s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Mol Cell. Author manuscript; available in PMC 2018 July 18.

Published in final edited form as:
Mol Cell. 2015 November 19; 60(4): 637-650. doi:10.1016/j.molcel.2015.10.016.

Polyketide Quinones Are Alternate Intermediate Electron
Carriers during Mycobacterial Respiration in Oxygen-Deficient
Niches

Amitesh Anand1.211 Priyanka Verma311, Anil Kumar Singh?, Sandeep Kaushik?!, Rajesh
Pandey?l, Ce Shi®, Harneet Kaur®, Manbeena Chawla’, Chandra Kumar Elechalawar?8,
Dhirendra Kumarl, Yong Yang®, Neel S. Bhaveshl0 Rajkumar Banerjee?8, Debasis Dash?,
Amit Singh?, Vivek T. Natarajanl, Anil K. Ojha® Courtney C. Aldrich®8, and Rajesh S.
Gokhalel:23*

1CSIR-Institute of Genomics and Integrative Biology, Mathura Road, New Delhi 110020, India
2Academy of Scientific and Innovative Research, Rafi Marg, New Delhi 110001, India
SNational Institute of Immunology, Aruna Asaf Ali Marg, New Delhi 110067, India
4CSIR-North East Institute of Science and Technology, Jorhat 785006, India

SDepartment of Medicinal Chemistry, University of Minnesota, Minneapolis, MN 55455, USA
6Center for Drug Design, University of Minnesota, Minneapolis, MN 55455, USA

’Department of Microbiology and Cell Biology, Centre for Infectious Disease and Research,
Indian Institute of Science, Bangalore 560012, India

8CSIR-Indian Institute of Chemical Technology, Hyderabad 500007, India
®Wadsworth Center, New York State Department of Health, Albany, NY 12201, USA

1%International Centre for Genetic Engineering and Biotechnology, Aruna Asaf Ali Marg, New
Delhi 110067, India

Summary

Mycobacterium tuberculosis (Mtb) adaptation to hypoxia is considered crucial to its prolonged
latent persistence in humans. Mtb lesions are known to contain physiologically heterogeneous
microenvironments that bring about differential responses from bacteria. Here we exploit
metabolic variability within biofilm cells to identify alternate respiratory polyketide quinones
(PkQs) from both Mycobacterium smegmatis (Msmeg) and Mtb. PkQs are specifically expressed
in biofilms and other oxygen-deficient niches to maintain cellular bioenergetics. Under such
conditions, these metabolites function as mobile electron carriers in the respiratory electron
transport chain. In the absence of PkQs, mycobacteria escape from the hypoxic core of biofilms
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and prefer oxygen-rich conditions. Unlike the ubiquitous isoprenoid pathway for the biosynthesis
of respiratory quinones, PkQs are produced by type 111 polyketide synthases using fatty acyl-CoA
precursors. The biosynthetic pathway is conserved in several other bacterial genomes, and our
study reveals a redox-balancing chemicocellular process in microbial physiology.

Introduction

Tuberculosis (TB) has been recognized since antiquity and remains one of the leading causes
of infectious disease mortality. According to a World Health Organization (WHQO) estimate,
about two billion people are infected asymptomatically with Mycobacterium tuberculosis
(Mtb), the causative agent of TB (Zumla et al., 2013). About 5%-10% of these individuals
develop active TB, and many are infected with multi-drug resistant (MDR) strains. The
underlying challenge is to find ways to eliminate the asymptomatic population, which will
prevent reactivation of latent TB cases into active cases. Recent studies reveal the
significance of physiological heterogeneity in the microbial population, which enables a
subpopulation of bacteria to withstand immune and antibiotic pressures and may, therefore,
contribute toward persistence and reactivation (Lidstrom and Konopka, 2010; Manina et al.,
2015).

