple polyketide synthesis and secretion. This

model may also provide a framework to explain the role of two other RND-family

transporters in polyketide synthesis. In M. tuberculosis, mmpl& mutants are defective

for SL-1 synthesis and accumulate a partially lipidated precursor SL1278 (Converse et al.,

2003). Originally, we proposed that Mmpl8 may transport SL1278 across the cell
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membrane where subsequent enzymatic steps would convert it to mature SL-1. However,

in light of the interaction between MmpU7 and PpsB, it is now tempting to speculate that

Mmpl8 may similarly recruit a biosynthetic enzyme required to complete the synthesis

of SL-1 prior to transport. Likewise, an RND transporter in S. coelicolor, ActII-ORF3, is

also involved in the biogenesis of a polyketide, Y-actinorhodin (Bystrykh et al., 1996).

Therefore, the coupling of polyketide synthesis and transport via interactions between

synthases and cognate transporters may represent a general mechanism utilized by RND

family members to efficiently export complex polyketides. This paradigm is reminiscent

of protein secretion where newly synthesized polypeptides are co-translationally

translocated across the membrane (Keenan et al., 2001). Coupling of synthesis and

transport may be energetically favorable while promoting specificity and directionality in

transport processes.

Materials and Methods

Strains and Plasmids. M. tuberculosis cells (Erdman strain) were cultured in

7H9 medium supplemented with 10% OADC, 0.5% glycerol and 0.1% Tween-80, or on

7H10 solid agar medium with the same supplements except for Tween-80 (Cox et al.,

1999). Kanamycin (20 ugml") and hygromycin (50 pg ml") were used where necessary.

All strains and plasmids used in this study are described in Table 1.

Construction of M. tuberculosis knockout strain. The Ammpl? (MJM.39)

mutant strain was created by homologous recombination using specialized transducing
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phage phMJ1 (Glickman et al., 2000). This deletion replaced all 2763 bp of mmpl? with

a hygromycin resistance cassette and correct replacement of the gene was confirmed by

Southern Blot analysis (Figure 6).

Yeast Two-Hybrid. The yeast two-hybrid screen was performed as described

(Golemis et al., 1999) and expression of bait proteins in yeast was confirmed by Western

blotting using antibodies against Lex A (kind gift of R. Brent). Bait constructs using

MmpD7-domain 2 and Mmpl&-domain 2 were created by PCR amplification and

insertion into peG202. The prey library was constructed using random Erdman genomic

DNA fragments inserted into pjsc401. Positive interactors were selected on media

lacking leucine and then screened by blue-white screening on agar plates containing 5

bromo-4-chloro-3-indolyl fl-D-galactoside (X-gal). 3-galactosidase activity was assayed

in yeast cells permeabilized with chloroform and sodium dodecyl sulfate as previously

described (Guarente and Ptashne, 1981). For reverse two-hybrid, error prone PCR was

performed using Taq polymerase, 100 ng of the bait plasmid containing mmpl?-domain

2 (pMJ2) as the PCR template, and 18 cycles of amplification with an annealing

temperature of 72°C. Mutagenesis rate under these conditions was ~1 mutation per

kilobase. Yeast homologous recombination (with 80 base-pairs of overlap) was used to

introduce the mutant MmpU7-domain 2 PCR product into the bait vector. GFP screening

was performed visually by fluorescence microscopy.

GST Pull-down Binding Assays. Recombinant Mmpl7-domain 2-GST,

Mmpl7-domain 2-1611S-GST and GST alone were expressed in E. coli strain DH.50 by
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growing a 500 mL culture to mid log phase at 32°C and inducing with 1mM IPTG for 30

minutes. Cells were centrifuged and resuspended in 10mL of 50 mM Tris, 1 mM EDTA,

150 mM NaCl, 1 mM PMSF, 1 mM DTT. A tiny amount of lysozyme was added and the

cells were lysed by sonication three times for 1 min (with 1 min rest on ice in between) at

maximum power. 1 mL of 10% Triton (for a final concentration of 1% Triton) was added

to the lysed cells and the whole mixture was incubated at 4°C for an hour. Lysates were

cleared by centrifugation at 12,000 g and incubated with 500 pull glutathione agarose

beads (G 4510, Sigma, St. Louis, MO, 400 mg beads were first resuspended in PBS and

washed 3x. Final resuspension of 10 mL PBS yields a 50% slurry for storage) at 4°C

overnight. Beads were washed four times with 10 mL of PBS, 1 mM EDTA, and 0.5%

Triton X-100, and then stored as a 50% slurry in 50 mM Tris, 1 mM EDTA, 500 mM

NaCl, 20% glycerol, 0.5% Triton X-100. PpsE-myc was expressed in Mycobacterium

smegmatis and lysates were prepared by bead beating 3x cells obtained from a 250 mL

log phase culture into 500 puL binding buffer (20 mM Tris, 1 mM EDTA, 150 mM NaCl,

1 mM PMSF, 1mM DTT). Lysates were incubated with 50 pull of protein coated beads

overnight at 4°C, washed quickly three times in 1 mL binding buffer and resuspended in

30 pull SDS sample buffer. Samples were boiled to elute all proteins off the beads and the

entire sample was loaded and resolved on a 7.5% SDS-PAGE gel. PpsE-myc was

detected by Western blotting using 9E10 monoclonal antibodies (kind gift of J. M.

Bishop).

Biochemical Analysis of PDIM and SL-1. M. tuberculosis cultures (50 mL)

were labeled with "C-propionate (7.5 mL of 1 mCi/mL), which is incorporated into both
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PDIM and SL-1, for 16 hours. Cells were centrifuged at 3000 rpm on a Beckman tabletop

centrifuge (rotor GH 3.8) and surface-exposed lipids were extracted by resuspending the

cell pellet in 1 mL hexanes and gently sonicating at 25% for 1.5 min (Converse et al.,

2003). Cells were centrifuged again as above to yield a hexanes fraction and a pellet

fraction containing the remainder lipids. Lipids from both fractions were extracted by the

Bligh-Dyer method (Bligh and Dyer, 1959). For 0.5 mL of cell pellet fraction, 1.5 mL of

2:1 ChCl3:MeOH was added and for 1 mL of hexanes fraction, 3 mL of 2:1 ChCl3:MeOH

was added. Samples were mixed by vortexing and then removed from the BSL3. In the

BSL2, 0.5 mL of chloroform was added per 0.5 mL of original fraction and samples were

mixed thoroughly by vortexing. 0.5 mL of water was then added per 0.5 ml of original

fraction, mixed by vortexing, and then centrifuged briefly to separate layers. The lower

layer (organic phase) was extracted and transferred to a fresh glass tube and dried down

under nitrogen. Samples were resuspended in 100 pull of chloroform and stored at -80°C.

Lipids were analyzed by loading 4-8 pull on 10 cm x 10 cm HPTLC plates (Alltech

Associates, Deerfield, IL) and separation using either hexanes/ether (9:1) to resolve

PDIM or chloroform/methanol/water (60:30:6) to resolve SL-1. Lipids spots on TLC

plates were quantified using a phosphorimager.

Protein Preparation and Analysis. M. tuberculosis cells were grown into mid

logarithmic phase and harvested by centrifugation. Cell lysates were separated by SDS

PAGE using 12% polyacrylamide gels. Proteins were visualized by immunoblotting

using monoclonal antibodies against the hemagglutinin epitope tag (HA.11, Covance,
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Berkeley, CA). Loading was normalized by total protein and efficiency of transfer was

confirmed by Ponceau S staining of the nitrocellulose membrane.

Sub-cellular fractionation of mycobacterial cells. M. smegmatis cells

expressing MmpD7 were grown to an O.D.600 of 0.8 and spun down. Cell pellets were

fractionated as follows. 500 mL cells were grown to late-log phase and harvested by

centrifugation. The cell pellet was resuspended in 5 mL PBS containing DNase, RNase,

PMSF, and a protease inhibitor cocktail. Cells were broken apart by sonication at

maximum power three times for 1 minute each with 1 minute on ice in between.

Unbroken cells were removed by centrifugation at 3000g. Cell wall was removed by

centrifugation at 27000g twice. The supernatant was subjected to a 100,000g

centrifugation for four hours to yield membranes. The resulting membrane pellet was

washed in PBS and resuspended in 100 pull 0.01 M ammonium bicarbonate and stored at

-80°C. The resulting supernatant, or cytosolic fraction, was also stored at -80°C.
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Figure 1. PDIM synthesis and export pathway and topology of Mmpl".

(A) Schematic of the known steps in the PDIM synthesis and transport pathway. PpSA-E

and Mas are polyketide synthases that extend fatty acids to phthiocerol and mycocerosic

acids respectively (Azad et al., 1997; Azad et al., 1996). These are then esterified to

produce phthiocerol dimycocerosate (PDIM). MmpD7 and DrrCare required for the

transport of PDIM to the cell surface (Camacho et al., 1999; Cox et al., 1999). R is =O

(keto) or —OCH3 (methoxy). (B) Predicted membrane topology of MmpU7 indicating the

two non-transmembrane domains 1 and 2.
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Figure 2. MmpD7-domain 2 interacts with the PDIM synthesis enzyme, PpsE.

(A) Yeast two-hybrid reporter strains harboring the indicated bait and prey plasmids were

streaked onto solid media with or without leucine. Growth on-leucine plates indicate a

positive interaction. (Mmpl?", Mmpl7-domain 2; Mmpl&*, Mmpl&-domain 2). (B)

The same strains as in (A) were transferred onto X-gal containing indicator plates (inset)

and reporter activity was quantified from liquid cultures using 3-galactosidase assays. (C)

Linear representation of full-length PpsE protein (1488 aa) with the Mmpl7 interaction

region denoted. Catalytic domains of PpsE are also shown (KS, Ketoacyl Synthase; AT,

Acyl Transferase; ACP, Acyl Carrier Protein; CE, Condensing Enzyme).
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Figure 3. Identification of residues in MmpU7-domain 2 required for PpsE interaction.

(A) Twelve MmpD7-domain 2 mutants defective for PpsB binding were isolated in a

reverse two-hybrid screen. These amino acid substitutions are displayed on a linear map

of MmpD7-domain 2 with changes to amino acids other than proline or glycine in bold.

Amino acid numbers correspond to positions in full-length MmpD7. Transmembrane

domains 7 and 8 are denoted by hatched bars. (B) Yeast strains expressing the PpsE prey

construct and various MmpD7-domain 2 bait plasmids were transferred onto X-gal

indicator plates (inset) and reporter activity was quantified from liquid cultures by

monitoring 3-galactosidase activity. (C) Beads containing equal amounts of MmpD7

domain 2 and the I611S mutant were incubated with protein extracts containing myc

tagged PpsE and washed. Bound proteins were eluted and separated by SDS-PAGE, and

PpsE was visualized by Western blot using anti-myc antibodies. GST coated beads serve

as a negative control and 1% of the protein extract added to the pulldown was loaded as a

positive control (“input”).
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Figure 4. MmpD7-domain 2 acts as a dominant-negative inhibitor of PDIM synthesis in

vivo.

(A) The indicated strains carrying either no plasmid (-), control vector (vector), or a

plasmid with MmpD7-domain 2 under the control of the constitutive groEL2 promoter

(Mmpl7%) were labeled with "C-propionate. Surface-exposed lipids (S) were extracted

by resuspension in hexanes and cell pellets (P) were harvested by centrifugation. Lipids

from both fractions were extracted and separated by TLC under solvent conditions to

separate PDIM (upper panel, keto and methoxy forms) and sulfolipid (SL-1, lower

panel). (B) Top panel: Lipids were extracted as in (A) from pellets of wild-type cells

carrying either no plasmid (-), the MmpD7-domain 2 ension plasmid (d2), or the

MmpD7-domain 2 expression plasmid with the I611S mutation (d2-I611S). Lower panel:

Western blot analysis was performed to confirm equivalent expression of wild-type

MmpD7-domain 2 and the I611S mutant by using antibodies against the hemagglutinin

(HA) epitope tag. (C) Complementation of an mmpl? M. tuberculosis strain with the

wild-type (mmpl?") or the I611S mutant mmpl? (mmpl?”). Surface-exposed lipids

(S) and lipids associated with the remaining cell pellet (P) were extracted and separated

by TLC to resolve PDIM as in (A).
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Figure 5. Dominant negative effect of MmpD7-domain 2 requires the presence of full

length Mmpl".

(A) Wild-type cells, an mmpl? transposon mutant (mmpl?), and a complete mmpl?

knockout (Ammpl/) carrying either no plasmid (-) or the MmpD7-domain 2 expression

construct (+). Labeled lipids were extracted from pellets as described in Figure 4 and

separated by TLC to resolve PDIM. (B) Western blot of MmpU7-domain 2 showing that

it is expressed at equivalent levels in the different M. tuberculosis strains.
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Figure 6. Creation of AmmoL7 in M. tuberculosis by specialized transduction.

(A) Map of the mmpD.7 region in wild-type and the Ammpl? mutant showing the

restriction sites and probe location for southern blot. Genomic DNA from both wild-type

as well as Ammpl? was digested with BamhI, and the blot was probed with a 1029 bp 5’

flank to mmpl? revealing a 2636 bp fragment for wild-type and a 4700 bp fragment for

the mutant. (B) Southern blot of BamhI digested genomic DNA from indicated strains.

(C) Surface-exposed lipids (S) and lipids associated with the remaining cell pellet (P)

were labeled and extracted from wild-type and Ammpl? cells as described in Figure 4A

and then separated by TLC to resolve PDIM.
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Figure 7. Membrane localization of MmpD7.

M. smegatis cells expressing HA-tagged MmpU7 from M. tuberculosis (+) and cell

expressing empty vector (-) were separated into membrane and cytoplasmic fractions as

described in the methods. MmpU7 was detected by western blotting using an anti-HA

antibody.
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Figure 8. Chimeric analysis of Mmpl7 and Mmpl8

Expression constructs containing chimeras of MmpD7 and Mmpl8 as indicated were

introduced into mmpl/ and mmpl& cells and (A) PDIM transport and (B) SL-1

Synthesis were assessed. (C) Chimeric proteins using MmpD7 as a backbone were tagged

with 2xHA and their expression was analyzed by western blotting.
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Figure 9. Model of PDIM synthesis and transport.

MmpU7 interacts with PpsE, a subunit of the Pps enzyme required for PDIM synthesis.

We propose that MmpD7 acts as a scaffold to recruit PDIM synthesis machinery,

including Pps and perhaps mycocerosic acid synthase (Mas), leading to coordinate

synthesis and transport of PDIM across the cytoplasmic membrane (CM). Whether

Mmpl7, or other factors, are required for delivery of PDIM through the peptidoglycan

(PG) and mycolyl-arabinogalactan (mAG) layers is unclear.
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Table 1. Strains and Plasmids

Strain or Plasmid Genotype/Description Source/ref.
M. tuberculosis

Erdman wild-type W. R. Jacobs, Jr.
mc^3106 Erdman fadD28:Tn5370, Hyg" (Cox et al., 1999)
mc^3107 Erdman mmpl?:Tn5370, Hyg" (Cox et al., 1999)
JCM96 mc^3106 + p.MV306.kan, Hyg", Kan" This study
JCM98 mc^3107+ pl/V306.kan, Hyg", Kan" This study
MJM20 Erdman + p.MJ35, Kan" This study
MJM21 Erdman + p \{J35:2-100, Kan" This study
MJM2 Erdman + pl/V261.kan, Kan" This study
MJM3 Erdman + p.MJ10, Kan" This study
MJM4 Erdman + pMJ13, Kan" This study
MJM22 Erdman + p.MJ10:2-100, Kan" This study
MJM36 mc^3107+ po■ ]35, Kan" This study
MJM39 Erdman Ammpl?, Hyg" This study
MJM54 MJM39 + pMJ35, Hyg", Kan" This study
JCM108 Erdman Ammpl&, Hyg" (Converse et al.,

2003)
MJM11 mc^3107+ po■■ 33, Hyg", Kan" This study
MJM12 JCM108 + p.MJ33, Hyg", Kan" This study
MJM29 JCM108 + p.MJ55, Hyg", Kan" This study
MJM35 mc^31074 p.m.J55, Hyg", Kan" This study
MJM8 mc^31074 p.MJ22, Hyg", Kan" This study
MJM10 JCM108 + pMJ22, Hyg", Kan" This study
MJM25 JCM108 + pMJ53, Hyg", Kan" This study
MJM31 mc^3107+ pm.J53, Hyg", Kan" This study
Saccharomyces
cerevisiae
W303-1a MATa; ura■ -1; leu2-3,-112; his3-11,-15; trp 1-1; P. Walter

ade2–1, can 1-100
EGY48 MATa; trp 1, his3, ura■ , lexAop-LEU2 R. Brent
Plasmids
pEG202 LexA bait plasmid, HIS3, 2pm (Golemis et al., 1999)
pSH18-34 8 x lexAop-lacz reporter, URA3, 2pm (Golemis et al., 1999)
p]G4-5 GAL1 prom-GAL4AD, TRP1, 2pm (Golemis et al., 1999)
pjsc401 pjG4-5 + Clal linker in MCS (Stanley et al., 2003)
pMJ2 pEG202 + mmpl?-domain 2 This study
pMJ3 pjsc401 +ppsB (a.a. 819-1191) This study
pMJ6 pEG202 + mmpl&-domain 2 This study
pMJ2:1-51 pEG202 + mmpl?-domain 2 W571R This study
pMJ2:2-31 pEG202 + mmpl?-domain 2 Y594H This study
pMJ2:2-100 pEG202 + mmpl?-domain 2 I611S This study
pMJ2:3-1 pEG202 + mmpl?-domain 2 Y594C This study
pMV306.kan int, oriE, Kan" W. R. Jacobs, Jr.
pMV261.kan orie, oriM, groEL2 promoter, Kan" W. R. Jacobs, Jr.
pMJ13 pMV261.kan + C-terminal in-frame 2xHA tag, Kan" (Converse and Cox,

2005)
pMJ35 pMJ13 + mmpl?-domain 2 This study
pMJ35:2-100 pMJ13 + mmpl?-domain 2 I611S This study
pMJ10 pMJ13 + mmpl? (endogenous promoter) This study
pMJ10:2-100 pMJ13 + mmpl? I611S This study
pGEX2T Ptac, lacI8, N-terminal GST, Amp" Invitrogen (Carlsbad,
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CA)
pMJ4 pGEX2T + mmpl?-domain 2 This study
pMJ74 pCEX2T + mmpl?-domain 2 I611S This study
pMJ31 pMV261.kan + C-terminal in-frame myc tag, Kan" (Converse and Cox,

2005)
pMJ32 pMJ31 +ppsE This study
pSEC16 pMV306.kan + mmpl& (endogenous promoter), Kan" (Converse et al.,