Biofilm formation, an adaptive feature common to several microbes, has been proposed to
form gradients of differential nutrient availability and also of varying concentrations of
signaling molecules, oxygen, and protons (Vaupel et al., 1989). In such aggregated
architectures, diversity within microbial populations has been proposed to drive bacterial
community robustness and construct a multicellular lifestyle (Hall-Stoodley et al., 2004;
O’Toole et al., 2000). Much of the present knowledge of biofilm formation has emerged
from fast-growing, genetically tractable bacterial species like Bacillus, Vibrio, and
Pseudomonas (Harmsen et al., 2010; Teschler et al., 2015; Vlamakis et al., 2013). An
important requirement for bacterial biofilm formation is a gradual controlled decrease in
oxygen levels, providing time for cells to adapt (de Beer et al., 1994). Such microaerophilic
conditions impose it on bacterial cells to remodel their respiratory metabolism because
oxygen is the terminal electron acceptor during aerobic respiration (Poole and Cook, 2000;
Rao et al., 2008). Interestingly, some of the features observed during biofilm formation
resemble the physiological adaptation of non-replicating persisters of Mtb during hypoxic
conditions (Zhang et al., 2012). In fact, Mtb biofilms have been utilized recently as a cellular
screen to identify lead compounds against MDR strains (Wang et al., 2013).

Mycobacteria form a variety of aggregated assemblages such as clumped colonies,
granulomas, and both floating (pellicles) as well as surface-adhered biofilms (Guirado and
Schlesinger, 2013; Islam et al., 2012; Ramakrishnan, 2012; Zambrano and Kolter, 2005).
These biofilms have been reported to accumulate extracellular free mycolates and are also
known to harbor drug-tolerant bacilli (Ojha et al., 2008). Tubercle bacilli are known to
maintain a respiratory-competent energized membrane in oxygen-depleted niches. However,
the intracellular ATP concentration is reduced severalfold (Eoh and Rhee, 2013; Rao et al.,
2008). In low oxygen concentrations, Mtb utilizes other respiratory components, and there is
a shift to alternate NADH dehydrogenases and cytochrome oxidases (Kana et al., 2001; Shi
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et al., 2005). Surprisingly, the only known respiratory electron carrier quinone from
mycobacteria, menaquinone (MK), is downregulated markedly (Honaker et al., 2010).
Although several Gram-negative bacteria are known to switch between ubiquinone (CoQ)
and MK with decreasing oxygen concentrations, this mode of exchange between isoprenoid
quinones is absent in Gram-positive species (Meganathan, 2001; Schoepp-Cothenet et al.,
2009).

In this study, we identify alternate electron shuttling molecules in mycobacteria that support
bacterial survival in oxygen-depleted habitats. Unlike canonical respiratory quinones, which
are derived from the isoprenoid pathway, these molecules are produced by a polyketide
synthase-based pathway. This biosynthetic system is conserved in all mycobacteria as well
as in several Actinobacteria and a few Proteobacteria, suggesting a key role of these
quinones in bacterial adaptability.

The Transition from a Free-Living to a Microbial Community Induces Hypoxic Cellular
Responses in Mycobacteria

Physiological heterogeneity within biofilms has been largely attributed to decreased oxygen
levels in Staphylococcus and Pseudomonas (Borriello et al., 2004; Rani et al., 2007,
Williamson et al., 2012). Sustained hypoxic conditions can slow down respiratory electron
transport, augmenting the reduced state of electron carriers (Mailloux et al., 2007). To
understand the overall physiological status of mycobacterial cells in biofilms, we measured
the concentrations of two key cofactors: ATP and NADH. Analysis of the NADH/NAD™
ratio between planktonic and biofilm conditions showed an approximately 3-fold increase in
the biofilms (Figure 1A). At the same time, total cellular ATP levels in biofilms were also
reduced to half in comparison with planktonic conditions (Figure 1B). The accumulation of
NADH and decreased ATP levels in biofilms suggest impaired respiration and, taken
together, are indicative of augmented reductive stress. To assess oxygen levels within biofilm
layers, we followed the promoter activity of Asp.X; which has been used previously to
estimate hypoxia in mycobacteria (Desjardin et al., 2001; Sherman et al., 2001). Although
hspX promoter-driven expression of GFP was completely absent in planktonic cells,
significant expression could be observed in the biofilm (Figures 1C and 1D). To mark
different layers of mycobacterial biofilms, we separately expressed red fluorescent protein
(RFP) under a constitutive promoter in Mycobacterium smegmatis (Msmeg) cells. A clear
expression of RFP could be seen even under planktonic conditions (Figure 1C). We then
combined these two mycobacterial strains (green and red) in equal proportions and
developed biofilms (Figure 1D). Analysis of the biofilm using confocal microscopy in the
red and green channel along with co-localization is shown in Figure 1E. A z stack analysis
showed red fluorescence throughout the thickness of the biofilm, whereas green
fluorescence was limited to the inner layers. Color intensity measurements across seven
stacks (each 5 pm) of biofilm showed RFP throughout the biofilm. In contrast, GFP
expression was primarily observed in the bottom three stacks that were far from the air
boundary of the biofilm and almost no GFP expression in the top three layers of the biofilm
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(Figure 1E). These data provide evidence for a gradient of oxygen depletion across the
biofilm layers.