2003)
pMJ33 pMJ10::mmpl?mmpl& domain 2, Kan" This study
pMJ55 pMJ10::mmpl?/mmplô domain 1 and 2, Kan" This study
pMJ22 pSEC16::mmplômmply domain 2, Kan" This study
pMJ53 pSEC16::mmplômmply domain 1 and 2, Kan" This study
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Table 2. Yeast two-hybrid interactors with MmpU7 domain 2

Rv0125, pepa, 3x RV1461 Rv2590, fadL9
RV0176 Rv1475c, acn RV2624C
RV0352, dna.J RV1498A RV2649
RV0364, ded A Rv1596, nadC Rv2672, 2x
RV0560C Rv1623c, cyda, appC RV2680
RV0610C Rv1679, fade 16 Rv2682c, dxs
RV0708, rplP RV1702C RV2851C
Rv0724, spp.A RV 1756C Rv2935, ppse
RV0775 Rv1821, secA, 2x Rv2967c, pca
RV0845 Rv1901, cin/A Rv3215, entC
RV0866, moae2 RV 1922 RV3238C
RV0878C Rv1975' RV3240C

Rv0928, pstS3 RV2047C RV3262

RV0939 RV2112c' Rv3276c, purk
RV0973, accA2 RV2135C RV3524

Rv1017c, preA Rv2151c, ftsC) RV3548C

Rv1071 c, echA9 Rv2223c, slpD, 2x RV3627C
Rv1184c' Rv2260, 3x RV3712

Rv1294, thra Rv2467, pepN, 5x RV3730C
RV1319C Rv2531c, adi Rv3793, embC
Rv1328, Rv1329c, glgP, ding RV2538c, Rv2539c, aroK, aroB
Rv1442, bisC RV2573

"Contains putative signal sequence and does not interact with MmpD8 domain 2 by yeast
two-hybrid.
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Chapter 3

Lipidomics reveals post-transcriptional control of M. tuberculosis virulence lipid

synthesis via direct metabolic coupling
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Abstract

M. tuberculosis synthesizes specific polyketide lipids to interact with host cells and

catabolizes host lipids to grow during infection. We have uncovered a novel mechanism

in which virulence polyketide synthesis is regulated by metabolite availability. Using

genetics and a mass spectrometric approach that simultaneously monitors hundreds of

lipids, we found that the production of two lipid virulence factors, PDIM and SL-1, are

coupled and co-regulated by the concentration of a common metabolite, methyl malonyl

CoA. Consistent with this view, increased levels of methyl malonyl CoA led to increased

abundance and mass of both PDIM and SL-1. Furthermore, perturbation of methyl

malonyl CoA metabolism attenuated pathogen replication in mice. Importantly, this

mode of regulation is likely operative in vivo as we found that PDIM is produced in high

mass forms during infection. We propose that growth of M. tuberculosis on fatty acids

during infection leads to increased flux of methyl malonyl CoA through lipid biosynthetic

pathways, resulting in increased virulence lipid synthesis.

Introduction

Mycobacterium tuberculosis, the causative agent of tuberculosis, produces and

secretes a wide array of biologically active polyketide lipids that interact with the host

(Brennan and Nikaido, 1995; Cox et al., 1999; Goren et al., 1974). Genes involved in the

synthesis and export of surface-exposed lipid virulence factors such as phthiocerol

dimycocerosate (PDIM) and sulfolipid-1 (SL-1) are required for bacterial growth and

virulence in mice (Camacho et al., 1999; Converse et al., 2003; Cox et al., 1999;
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Domenech et al., 2004). Surface-exposed lipids provide protection against host induced

damage as well as modulate the immune response to infection (Camacho et al., 2001; Rao

et al., 2005; Reed et al., 2004; Rousseau et al., 2004). The interplay between host and

pathogen is likely complex as mycobacterial lipids can also serve as antigens recognized

by the immune system during infection (de la Salle et al., 2005; Gilleron et al., 2004;

Moody et al., 2000; Moody et al., 2000).

Most surface-exposed lipids are synthesized by specialized polyketide synthases

that elongate straight chain fatty acids by the stepwise addition of a variety of short acyl

chains. PDIM, which consists of two mycocerosic acids esterified to phthiocerol, is the

product of two such polyketide synthase systems (Figure 1B). Mas synthesizes methyl

branched mycocerosic acids through successive additions of methyl malonyl CoA (Azad

et al., 1996; Minnikin et al., 2002; Trivedi et al., 2005) while PpsA-E synthesize

phthiocerol (Azad et al., 1997). Fad■ )26 and Fad■ )28 are responsible for activating

straight chain fatty acids for transfer to Pps and Mas, respectively (Trivedi et al., 2004).

The protein MmpU7 is required for the export of PDIM to the surface (Cox et al., 1999)

and interacts with PpsÉ to coordinate synthesis and transport of PDIM (Jain and Cox,

2005).

SL-1 consists of trehalose-2-sulfate esterified to three molecules of phthioceranic

or hydroxy-phthioceranic acids and one straight chain fatty acid, palmitate or stearate

(Goren, 1970; Goren et al., 1971) (Figure 1A). Similar to mycocerosic acids,

phthioceranic and hydroxy-phthioceranic acids contain multiple methyl branches which

are incorporated by the polyketide synthase Pks2 (Sirakova et al., 2001). MmpD8 is also
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required for the complete synthesis of SL-1 and a biosynthetic precursor, SL1278,

accumulates in mmpl& cells (Converse et al., 2003) (Figure 1A).

Host lipids are also important for the host-pathogen interaction as they appear to

be the primary carbon source for M. tuberculosis during infection. Bacteria grown in vivo

preferentially metabolize fatty acids over carbohydrates (Segal and Bloch, 1956). The

icl1 and icl2 genes, which encode enzymes in the anaplerotic glyoxylate cycle in M.

tuberculosis, are required for growth on lipids as a sole carbon source and are required

for growth in vivo (McKinney et al., 2000; Munoz-Elias and McKinney, 2005).

Furthermore, icl1 and icl2, along with genes involved in the 3-oxidation of fatty acids,

are up-regulated in both a macrophage and murine model of M. tuberculosis infection

(Dubnau et al., 2005; Graham and Clark-Curtiss, 1999; Honer Zu Bentrup et al., 1999;

Schnappinger et al., 2003; Sturgill-Koszycki et al., 1997; Timm et al., 2003). These

results strongly suggest that M. tuberculosis alters its metabolism in order to catabolize

host lipids during infection.

In this work we investigated the global lipid profile of M. tuberculosis using

Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICRMS) (Converse

et al., 2003; Marshall et al., 1998; Mougous et al., 2002). Although M. tuberculosis lipids

have been extensively analyzed using a variety of methods including mass spectrometry

(Brennan and Nikaido, 1995), this new method has allowed us to rapidly and

reproducibly monitor hundreds of lipid species. We discovered that the size and

abundance of PDIM and SL-1 are controlled by the availability of a common precursor,

and that this regulation occurs during infection. We propose that virulence lipid

anabolism is coupled with increased catabolism of host lipids.
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Results

Global analysis of M. tuberculosis lipids.

To comprehensively analyze lipid regulation, we utilized FT-ICRMS to

simultaneously measure the abundance of the high complexity of lipid species in M.

tuberculosis. We have previously used the high resolution capabilities of FT-ICRMS to

analyze individual lipids (Converse et al., 2003; Mougous et al., 2002) but here sought to

maximize the number of species we could detect within a crude lipid extract. We directly

infused total lipid extracts of M. tuberculosis cells grown in log phase into the

electrospray ionization source of the mass spectrometer and observed reproducible

spectra containing hundreds of unique lipid species in both negative mode (Figure 2A)

and positive mode (data not shown). By measuring the peak intensities, FT-ICRMS also

allows us to quantify the relative abundance of lipid species between samples.

Accurate mass measurements permitted identification of a number of complex

lipid species without the need for standard compounds. For instance,

phosphatidylinositol mannosides (PIMs), a group of related glycolipids implicated in M.

tuberculosis virulence (Alexander et al., 2004), were readily identified in the negative ion

mode (Figure 2A). The phosphatidylinositol (PI) linkers esterified with two acyl chains

(Ac2PI, m/z 835.5355 for PI esterified to palmitate and oleate, and m/z 851.5638 for PI

esterified to palmitate and tuberculostearate) were observed within 2 ppm of their

theoretical masses (Kolattukudy et al., 1997; Nigou et al., 2003). The dimannose species

esterified to three acyl chains (Ac3PIM2, m/z 1413.8988) and finally the hexamannose

species esterified to three acyl chains (Ac3PIM6, m/z 2062.1079) were also observed and
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were among the most abundant species in the mass spectra. Likewise, accurate mass

measurements permitted identification of peaks corresponding to multiple lipoforms of

SL-1 (Figure 2A, m/z 2401.1544 to 2639.3480) and SL1278 (Figure 2A, m/z 1277,9394) in

negative ion mode, as well as sodiated PDIM ions (Figure 4A, m/z 1318.3012 to

1500.5008) in positive ion mode. Although we observed peaks corresponding to the exact

mass of the published structure of SL-1, the major lipoform observed for SL-1 was 2 amu

greater than the published structure, as previously reported (Mougous et al., 2002). The

mass of this major SL-1 lipoform is consistent with it containing three hydroxy

phthioceranic acids instead of two hydroxy-phthioceranic acids and one phthioceranic

acid (for a detailed discussion see Figure 8).

Importantly, we obtained highly reproducible spectra from repeat experiments

with M. tuberculosis cells grown under the same conditions. This reproducibility allowed

us to compare spectra from lipid extracts prepared from cells grown under different

conditions in order to identify alterations in the profiles. For example, by harvesting cells

at over a time course during growth in culture, we found that the abundance of SL-1 per

cell increases with cell density suggesting that SL-1 synthesis is regulated by growth

phase (Figure 9).

Increased production of SL-1 in PDIM synthesis mutants.

To validate FT-ICRMS as a method for analyzing lipid changes in M.

tuberculosis, we analyzed extracts from mutants in the synthesis and transport of the

virulence lipids PDIM and SL-1. SL-1 from wild-type cells appeared as a broad set of

peaks from m/z 2401.1544 to 2639.3480 corresponding to the known m/z (Figure 1A)
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(Goren et al., 1976). These peaks were separated by 14 amu corresponding to differences

in the number of CH2 units present in the four lipid chains of SL-1 (Figure 1A). In pks2.

cells, which are unable to synthesize SL-1 (Sirakova et al., 2001), the peaks were

completely absent (Figure 2B). In mmpl& cells, SL-1 peaks were also absent (Figure 2B)

but there was a dramatic increase in peaks at m/z 1277.9394 corresponding to SL1278

(Figure 2A) (Converse et al., 2003). Likewise, in fadD26, fadD28, mas' and tesA cells,

which are defective in the synthesis of PDIM (Cox et al., 1999), all PDIM peaks were

absent (Figure 4A, data not shown).

Surprisingly, in cells defective for PDIM synthesis, we observed greatly increased

amounts of SL-1 (Figure 2B). This was unexpected since PDIM synthesis mutants have

been well characterized by other methods but these differences were not detected. In

addition to being more abundant, SL-1 from PDIM mutants was also of higher average

mass as compared to that from wild-type bacteria. The increase in abundance and

average mass was specific to SL-1 with the exception of a slight increase in the

abundance of unknown species at m/z 1826.73, 1854.77, 1942.89 and 1970.91 (data not

shown). We quantified SL-1 abundance and found that, on average, there was a two to

three-fold increase in the amount of SL-1 in PDIM synthesis mutants as compared to

wild-type (Figure 2C). We also calculated a weighted average mass of SL-1 and found a

dramatic shift in the average mass of SL-1 of over 100 amu (Figure 2D).

Since PDIM mutants have altered cell walls (Camacho et al., 2001; Cox et al.,

1999), we reasoned that the absence of PDIM may have caused structural changes in the

cell wall that were sensed in the bacteria, leading to compensatory changes in SL-1

production. To test this, we determined the lipid profile of mmpl/ cells which can
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synthesize PDIM but are unable to export it across the cell membrane to the cell wall.

Interestingly, SL-1 production in mmpl/ cells is similar to wild type (Figure 2B-D),

demonstrating that SL-1 is regulated in direct response to PDIM synthesis and not to

perturbations in the cell wall.

Transcriptional regulation does not account for increased SL-1 production in PDIM

synthesis mutants.

Since lipid biosynthetic genes in M. tuberculosis can be transcriptionally

regulated (Makinoshima and Glickman, 2005), we hypothesized that inhibition of PDIM

production may lead to transcriptional activation of SL-1 synthesis genes. To test this, we

performed microarray experiments to compare the global gene expression program of

wild-type, fadL)26 and pks2 cells. Cells were grown to log phase, and RNA was

extracted and used for microarray analysis using oligonucleotide arrays representing

every gene in the M. tuberculosis genome. Very few changes were detected in the

transcriptional profiles of either mutant as compared to wild type (Figure 10). We

performed significance analysis of microarrays (SAM) (Tusher et al., 2001) on data from

three repetitions of the experiment and found that fadL)26 was the only mRNA

consistently reduced more than three-fold in fadD26 cells as compared to wild type and

similarly pks2 was the only transcript differentially regulated in pks2 cells. The ppsA-D

transcripts were reduced about three-fold in fadL)26 cells indicating a polar effect on

downstream genes. Even if we permitted a false discovery rate of higher than 0%, no

changes in the transcription of SL-1 synthesis genes could be detected in fadL)26 cells.
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Therefore, the increased SL-1 production in PDIM synthesis mutants is likely due to

post-transcriptional regulation.

Abundance and average mass of SL-1 and PDIM increase with methyl malonyl CoA

concentration.

Because both PDIM and SL-1 biosynthetic pathways share a common precursor,

methyl malonyl CoA, a simple model is that in the absence of PDIM synthesis, greater

amounts of methyl malonyl CoA are now available to the SL-1 biosynthetic pathway

leading to increased SL-1 production. This is an attractive model as methyl malonyl CoA

is incorporated into methyl branches in both PDIM and SL-1 but is not heavily

incorporated into other lipid species, consistent with the specificity observed in the mass

spectra. To test whether increased methyl malonyl CoA can lead to increased SL-1

production, we added a direct precursor of methyl malonyl CoA, propionate, to the media

of wild-type cells (over the course of three doublings) and monitored SL-1 production by

FT-ICRMS. Interestingly, we found that with the addition of increasing amounts of

propionate, wild-type cells responded by making two to five-fold more SL-1 (Figure 3A,

B). We also observed an increase in average mass of SL-1 of over 100 amu (Figure 3A,

C) similar to the PDIM mutants. Likewise, in mmpD& cells, we observed a two-fold

increase in the amount of SL1278 and an increase of ~24 amu in the average mass,

consistent with the SL-1 result (Figure 11).

We also added propionate to the mas mutant to test whether we could further

increase the already elevated SL-1 production in these cells. Although there was no

significant increase in SL-1 abundance, there was an increase of over 50 amu in the
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average mass of SL-1 at higher concentrations of propionate (Figure 3A-C). These

results indicate that methyl malonyl CoA is limiting during in vitro growth and its

availability regulates production of SL-1. While we cannot rule out additional modes of

post-transcriptional regulation, these results suggest that increased flux of methyl

malonyl CoA in the SL-1 biosynthetic pathway leads to increased SL-1 abundance and

average mass.

We next sought to determine if PDIM production was also sensitive to methyl

malonyl CoA concentration. Interestingly, pks2 and mmpl& cells do not make

significantly more PDIM than wild-type (Figure 4A). Since SL-1 is much less abundant

than PDIM (unpublished observations), it is possible that inhibition of SL-1 synthesis

does not alter the concentration of methyl malonyl CoA enough to affect the synthesis of

PDIM. Alternatively, PDIM biosynthetic enzymes such as Mas may be precise and

unable to incorporate more methyl branches into PDIM even in the presence of increased

methyl malonyl CoA concentrations. However, addition of propionate to cells led to an

increase in both abundance and average mass of PDIM (Figure 4B-D) demonstrating that

PDIM production increases upon elevated levels of methyl malonyl CoA. Taken

together, our results indicate that production of PDIM and SL-1 are metabolically

coupled via competition for limiting amounts of methyl malonyl CoA inside the cell.

Increased average mass of PDIM is due to increased chain-length of mycocerosic

acids.

To determine the differences between low and high mass forms of PDIM we

performed collision induced dissociation (CID) on the different PDIM ions. To simplify
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analysis of the CID pattern, we selected only the lowest mass peak in a given isotope

packet which contains only the pure”C keto form of PDIM. We thus eliminated peaks

corresponding to ''C and *H incorporation into PDIM, as well as the methoxy form of

PDIM. Sodiated PDIM ions corresponding to a mass of 1402 were isolated from wild

type M. tuberculosis, and ions corresponding to a mass of 1458 and 1486 were isolated

from cells treated with 1 mM propionate. The CID fragmentation patterns are shown in

Figure 5 and ions corresponding to sequential loss of the mycocerosic acid moieties are

observed in each case. Interestingly, we found that while mycocerosic acids had

increased chain length in the higher mass forms of PDIM, the mass of the phthiocerol

moiety remained constant. In fact, for all PDIM lipoforms we found that phthiocerol

exists as either a C20 form (m/z 497 in Figure 5B) or a C22 form (m/z 525 in Figure 5A

and C), consistent with previous reports and likely due to differences in the fatty acid

primers used for elongation (Noll, 1957). The 1402 and 1486 forms of PDIM both

contain the same size phthiocerol group (C24), and differ only in the mass of their

mycocerosic acids (Figure 5A and C). The two sequential losses of 438 amu in the CID

spectrum of the 1402 ion indicate that this PDIM lipoform contains two mycocerosic

acids of 438 amu each and similarly the 1486 lipoform contains two mycocerosic acids of

480 amu each. This difference of 42 amu between the mycocerosic acids in the 1402

form and the 1486 form corresponds exactly to the addition of a single propionate

molecule. While our study cannot distinguish between the addition of a methyl branched

or a straight 3 carbon chain (because they result in the same mass increase), it is

extremely likely that the mycocerosic acids in the 1486 form have an additional methyl

branch as compared to the 1402 form because methyl malonyl CoA is directly
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incorporated into PDIM to form methyl branches (Rainwater and Kolattukudy, 1985).

Taken together, these data show that increased methyl malonyl CoA is incorporated into

mycocerosic acids, resulting in an increase in the average mass of PDIM. These data also

suggest that while the Pps enzymes are precise in the number of functional groups they

incorporate, Mas is more flexible and is able to incorporate a variable number of methyl

branches into mycocerosic acids based on the availability of methyl malonyl CoA.

Perturbations in methyl malonyl CoA regulation lead to altered PDIM and SL-1

production and attenuation in vivo.