Low oxygen concentrations, along with an impaired respiratory pathway, have been shown
to alter the redox status in mycobacterial cells (Davidson and Schiestl, 2001; Leistikow et
al., 2010). We therefore probed the membrane potential in Msmeg biofilms using
internalization of the carbocyanine dye DiOC». Ratiometric analysis did indeed reveal a
relative decrease in the membrane potential of the biofilm cells compared with planktonic
cultures (Figure 1F). The redox homeostasis in mycobacteria is primarily maintained by
mycothiol (MSH) (Newton et al., 2008). Because perturbation in the levels of MSH will
affect redox homeostasis, we examined the ability of Msmeg mutants of the MSH pathway
to form biofilms. Msmeg mutants in the MSH pathway—AmshA (MSH
glycosyltransferase), AmshD (MSH acetyltransferase), Amca (MSH S-conjugate amidase),
and Amtr (MSH disulfide reductase)—all showed a poor ability to form biofilm pellicles
(Figure S1A). Each of these mutants, however, showed no significant differences in their
planktonic growth (Figure S1B). This phenotypic analysis was further substantiated by
quantitatively measuring the mycothiol redox potential (Epspy) using the MSH-specific
redox sensor Mrx1-roGFP2 (Bhaskar et al., 2014). The ratio of emission at 510 nm after
excitation at 405 and 488 nm was calculated to estimate differences in planktonic and
biofilm cells. Interestingly, approximately 70% of mycobacterial cells showed perturbed
MSH homeostasis, with more than 50% showing reduced Epsy (Figure 1G). 31% of biofilm
cells showed Ep,sH similar to planktonic cells. The results, taken together, show an altered
redox environment and cellular bioenergetics because of differential oxygen partial pressure
across the mycobacterial biofilm.

The Quest for a Novel Quinone Metabolite in Msmeg

Microbes dissipate terminal electrons through a variety of extracellular electron acceptors.
However, the transfer of electrons between various respiratory complexes requires
intermediate isoprenoid quinone electron carriers. The downregulation of the central
electron carrier MK under hypoxic condition raised questions regarding the maintenance of
the respiratory electron chain. Deactivation of the aerophilic branch of respiration in
mycobacteria results in constitutive activation of the microaerophilic branch, but the gene
involved in the nonmevalonate pathway of isoprenoid biosynthesis is downregulated
drastically (Matsoso et al., 2005). This further confounds the MK dependence of
mycobacterial respiration. In a recent study in Streptomyces griseus, a new pathway for
producing phenolic lipids has been reported (Funabashi et al., 2008). Interestingly, these
metabolites contain a benzoquinone or a pyrone scaffold with a long alkyl chain. The
benzoquinone ring is derived from an alkyl resorcinol formed by type 111 polyketide
synthase (PKS) that is modified by two downstream enzymes, all of which are present in an
operon. However, the functional role of these metabolites could not be ascribed because
these could only be isolated from recombinant bacteria by heterologous expression of the
three-gene operon (Funabashi et al., 2008). Computational analysis identified a homologous
operon, MSMEG_0808 (type /1l pks), MSMEG_0809 (methyltransferase), and
MSMEG_0811 (oxidoreductase), in Msmeg. We therefore hypothesized that Msmeg could
also produce a similar metabolite. Although this biosynthetic operon was conserved across
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several mycobacterial species, this cluster was surprisingly missing from the three major
pathogenic strains Mtb, Mycobacterium leprae, and Mycobacterium bovis (Figure 2A).