Exogenous addition of propionate leads to an increase in methyl malonyl CoA

which is directly incorporated into PDIM and SL-1 (Figure 6A). Since propionate

addition may lead to other changes in the cell, we tested whether altering endogenous

methyl malonyl CoA production in vivo would also lead to changes in PDIM and SL-1

production. Methyl malonyl CoA mutase, encoded by the mutAB genes in M.

tuberculosis, catalyzes the conversion of the citric acid cycle intermediate succinyl CoA

to methyl malonyl CoA (Figure 6A) (Ogata et al., 1999) and its over-expression has been

used to increase polyketide synthesis in heterologous systems (Dayem et al., 2002). We

over-expressed methyl malonyl CoA mutase by placing the mutAB genes under the

control of the constituitive groEL2 promoter on an episomal plasmid in wild-type cells.

This resulted in a marked increase in the average mass of SL-1 and PDIM but, in contrast

with the exogenous addition of propionate, led to a decrease in their total abundance

(reduction of 30% for PDIM and 80% for SL-1, Figure 6B-G). Although the reason for

this is unclear, it is possible that chronic over-expression of MutaB depletes citric acid
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cycle intermediates, leading to pleiotropic effects on cell metabolism. However, PDIM

and SL-1 production are specifically affected while the rest of the lipid mass-spectrum in

MutaB over-expressing cells was similar to wild-type (data not shown). MutaB over

expressing cells also doubled with same kinetics in vitro as wild-type cells carrying the

empty vector under kanamycin selection (doubling time of 25 hours, data not shown)

showing that MutaB over-expression does not affect cell growth and viability.

Since MutaB over-expressing cells have altered PDIM and SL-1 production, we

hypothesized that they would have altered virulence in vivo. Based on the decreased

amounts of PDIM and SL-1 we would expect this strain to be attenuated relative to wild

type, although the increased mass of PDIM and SL-1 might have additional unknown

effects. We assessed virulence of the Mut/AB over-expressing strain during a mouse

infection by infecting BALB/C mice via the aerosol route with wild-type M. tuberculosis

cells over-expressing MutaB. We found that during infection bacterial growth of the

MutaB over-expressing strain is attenuated -10-fold compared to wild-type cells and this

level of attenuation is similar to that observed for fadL)26’ cells (Figure 7). Ten mice per

group were also monitored for time to death (as determined by 15% weight loss). Wild

type infected mice succumbed to infection earlier than mice infected with the MutaB

over-expressing strain (Figure 7E).

If over-expression of MutaB is responsible for attenuated bacterial growth in

vivo, then there should be a selective advantage for loss of the mutAB over-expressing

plasmid. Indeed, we found that while there was virtually no plasmid loss in the wild-type

or fadL)26 cells carrying the empty vector, there was 90% plasmid loss in the Mut/AB

over-expressing strain in mouse lungs by 6 weeks (Figure 7A). Furthermore, seeding in
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the liver and spleen of bacteria carrying the MutaB over-expression plasmid was much

lower (10 to 100-fold) than bacteria that had lost the plasmid (Figure 7B, C). These data

clearly show that the strain over-expressing MutaB is attenuated relative to wild-type

cells and that proper regulation of methyl malonyl CoA in the cell is critical for virulence.

PDIM is produced in higher mass forms during infection.

Since M. tuberculosis catabolizes fatty acids during infection (Munoz-Elias and

McKinney, 2006), a consequent increase in the concentration of citric acid cycle

intermediates could lead to increased production of methyl malonyl CoA in vivo via the

action of Mut/AB. If this occurs, we predict that increased methyl malonyl CoA

production would lead to increased virulence factor production during infection. To test

this idea, we compared the mass distribution of PDIM isolated from bacteria growing

within infected tissue with that from bacteria growing in culture. Mice were infected via

the aerosol route with a high dose of wild-type M. tuberculosis and mouse lungs were

harvested three weeks post infection and homogenized. We enriched for M. tuberculosis

lipids using a differential extraction procedure and monitored PDIM and SL-1 by FT-ICR

MS. Although SL-1 levels were below the limit of detection, PDIM was readily observed

in infected mouse lungs but absent in uninfected tissue (Figure 7D). This is the first

report of M. tuberculosis lipids being detected in vivo during infection. Importantly, we

found that M. tuberculosis produced high mass forms of PDIM in vivo, with an average

mass of 1430 amu compared to 1403 amu for PDIM extracted from in vitro grown cells.

The increase in mass was similar to wild-type cultures grown in the presence of
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propionate (Figure 7D), suggesting that this regulation is due to increased concentration

of methyl malonyl CoA in vivo.

Increased synthesis of PDIM and SL-1 during growth on odd-chain fatty acids.

The increased mass of PDIM during infection suggests a link between anabolism

of virulence polyketides and catabolism of host lipids. Therefore, we grew M.

tuberculosis in culture on different short-chain fatty acids as a sole carbon source and

monitored lipid production. There was no increase in PDIM or SL-1 production upon

growth on acetate as compared to glucose, but we observed a significant increase during

growth on propionate (Figure 12). Interestingly, we also found a significant increase in

mass and abundance of PDIM and SL-1 upon growth on the odd-chain fatty acid valerate,

but not on the even-chain fatty acid butyrate (Figure 12). These data suggest that the

increased mass of PDIM observed in vivo during infection was due to released

propionate from beta-oxidation of odd-chain fatty acids.

Probing for novel lipid substrates of MmpD and Pks proteins.

Due to the breadth of the lipid spectrum observed for M. tuberculosis using FT

ICRMS, it is attractive to use this method to discover novel substrates of MmpD and Pks

proteins with unknown function. Since MmpU7 is required for PDIM transport, and

MmpU8 is required for SL-1 synthesis, we hypothesized that MmpD proteins may in

general be involved in lipid synthesis and transport. We attempted to identify the function

of other MmpD proteins by comparing the lipid spectra of mmpl mutants to that of wild

type. MmpD and wild-type strains were grown in 7H9 with OADC, glycerol and Tween
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80 (see methods for details) to log phase and whole lipid extracts were analyzed by FT

ICRMS in negative and positive ion mode. Surface-exposed lipids in the various strains

were also compared by resuspending cells in hexanes (see methods) and comparing the

lipid spectra of the hexanes fractions. Unfortunately, we were unable to identify

reproducible differences between mmpli, mmpl2, mmpl4, mmpló, mmpl.9, mmpli O,

mmpli 1, mmpli 2, mmplis and wild-type under the conditions tested. We also tested

the whole lipid extracts of four strains, JCM118, JCM122, JCM123, and JCM126

containing deletions in pks 1/15, pks6, pks 7,8,9, 10, 11, 17, and pks 16, respectively, and

were unable to detect any differences when compared to wild-type. It is possible that the

lipid substrates of the MmpD and Pks proteins tested above are not synthesized under the

growth conditions used here. It will be interesting to see in the future, if perhaps these

proteins are involved in lipid transport under conditions of stress.

Our results contradict existing reports that implicate pks7, pks 12, pks 10 and

pks 1/15 in PDIM synthesis (Rousseau et al., 2003; Sirakova et al., 2003; Sirakova et al.,

2003). We directly tested PDIM synthesis by radio-labeling JCM118, JCM122, JCM123

and JCM126 with "C-propionate which incorporates into PDIM and analyzing whole

lipid extracts by TLC. We found no differences in PDIM synthesis as compared to wild

type (data not shown). Since the mutants in pks7, 10, 12 and 1/15 that were shown to

have PDIM synthesis defects were never complemented, and PDIM mutations are known

to accumulate in M. tuberculosis over time (unpublished observations), it is likely that

these strains contain an additional mutation in the PDIM synthetic machinery leading to

the observed results.
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Discussion

FT-ICRMS methodology.

In these studies we used FT-ICRMS to monitor the global lipid profile of M.

tuberculosis quantitatively. FT-ICRMS provides a much broader view of the lipid

profile by allowing us to monitor hundreds of species simultaneously, aiding in the

identification of cellular lipid changes in mutants. FT-ICRMS also offers a highly

sensitive way of analyzing lipid virulence factors under different conditions and can

easily discriminate between species with varying lengths of lipid chains.

Another advantage of this method is that it allows for the trapping of ions and

subsequent CID to elucidate structural information about the molecules. In this way, we

were able to show that the phthiocerol portion of PDIM is invariant and all the

heterogeneity is in the mycocerosic acids. We propose that the Pps enzymes are precise,

but that the increased mass of both PDIM and SL-1 in response to increased

concentrations of methyl malonyl CoA is due to increased processivity of Mas and Pks2,

respectively.

Metabolic coupling of virulence lipid synthesis

We have gained new insight into the compensatory cellular lipid changes that

occur upon genetic perturbation. Our experiments show that interconnections between

seemingly disparate pathways can complicate standard genetic analysis of lipid

biosynthetic mutants. Using FT-ICRMS, we made the unexpected discovery that the

production of two lipid virulence factors of M. tuberculosis, PDIM and SL-1, are coupled

Via the metabolic flux of a common precursor, methyl malonyl CoA. We suggest that in
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the absence of PDIM synthesis there is increased concentration of the methyl malonyl

CoA precursor which is utilized in the SL-1 biosynthetic pathway, leading to the

observed increase in abundance and mass of SL-1. It is important to note that mmpl 7

cells have a comparable virulence phenotype to PDIM biosynthetic mutants (Cox et al.,

1999) indicating that SL-1 up-regulation cannot compensate for the loss of PDIM.

Exogenous addition of a direct precursor of methyl malonyl CoA, propionate, to wild

type cells results in increased abundance and mass of both PDIM and SL-1. This further

supports the idea that increased flux of methyl malonyl CoA through both pathways leads

to an increase in PDIM and SL-1 production.

Interestingly, although both mmpl& and pks2 cells do not make SL-1, mmpl&

cells have attenuated growth in vivo while pks2 mutants do not (Converse et al., 2003). It

is possible that compensatory regulation exists in pks2 mutants that is not present in

mmpl& cells. Although there are no significant changes in PDIM inpks2 cells, we

observed an increase in abundance of unknown lipid species at m/z 1826.73, 1854.77,

1942.89 and 1970.91 under conditions of high propionate as well as in pks2 cells and

PDIM synthesis mutants but not in mmpl& cells. These are likely to be methyl branched

lipids and perhaps play a role in virulence.

Regulation of virulence lipid synthesis during infection.

FT-ICRMS has, for the first time, allowed us to directly analyze M. tuberculosis

lipids from infected tissue. The high mass of PDIM recovered from infected tissues

suggests that high levels of methyl malonyl CoA exist during infection. Although we

cannot rule out the possibility that Mas has increased processivity in vivo due to other

75



reasons, the simplest model is that increased levels of methyl malonyl CoA result in

increased production of pathogenic lipids by M. tuberculosis. Increased levels of methyl

malonyl CoA could be due to either increased availability of propionate in animal tissues,

up-regulation of methyl malonyl CoA production by the bacteria during growth on fatty

acids, or increased propionate due to beta-oxidation of odd-chain fatty acids by the

bacteria. We favor the last explanation as PDIM and SL-1 production was stimulated

only during growth on valerate, but not on butyrate (Figure 12). Thus we propose that

virulence polyketide anabolism is directly regulated by the metabolic shift to growth on

fatty acids, including odd-chain fatty acids, during infection.

Propionate released from the catabolism of odd chain fatty acids can also be

assimilated into the citric acid cycle via the methylcitrate cycle. A recent study showed

that the methyl citrate cycle is dispensable for M. tuberculosis virulence in mice and

proposed that methyl-branched polyketide production may act as a sink to buffer the

increased concentration of propionate in the absence of this pathway in vivo (Munoz

Elias et al., 2006). Our results are certainly consistent with this idea. This raises the

interesting possibility that additional control mechanisms exist to regulate the flux of

propionyl CoA through catabolic or anabolic pathways.

Materials and Methods

Strains and Plasmids. M. tuberculosis cells (Erdman strain) were cultured in 7H9

medium supplemented with 10% OADC, 0.5% glycerol, and 0.05% Tween-80, or on

7H10 solid agar medium with the same supplements plus 50 mg L" cycloheximide and
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without Tween-80. Kanamycin, 20 pg ml" was used where necessary. All strains and

plasmids used in this study are described in Table S1.

Biochemical extraction of lipids. Cells were synchronized to an OD600 of 0.2 and grown

to an OD600 of 0.8. Ten ml of cells were harvested by centrifugation and total lipids were

extracted by the Bligh-Dyer method (Bligh and Dyer, 1959) (also see Chapter 2 methods

for details). For samples analyzed in positive mode, Tween-80 was removed by

resuspending extracts in a 1:1 mixture of hexanes and water, mixing thoroughly, and

centrifuging. The organic layer was extracted with water five times. Cell wall associated

lipids were extracted by resuspension in hexanes as described in the methods for Chapter

2.

Addition of propionate to cultures. Cultures of M. tuberculosis were synchronized to

an OD600 of 0.1 and propionic acid (P1386, Sigma, St. Louis, MO) was added at the

indicated concentration daily over the course of three doublings until the cells reached an

OD600 of 0.8. Ten mls of culture was used to extract lipids as described above. Cells

doubled with the same kinetics independent of the propionate concentration used.

Growth of M. tuberculosis on fatty acids. Cultures of M. tuberculosis were

synchronized to an OD600 of 0.1 and resuspended in media containing either 0.1%

glucose or 10 mM acetate, propionate, butyrate or valeric acid as the sole carbon source,

along with 0.47% 7H9, 0.5% albumin, 0.085% NaCl, and 0.05% Tween-80, as described

(Munoz-Elias et al., 2006). Cells doubled with the same kinetics independent of the
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media used and twenty mls of culture was harvested at an OD600 of 0.4 for lipid

extraction.

Extraction of bacterial lipids from mouse lung tissue. Lungs from infected mice were

homogenized in PBS and pelleted by centrifugation. Host lipids were extracted by

washing the homogenates three times with 5 ml methanol. The remaining material was

extracted with 4 ml 1:1 chloroform:methanol solution and agitated for 8 hours. The

organic extracts were clarified by centrifugation and analyzed by FT-ICRMS.

FT-ICRMS Methods. Total lipids extracted from cells as described above, were

resuspended in 2:1 chloroform/methanol solution (lipids extracted from 10 mL of culture

were resuspended in 1 mL of 2:1 chloroform/methanol) and introduced into the mass

spectrometer at a flow rate of 2 plmin' by means of an Apollo (Bruker-Daltonics,

Billerica, MA) pneumatically-assisted electrospray source operating in positive or

negative ion mode. Mass spectra were acquired on a Bruker-Daltonics Apex II FT-ICR

mass spectrometer equipped with a 7 Tesla actively-shielded magnet (Cancilla et al.,

2000). After ionization, ions were accumulated in an r■ -only external hexapole for 2 s

before being transferred to the ICR cell for mass analysis. Tandem mass spectrometry

experiments for structural analysis of lipid components were performed as described

previously (Mougous et al., 2002). Briefly, sustained off-resonance irradiation collision

induced dissociation (SORI-CID) (Gauthier et al., 1991) was applied to the PDIM ions to

generate structural data. The ions of interest were isolated by a correlated harmonic

excitation field (de Koning et al., 1997) prior to fragmentation. A pulse of argon was
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introduced into the ultrahigh vacuum region of the ICR cell while the ions were excited

1500Hz above their resonance frequency. Following a delay of 3-5 s, to allow the

residual argon to pump away, the fragment ions were excited for detection. Spectra are

composed of 512 k data points and are an average of between 20 and 32 scans. The

spectra were acquired on the FT-ICR data station, operating Xmass version 6.0 (Bruker

Daltonics). Total abundance of lipid species was calculated by summing the peak

intensities as measured by FT-ICR and reported by Xmass. Average mass was calculated

as a weighted average using peak intensities as weights.

Microarray analysis. Cells were grown to log phase and RNA was harvested as

described (Rodriguez et al., 2002). Briefly, pellets were bead-beat in TRIzol reagent

(Invitrogen, Carlsbad, CA), chloroform extracted, and aqueous fractions precipitated

overnight in isopropanol. RNA samples were then resuspended in water, DNAse treated,

purified by Qiagen RNeasy kit (Qiagen, Valencia, CA), and quantified by O.D.260 using a

Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington DE). 5pg

of RNA from each sample was random-primed with hexamers and reverse transcribed in

the presence of amino-allyl d'UTP using SuperScript reverse transcriptase (Invitrogen,

Carlsbad, CA) to generate cDNA. Residual RNA was then hydrolyzed by addition of

0.2N NaOH / 0.1M EDTA and incubation at 65° for 15 minutes, followed by

neutralization with 0.2N HCl. cDNA samples were purified using Zymo binding

columns (Zymo, Orange, CA). Erdman cDNA samples were then conjugated to Cy3,

while cDNA samples from mutant strains were conjugated to Cy5 for two out of three

experiments. For the third experiment, the dye-conjugation was reversed. Dye
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conjugated cDNA samples were competitively hybridized on microarray slides

containing oligonucleotide spots representing every gene in M. tuberculosis (Qiagen,

Valencia, CA). After 2 days of hybridization at 65°C, arrays were washed and scanned

using a GenePix 3000B scanner (Axon Instruments, Molecular Devices, Sunnyvale, CA).

Data analysis was performed using GenePix Pro 4.1 (Molecular Devices, Sunnyvale, CA)

and SpotReader 1.2 (Niles Scientific, Portola Valley, CA). Significance Analysis of

Microarray (SAM) was used to detect statistically significant differences in gene

transcription between strains (Tusher et al., 2001).

Mouse infections. Bacteria were grown to log phase, washed 1x in PBS, cup-sonicated

using a Branson Sonifier 250 at 90% for 15 s, spun for 5 minutes at 40xg to remove

clumps and diluted to the desired inoculum in PBS. Bacteria were administered to

BALB/C mice via nebulization for 15 minutes using a custom built aerosolization

chamber (Mechanical Engineering Shops, University of Wisconsin, Madison). For

normal dose infections (Figure 7A-C), an OD600 of 0.1 and a total volume of 50 mL was

used which resulted in an initial seeding of ~250 bacteria per mouse. For high dose

infections with the wild-type Erdman strain (Figure 7D), an OD600 of 0.8 was used

resulting in an initial seeding of-1400 bacteria per mouse and an average of 8x10" cfu in

the lungs at 19 days. BALB/C mice thus infected with a high dose of M. tuberculosis

Erdman had severely reduced longevity to about 3 weeks. Organs from infected mice

were homogenized and plated for cfu as described (Cox et al., 1999). 4-5 mice were used

per timepoint. All mice were housed and treated humanely as described in an animal care

protocol approved by UCSF IACUC.
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Figure 1. Pathways of SL-1 and PDIM biosynthesis.