Our initial attempts to isolate phenolic lipids in shake-flask planktonic cultures were
unsuccessful. Overexpression of all three proteins in Msmeg also did not yield the expected
metabolites. In a previous study, we reported a novel type |11 PKS from mycobacteria that
utilize long-chain acyl coenzyme A (CoA) substrates (Saxena et al., 2003). Because
exogenous supplementation of precursors is known to enhance the production of
metabolites, we added palmitate to these cultures. Analysis of ethyl acetate extracts of the
recombinant strain showed several new peaks in the high-performance liquid
chromatography (HPLC) chromatograms (Figure S2B). High-resolution electrospray
ionization mass spectrometry (HR-ESI-MS) characterization revealed the presence of
triketide and tetraketide pyrones and tetraketide resorcinol (Figure S2C). Surprisingly, none
of these metabolites were modified by the two downstream enzymes to produce quinones.
Feeding with oleate or arachidonate produced metabolites that incorporated the respective
fatty acyl chain (Figures S3A-S3D). The requirement of overexpression as well as feeding
of precursors strongly suggested that this pathway might not be operational during shake-
flask culture conditions.

Characterization of Alkyl benzoquinones from Msmeg Biofilms

The altered respiratory metabolism of mycobacteria in biofilms prompted us to explore
expression of these PKS-derived quinones in these aggregated assemblages. Comparative
transcriptional profiling of the type //1 pks three-gene cluster MSMEG_0808 (pks10),
MSMEG_0809 (O-methyltransferase), and MSMEG_0811 (oxidoreductase) under
planktonic and biofilm conditions showed significant upregulation of all three genes in
biofilms (Figure 2B). Ethyl acetate extracts of cultures identified three peaks specifically in
the biofilm extracts (Figure S4A). LC-HR-ESI-MS analysis identified molecular ion peaks
of m/z391.3199, 405.3355, and 419.3512 Da, all of which show common fragmentation
pattern in tandem MS analysis producing [M+H*] ions of 167.07, 139.07 and 121.06 Da
(Figure 2C). These signature peaks are identical to a previously reported characterization of
alkyl benzoquinones, and the difference of 14 Da corresponds to “-CH,-" unit differences in
the alkyl chain. The two-dimensional [13C, 1H] heteronuclear single quantum coherence
(HSQC) nuclear magnetic resonance (NMR) spectrum showed a complete fingerprint of this
benzoquinone metabolite, further confirming the structure of the metabolites (Figure S4B).
Chemical syntheses of two analogs corresponding to an alkyl chain length of 16 and 18
carbons further provided conclusive chemical identification (Figures S4C and S4D).

Biochemical Characterization of Msmeg Type Il PKS

The logic for alkyl benzoquinone biosynthesis suggested that alkyl resorcinol produced by
type 111 PKS may involve two different types of extender units. Although utilization of two
different extender units is rather unusual for iterative PKS systems, a similar mode of
catalysis has also been reported for S. griseus PKS10 (Funabashi et al., 2008). We cloned
and expressed MSMEG_0808 (pks10) in Escherichia coli. Cell-free enzymatic assays with
purified PKS10 protein using medium- and long-chain aliphatic-CoA as the starter unit and
radioactive malonyl-CoA (MCoA) or methyl malonyl-CoA (MMCoA) as the extender unit
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provided the expected products, as analyzed by radioactive thin-layer chromatography
(radio-TLC) (Figure 2E) and mass spectrometry (Figure S5). Although MCoA-derived
metabolites produced both acyl pyrone and alkyl resorcinol, reactions with MMCoA
primarily produced methylated pyrones. Interestingly, when both MCoA and MMCOoA were
used together in the assay, there was a substantial increase in the amount of resorcinolic
product (Figures 2E and 2F). Our study therefore provides evidence for the formation of
alkyl benzoquinones by mycobacterial type 111 PKS and shows that the methyl-branching on
the ring arises from the specific incorporation of MMCOoA during iterative catalysis.