(A) The structure of SL1278 (Converse et al., 2003; Domenech et al., 2004) and SL-1 as

proposed by (Goren, 1970) is shown. The trehalose-2-sulfate (T2S) core is esterified with

two hydroxy-phthioceranic groups, one phthioceranic group and a palmitate or stearate.

(B) The structures of phthiocerol, mycocerosic acids and PDIM are shown. Both

pathways are described in the introduction. Pps = phthiocerol synthase; Mas =

mycocerosic acid synthase.
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Figure 2. Increased abundance and mass of SL-1 in PDIM synthesis mutants.

(A) Crude lipid extracts prepared from M. tuberculosis cultures from the indicated strains

were analyzed in negative ion mode by FT-ICR MS. SL-1 = sulfolipid-1, PI =

phosphatidyl inositol, PIM = phosphatidyl inositol mannoside, Ac = acyl chain. (B) The

SL-1 regions of the spectra obtained in (A) are shown. SL-1 is observed as a broad set of

peaks separated by 14 amu corresponding to differing numbers of CH2 units. (C) Relative

SL-1 abundance in the indicated strains was quantified using Xmass 6.0 as the sum of

peak intensities of all peaks corresponding to SL-1. (D) Average mass of SL-1 in the

indicated strains was calculated as the weighted average mass of SL-1 using individual

peak intensities as weights. Error bars indicate the standard deviation of the means.

Experiments were performed in duplicate and are representative of n-3 experiments.
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Figure 3. Addition of propionate leads to increased abundance and mass of SL-1.

(A) Increasing concentrations of propionate were added to the indicated M. tuberculosis

strains over the course of three doublings and SL-1 was monitored using FT-ICR MS. (B)

Relative SL-1 abundance and (C) average mass of SL-1 in wild-type and mas' cultures

treated with the indicated amounts of propionate were quantified as in Figure 2C and D

respectively.
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Figure 4. Addition of propionate leads to increased abundance and mass of PDIM.

(A) Crude lipid extracts were prepared from the indicated strains of M. tuberculosis and

PDIM was analyzed by FT-ICRMS in positive mode. PDIM is observed as a broad set of

peaks separated by 14 amu corresponding to a variable number of CH2 units. (B)

Increasing concentrations of propionate were added to wild-type M. tuberculosis as in

Figure 3A and PDIM was monitored in crude lipid extracts by FT-ICR MS. (C) Relative

PDIM abundance and (D) average mass of PDIM in wild-type cultures treated with

propionate were quantified as in Figure 2C and D respectively.
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Figure 5. Increase in average mass of PDIM is due to the increase in length of

mycocerosic acids.

The CID fragmentation patterns of PDIM lipoforms at m/z 1402 (A), 1458 (B), and

1486 (C), are shown. The fragmentation consists of sequential loss of mycocerosic acids

from the PDIM moiety resulting in phthiocerol. Two forms of phthiocerol are observed,

one at m/z 497.5 and one at m/z 525.5. Structures corresponding to the masses of the

lipid fragments are shown and the number of methyl branches is indicated.
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Figure 6. Over-expression of MutaB leads to changes in PDIM and SL-1 production.

(A) Pathway depicting the production and incorporation of methyl malonyl CoA into

PDIM and SL-1 is shown. Methyl malonyl CoA can be synthesized from propionyl CoA

or from succinyl CoA via the action of MutaB. (B) SL-1 and (C) PDIM region of FT

ICR mass spectra of crude extracts from wild-type M. tuberculosis containing either the

Mut/AB expression construct or an empty vector as a control is shown. (D-G) Relative

abundance and average mass of SL-1 and PDIM in the indicated strains were quantified

as described in Figure 2C and D.
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Figure 7. Changes in methyl malonyl CoA regulation lead to attenuated growth in vivo

and PDIM is produced in increased mass forms in a mouse model of infection.

(A-C) Over-expression of MutaB leads to attenuated growth in a mouse model of

infection. BALB/C mice were infected via the aerosol route with bacteria containing

either an empty vector (circles) or the MutaB expression construct (inverted triangles),

or fadD26 bacteria containing an empty vector (squares). Growth in the lung (A), spleen

(B), and liver (C) was monitored by harvesting organs at the indicated timepoints and

plating dilutions on solid media containing kanamycin (open symbols) or without

antibiotic (closed symbols). Growth on media without kanamycin revealed the total

number of bacteria, while growth on media containing kanamycin revealed the number of

bacteria that retained the plasmid. Each data point represents the average colony-forming

units (cfu) from 4-5 infected mice and error bars indicate the standard deviation of the

means. The data shown here is from one representative experiment of two. (D) PDIM is

produced in higher mass forms in a mouse model of M. tuberculosis infection. BALB/C

mice were infected with a high dose (~1400 bacteria) of wild-type M. tuberculosis and

lungs were harvested 19 days post infection. Bacillary loads in the lung at this timepoint

were 8x10" colony-forming units. Lipids were extracted from infected and uninfected

lungs and analyzed by FT-ICRMS. The PDIM regions of the mass spectra are shown.

The data shown here is from one representative experiment of two. FT-ICR mass spectra

from wild-type M. tuberculosis cells grown in vitro, with or without propionate, as

described in Figure 4B are also shown here for comparison. Average mass of PDIM in

vivo is 1430 amu as compared to 1403 amu for cells grown in vitro without propionate
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and 1456 amu for cells grown in the presence of 1 mM propionate. (E) Mortality of

mice infected with bacteria containing either an empty vector (filled circles, MJM2) or

the MutaB expression construct (open circles, MJM58), or fadL)26 bacteria containing

an empty vector (inverted triangles, MJM63) as described in (A-C).
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Figure 8. An SL-1 isotope packet in the FT-ICR mass spectrum obtained from a crude

lipid extract of wild-type M. tuberculosis.

The peak at m/z 2485 corresponds to the published structure of SL-1 shown in Figure 1

and contains two hydroxy-phthioceranic acids and one phthioceranic acid. The peak at

2487 is a major SL-1 lipoform and is more abundant than would be predicted from the

theoretical isotope pattern for SL-1. We propose that the lipoform at m/z 2487 is a

mixture of an isotope of the peak at 2485 and an SL-1 lipoform that contains three

hydroxy-phthioceranic acids instead of two hydroxy-phthioceranic acids and one

phthioceranic acid. The peak at 2487 would also contain one less CH2 unit than the peak

at 2485 resulting in a mass +16 – 14 = 2 amu greater than the peak at 2485.
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Figure 9. Growth phase dependence of SL-1.

Relative SL-1 abundance was calculated as described in Figure 2C. The experiment was

performed in duplicate and is representative of n=3 experiments. Error bars represent

standard deviations from the means.
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Figure 10. Transcriptional changes do not account for increased SL-1 production in

fadL26 cells.

Wild-type cDNA was conjugated to Cy3 (green) and fadD26 (A) or pks2 (B) cDNA was

conjugated to Cy5 (red). The median Cy5 (532 nm) vs. median Cy3 (635 nm) signal for

each gene on the microarray in a representative experiment was plotted to generate the

scatter plots shown. Genes that were consistently and significantly different across

multiple experiments were determined by SAM analysis (Tusher et al., 2001) and are

indicated.
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Figure 11. Addition of propionate leads to increased abundance and mass of SL1278.

(A) SL1278 region of FT-ICR mass spectra of crude extracts from mmpl& cells treated

with increasing concentrations of propionate. Propionate was added as described in

Figure 3A. (B) Relative SL1278 abundance and (C) average mass of SL1278 in mmpl&

cells treated with propionate were quantified as in Figure 2C and D respectively.
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Figure 12. Growth of M. tuberculosis on fatty acids.

(A) PDIM and (B) SL-1 region of FT-ICR mass spectra of crude extracts from wild-type

cells grown on 0.1% glucose, or 10 mM acetate, propionate, butyrate or valerate as a sole

carbon cource. Three contaminating peaks of polyethylene glycol from residual Tween

80 in the sample are marked with an asterisk (*) in the PDIM spectra for cells grown on

glucose.
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Table 1. Strains and Plasmids

Strain or Plasmid Genotype/Description
M. tuberculosis

Source/ref.

Erdman wild-type W. R. Jacobs, Jr.
mc^3105 Erdman fadB26:Tn5370, Hyg" (Cox et al., 1999)
mc^3106 Erdman fadL)28:Tn5370, Hyg" (Cox et al., 1999)
mc^3107 Erdman mmpl?:Tn5370, Hyg" (Cox et al., 1999)
JCM133 Erdman mas:Tn5370, Hyg" This study
JCM132 Erdman tesA:Tn5370, Hyg" This study
JCM 108 Erdman Ammpl&, Hyg" (Converse et al.,

2003)
JCM119 Erdman Apks2, Hyg" (Converse et al.,

2003)
MJM2 Erdman + p.MV261.kan, Kan" This study
MJM58 Erdman + p \{J77, Kan" This study
MJM63 mc^3105+ pmV261.kan, Kan" This study
Plasmids

pMV261.kan oriB, oriM, groEL2 promoter, Kan" W. R. Jacobs, Jr.
pMJ77 pMV261.kan + mutAB, Kan" This study
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Chapter 4

Conclusions and Perspectives
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The mycobacterial cell wall has long been thought to be important for virulence.

Several key structural components including the mycolate layer are crucial for the

survival of M. tuberculosis in vivo (Brennan and Nikaido, 1995). Surface-exposed lipids

associated with the mycobacterial cell wall have also been studied extensively. Over the

last several years, the importance of these lipids has been demonstrated rigorously

through genetic mutation (Camacho et al., 1999; Converse et al., 2003; Cox et al., 1999).

The first part of this thesis describes the coordinate synthesis and secretion of the key

lipid virulence factor, PDIM. We show that a domain of the protein Mmpl7 interacts

with the PDIM biosynthetic enzyme, PpsE. Mmpl7 is genetically required for the

transport of PDIM, yet appears to participate in synthesis of PDIM by virtue of its

interaction with PpsE. To our knowledge, the interaction between MmpU7 and PpsE is

the first report of an interaction between a synthase and its cognate transporter. This

paradigm is reminiscent of protein secretion where newly synthesized polypeptides are

co-translationally translocated across the membrane (Keenan et al., 2001).

Mmpl7 is a member of the Mmpl family of proteins in M. tuberculosis, which

are themselves members of the broad class of RND permeases (Tseng et al., 1999).

Although most RND family members in gram negative bacteria function as multi-drug

efflux pumps, mycobacteria appear to utilize Mmpls as transporters for endogenous lipid

substrates. Based on the role of Mmpl7 in PDIM transport and the role of Mmpl& in SL

1 biosynthesis (Converse et al., 2003), as well the function of Mmpl homologs in other

bacteria, it is tempting to speculate that Mmpls may in general be involved in

biosynthesis and transport of surface-exposed lipids. However, this remains to be tested

and it may well be that other Mmpls will have roles in protein export across the cell
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membrane based on the myriad of functions performed by members of the larger RND

superfamily (Ma et al., 2002). Although mmpl mutants in M. tuberculosis do not have

increased susceptibility to various drugs tested (Domenech et al., 2005), it is also possible

that Mmpl family members in other mycobacteria may function as drug efflux pumps.

The mechanism of Mmpl function is not clearly understood and whether Mmpls

actively participate in the export of lipids across the cell membrane, or act as scaffolds to

recruit lipid biosynthetic machinery prior to transport remains to be elucidated. Indeed

since Mmpls are required for the transport of specific substrates, Mmpls may function

as adapters between their cognate lipid synthases and the transport machinery and not act

as transporters at all. The interaction between Mmpl7 and PpsE also raises the

intriguing possibility that specificity in MmpD transport may be encoded by protein

protein interactions (Jain and Cox, 2005) (Chapter 2). Interestingly, in gram negative

bacteria, the specificity for certain substrates in RND family drug efflux pumps is

encoded in the two non-transmembrane regions domains 1 and 2 (Figure 1). Domain

swaps between the drug efflux pumps Acrb and AcrD in E. coli resulted in the switching

of their respective drug efflux specificities (Elkins and Nikaido, 2002). Similar

experiments with MexE in Pseudomonas aeruginosa yielded similar results (Tikhonova

et al., 2002). Although preliminary experiments with domain swaps between MmpD7

and Mmpl8 yielded non-functional chimeras (Jain and Cox, 2005), it will be interesting

to see if these domains contribute to the specificity in Mmpl transport.

It is also unclear how energy is provided for the translocation of lipids across the

cell membrane. The eukaryotic RND family member, Niemann-Pick C1 (NPC1) has been

shown to utilize the proton motive force to translocate cholesterol across the cell
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membrane (Davies et al., 2000) and it is widely thought that RND family members use

proton antiport or symport as a mechanism of facilitated transport of their substrates.

Surprisingly, it has also been shown that an ABC transporter LmrA in Lactococcus lactis

can catalyze drug transport by a proton symport mechanism even when the ATP

hydrolyzing domain is removed (Venter et al., 2003), leading to the hypothesis that LmrA

may have evolved from an RND like transporter to an ABC transporter via acquisition of

the ATP-hydrolysis domain (Kim et al., 2004). Thus RND transporters may function as

passive transporters and export their substrates by facilitated diffusion or be coupled to

ABC transporters that provide energy for active translocation across the membrane.

Interestingly, the PDIM locus contains an ABC transporter, drraBC, which may use ATP

to provide energy for PDIM translocation. DrrC has been shown to be required for PDIM

export (Camacho et al., 1999) suggesting perhaps that active transport via ATP

hydrolysis is required for PDIM transport.

The mechanism of transport of surface-exposed lipids from the cell membrane to

the outer layers of the cell wall is also poorly understood. After translocation across the

cell membrane, the lipids need to be transported to the outer layers of the cell wall. This

may occur simply through the process of diffusion, or perhaps there exist accessory

proteins to aid in the transport of these hydrophobic lipids across the periplasm to the

mycolate layer. In gram negative bacteria, transport across the outer membrane is

accomplished by outer membrane factors that associate with RND transporters. In fact,

the RND drug efflux pump AcrB interacts with an outer membrane factor Tolc and the

drug substrates are presumably expelled through successive export via Acrb and TolG

(Tikhonova and Zgurskaya, 2004; Touze et al., 2004). There exist cell wall porins in
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mycobacteria but their function in lipid export remains unexplored. The yeast two-hyrbid

analysis presented in Chapter 2 yielded some MmpD7-interaction partners that contain a

putative signal sequence. These proteins may interact with Mmpls and participate in the

transport of lipids to the outer layers of the cell wall.

One candidate for such a protein is Lppx which is encoded in the PDIM locus and

has recently been shown to be required for PDIM export to the cell wall (Sulzenbacher et

al., 2006). Lppx is a lipoprotein, has a signal sequence, and is an attractive candidate for a

perplasmic or cell wall transporter that shuttles PDIM to the outer layers of the cell wall.

Interestingly, Lppx is homologous to the lipoproteins Lol/A and Lolb which are found in

the periplasm and the outer membrane respectively of E. coli. The Lol system functions

to export lipoproteins across the periplasm of E. coli to the inner leaflet of the outer

membrane (Sulzenbacher et al., 2006). LolGDE bind specifically to lipoproteins destined

for the outer membrane and export them across the cell membrane where they bind the

periplasmic shuttle Lol/A. Lol/A in turn transfers the lipoproteins to Lolb which is located

in the outer membrane. From Lolb the lipoproteins are released to the outer membrane

where they remain anchored. Interestingly, Lppx shares a similar beta half barrel

structure to Lol/A and Lolb but has a larger substrate binding pocket that could

accommodate a PDIM molecule (Sulzenbacher et al., 2006). Thus Lppx may function in

a similar manner to export PDIM to the outer layer of the cell wall (Figure 4).

Since many Mmpl family members play a role in M. tuberculosis virulence,

MmpDs may be excellent drug targets. They might be especially tractable drug targets as

they reside in the membrane and are likely more accessible to drugs than key lipid

synthesis and modification enzymes located inside the cell. However, the role of Mmpls
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during the chronic phase of infection is unclear and if Mmpls are not required in the

persistent state of mycobacteria, they may not represent a substantial improvement over

existing cell wall targets.

In the second part part of this thesis, we employ a powerful mass-spectrometric

method to study lipid synthesis and secretion under different conditions. We discovered

that the synthesis of virulence lipids PDIM and SL-1 is controlled by the availability of

metabolites and that this regulation occurs in vivo during infection. Since M. tuberculosis

is thought to grow on fatty acids during infection, we propose that the catabolism of odd

chain fatty acids leads to an increase in methyl malonyl CoA, which in turn leads to

increased mass of virulence lipids in vivo. These results marry the two fields of host

lipid catabolism and virulence polyketide anabolism by M. tuberculosis and raise a

number of interesting questions about the way in which M. tuberculosis adapts to its host.

It is known that M. tuberculosis transcriptionally upregulates the genes icl1 and

icl2 during infection and that these genes are required for the production of succinate via

the glyoxylate shunt pathway. While our results show that M. tuberculosis metabolically

shifts the production of PDIM and SL-1 to increased mass forms only during growth on

odd-chain fatty acids but not on even-chain fatty acids in culture (Chapter 3), it is still

possible that, in vivo, increased flux through the citric acid cycle and upregulation of Icll

and Icl2 leads to an increase in methyl malonyl CoA via the action of MutaB and thus

contributes to the increased mass PDIM and SL-1 observed in vivo. It will be interesting

to test both mutants in the icl genes as well as Icl over-expressing cells for PDIM and SL

1 production. Furthermore, in addition to the post-transcriptional metabolic control we

describe for PDIM and SL-1 synthesis, upregulation of MutaB genes in vivo could also
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result in increased mass PDIM and SL-1. Finally, propionate released from the

catabolism of odd chain fatty acids can also be assimilated into the citric acid cycle via

the methyl citrate cycle. A recent study showed that the methyl citrate cycle is

dispensable for M. tuberculosis virulence in mice and proposed that methyl-branched

polyketide production may act as a sink to buffer the increased concentration of

propionate in the absence of this pathway in vivo (Munoz-Elias et al., 2006). This idea

could be easily tested by monitoring PDIM and SL-1 production in the existing methyl

citrate cycle mutants.

A complete understanding of the flux of various metabolites through the different

metabolic pathways in M. tuberculosis during infection awaits elucidation of the exact in

vivo environment in the host. What are the concentrations of the various metabolites in

vivo? What is the distribution of fatty acids catabolized by M. tuberculosis during

infection? And, finally, how does the availability of these metabolites influence the

virulence lipid profile? With FT-ICRMS, we can begin to answer these questions by

monitoring host lipids in infected tissue. This method also has limitless potential in

understanding the host-pathogen biology of M. tuberculosis, as it permits the study of TB

lipid production in different environments and in different host genetic backgrounds.
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