Alkyl benzoquinone Biosynthesis in Mtb

The absence of an alkyl benzoquinone biosynthetic cluster in pathogenic mycobacteria was
intriguing because biofilm formation is a common feature to all mycobacterial species.
Protein sequence analysis revealed close homologs of Msmeg enzymes in the Mtb genome.
The putative O-methyltransferase (Rv1139c) and oxidoreductase (Rv1138c) are present
together in the Mth genome and show ~64% and 48% sequence identity with cognate
Msmeg enzymes (MSMEG_0809 and MSMEG_0811, respectively). The Msmeg PKS10
homolog identified three type 111 PKS proteins in the Mtb genome, with a probability of the
alignment to occur by chance for pks10(Rv1660), pks11 (Rv1665), and pksi8 (Rv1372) of
8e7169 6e~172 and 5e~44, respectively. Transcriptional analysis showed upregulation of all
three Mtb type 111 pks genes along with Rv1139c and Rv1138c in biofilms relative to
planktonic cultures (Figure 3A; Figure S6). Interestingly, pks11, Rv1139c, and Rv1138c
showed a similar (more than 8-fold) increase at the transcript level (Figure 3A). We had
reported earlier that PKS18 and PKS11 produce alkyl and acyl pyrones by using long-chain
acyl-CoA as starter and MCoA as extender units (Saxena et al., 2003). Careful analysis of
the active-site residues of Msmeg PKS10, Mth PKS10, Mtb PKS11, and Mth PKS18
indicated the presence of a Trp residue at position 230 for Msmeg PKS10 and Mtb PKS11,
whereas Mth PKS10 and Mtb PKS18 contain Tyr and Leu at this position, respectively. Trp
at this position in ArsB from Azotobacter has been shown to be crucial to biosynthesizing
resorcinols (Satou et al., 2013). We therefore re-investigated the in vitro products formed by
PKS11 and PKS18 in the presence of both MCoA and MMCoA. The product profile of Mth
PKS11 was completely identical to that of Msmeg PKS10, and substantial alkyl resorcinol
synthesis could be observed when both MCoA and MMCoA were used simultaneously as
extender units (Figure 3B). There was no difference in the activity of PKS18 even after
addition of MMCOoA to the reaction mixture. Incidentally, resorcinol and pyrone ring
systems are both produced by the same tetraketide intermediate following different
cyclizations (Figure 3C). It is interesting to note that the extra methyl group from MMCoA
condensation in the last step favors cyclization via an aldol condensation. All of these
bioinformatic studies as well as cell-free assays suggest that alkyl benzoquinones could also
be formed by Mtb.

We therefore analyzed Mtb biofilm cultures for the presence of alkyl benzoquinones using
LC-HR-ESI-tandem mass spectrometry (MS/MS). Gratifyingly, we could identify a series of
alkyl benzoquinones with the alkyl chain length varying from C15 to C19 having /m/z values
of 363.2891, 377.3052, 391.3208, 405.3372, and 419.3524 (Figure 3D). All of these
metabolites showed similar retention times as the Msmeg molecules and also had identical
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fragmentation spectra. The difference of 14 units corresponded to the additional -CH,- unit
difference in the alkyl chain. Moreover, the retention time for the C18 compound was
identical to the synthetic standard.

Physiological Significance of Alkyl benzoquinones

To establish the physiological role of alkyl benzoquinones, we generated a pksZ0 knockout
(4pks10) strain in Msmeg (Figures S7A and S7B). As anticipated, the mutant Apks10 strain
showed no growth profile defect under planktonic conditions (Figure S7C). However, the
mutant strain showed stark differences under biofilm conditions and formed a fragile film
lacking the characteristic reticulation of wild-type (WT) biofilm (Figure 4A). Scanning
electron microscopy studies also confirmed a non-porous clumpy surface for Apks10,
indicating collapse of the community structure (Figure S7D). The role of alkyl
benzoquinones in biofilms was also examined by performing antibiotic sensitivity
comparisons between WT and Apks10 strains. Antibiotic sensitivity assays with rifampicin
and isoniazid showed no significant differences for the WT and mutant Msmeg under
planktonic conditions (Figure S7E). In contrast, the Apks10 strain showed an approximately
4-fold higher sensitivity toward both antibiotics (Figures 4B and 4C).

We then examined the levels of essential cofactors between mutant and wild-type strains
during planktonic and biofilm culture conditions (Figures 4D-4F; Figures S7TF-S7H).
Mutant biofilms showed decreased membrane potential and a several fold decrease in ATP
levels compared with the WT (Figures 4D and 4E). The ratios of NADH/NAD™* were also
elevated significantly in the Apks10 strain, indicating accumulation of reducing equivalents
in the absence of these quinones (Figure 4F). These comparative analyses between WT and
Apks10 suggested the requirement of alkyl benzoquinones for maintaining cellular
respiration in biofilms. Furthermore, we examined whether exogenous addition of alternate
electron acceptors such as nitrates could improve biofilm formation. Addition of nitrates
recovered biofilm robustness, stability, and reticulation pattern (Figure 4G), probably
through dissipation of excess accumulated electrons.

The Role of Alkyl benzoquinones in Respiration

The role of alkyl benzoquinones in electron transport was established biochemically by
performing in vitro reconstitution of a component of the electron transport chain. In this cell-
free assay, cytochrome ¢ reduction kinetics were monitored by measuring absorbance at 550
nm (Figure 5A). To maintain a continuous supply of electrons to alkyl benzoquinone,
alcohol dehydrogenase-mediated oxidation of ethanol was coupled to the reduction of
cytochrome creductase. Electrons transferred from alkyl benzoquinone to cytochrome ¢
reductase, in turn, resulted in the reduction of cytochrome ¢. This coupled assay provided
strong evidence for the biochemical potential to function as an electron carrier in the
respiratory electron transport chain. Furthermore, chemical complementation of mutant
biofilms with a synthetic alkyl benzoquinone standard restored biofilm architecture and also
resulted in more than a 75% recovery in ATP level (Figures 5B and 5C). In contrast to
ubiquitous respiratory isoprenoid quinones, these metabolites are derived from a PKS
biosynthetic pathway, and we name them here polyketide quinones (PkQs).
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The Importance of Polyketide Quinones in General Hypoxia

Our results, in conjunction with several recent studies with biofilms from other bacteria
(Borriello et al., 2004; Rani et al., 2007; Williamson et al., 2012), provide compelling
evidence for the presence of hypoxic conditions in biofilms. Because PkQ restores
microaerophilic respiration, we reasoned that the Apks10 mutant may not be able to inhabit
the core oxygen-deficient zones. To study this property, we mixed WT and mutant strains of
Msmeg and examined their preferential localization in biofilms. To demarcate WT and
Apks10 cells, we episomally expressed GFP and RFP proteins, respectively, in these strains.
The kinetics of the biofilm formation was followed by examining the distribution of mutant
and WT cells in different layers by using fluorescence microscopy. Remarkably, with
progressive growth of the biofilm, the mutant strain began to segregate from the WT strain
and eventually occupied the upper layers on day 7 (Figure 6A). Although this study
demonstrates distinct fitness differences between the WT and mutant Msmeg strains in the
hypoxic biofilm, the mechanism of this segregation remains unknown. The absence of WT
Msmeg from the top layers could also be due to the formation of a loose layer of mutant
cells that fail to form a sufficiently dense structural matrix barrier to gaseous diffusion.

The expression of PkQ under oxygen-depleted conditions was also examined by growing
planktonic cultures of Msmeg under hypoxic conditions. We observed a remarkable increase
in transcripts of the PkQ biosynthetic cluster, suggesting a role of PkQ under these
microaerophilic conditions (Figure 6B). The Apks10 strain, which earlier showed no growth
difference under aerobic conditions, showed a clear growth defect in this hypoxic
environment compared with Msmeg WT (Figure 6C). To further provide support for the
expression of PkQ under oxygen-limiting conditions, we probed pks10 promotor-driven
expression of GFP. We replaced the Asp60 promotor in the pMV261-HA vector with a 500-
base pair (bp) upstream sequence of Msmeg pks10. The expression of GFP was monitored
using an Amnis imaging flow cytometer. The analysis of the gated population in planktonic
and biofilm cultures showed a clear enhancement (18-fold) of GFP-positive cells (Figure
6D), again providing support for the enhanced expression of the PkQ biosynthetic cluster in
biofilms. We then examined pks10 promoter-driven GFP expression under hypoxic
planktonic growth conditions. Imaging flow cytometry analysis again showed a more than 4-
fold increase in the expression of green cells. Together, our studies demonstrate that PkQs
are also expressed under oxygen-depleted conditions to support the growth of mycobacteria.

Phylogenetic Conservation of Polyketide Quinone Biosynthetic Machinery

Formation of multicellular communities by microbes is a common feature of several
bacteria. We therefore examined whether this fype /// pks biosynthetic cluster is conserved
in other bacteria. Analysis of other mycobacterial genomes revealed the presence of a
similar biosynthetic cluster in more than 14 mycobacterial species, including
Mycobacterium marinum, and Mycobacterium avium. Genome organization similar to Mth
is also observed in M. bovis, whereas these are present as pseudogenes in M. /leprae. The
genome of M. leprae, in fact, has been suggested to have undergone massive gene decay,
particularly in the anaerobic and microaerophilic respiratory modules (Cole et al., 2001). We
then queried genome databases for these two types of genomic organization and examined
phylogenetic conservation based on the criterion of 60% protein sequence coverage
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alignment with an e value of less than 107°. Our analysis revealed conservation of this
pathway in several Actinobacteria and a few Proteobacteria (Figure 7). Three different types
of genomic organization for this cluster were observed. In some species, all three genes were
clustered together, whereas several species had only two genes next to each other in the
genomic locus. The two-gene organization differed in the juxtaposed genes; either a type 11l
PKS and methyltransferase were together, or methyltransferase and oxidoreductase were
present next to one another.

Discussion

Mtb is anticipated to encounter a variety of intracellular stresses. Among the many
challenging conditions, differential oxygen levels can elicit comprehensive changes in
mycobacterial physiology (Barry et al., 2009; Boshoff and Barry, 2005). During these
adaptations, Mtb has to sustain respiration and generate energy from various sources (Eoh
and Rhee, 2013; Shi et al., 2005). Not surprisingly, the mycobacterial genome harbors a
variety of dehydrogenases and oxidases to regenerate reducing equivalents and also genes
that can support anaerobic metabolism (Cole et al., 1998; Cook et al., 2014). In addition to
this endogenous redundancy, the heterogeneity within a bacterial population is emerging to
be another crucial facet of bacterial adaptation (Lidstrom and Konopka, 2010; Manina et al.,
2015). Biofilm development, in which a conglomeration of cells forms a multi-layered
structure, is considered to be another mode of multicellular adaptation (Stewart and
Franklin, 2008; Webb et al., 2003). This three-dimensional architecture generates islands of
heterogeneity with differential oxygen availability that are recalcitrant to host immune-
clearance mechanisms (Gilbert et al., 2002). Interestingly, Mtb granulomas are also similar
complex aggregates with hypoxic microenvironments and could provide multiple advantages
to community survival (Ramakrishnan, 2012; Via et al., 2008). To understand the energetics
of mycobacterial respiration under such oxygen-depleted hypoxic conditions, we examined
mycobacterial survival in biofilms.

Previous studies have shown that the Mtb membrane remains energized in hypoxic
environments, albeit with reduced ATP generation (Rao et al., 2008). As a ubiquitous
oxidant in nature, oxygen levels can significantly affect the pH, redox state, and reduction
potential in many diverse environments. We examined aggregates of mycobacterial pellicles
at air-liquid interfaces by using the Asp.X promoter-driven expression of GFP. Although
previous studies in other bacterial species have demonstrated variations in oxygen
concentration across biofilm layers using microelectrodes, GFP expression operated like an
intracellular sensor of the extent of hypoxic stress (Dietrich et al., 2013). A z stack confocal
analysis showed remarkable heterogeneity in GFP expression within biofilm layers, and
maximum expression was observed in the deeper layers of biofilms. This is in agreement
with the extracellular measurements of oxygen concentration in other bacterial biofilms.
Sustained hypoxia is marked by increased reactive oxygen species (ROS) production and
can perturb the cellular redox balance (Korge et al., 2015; Murphy, 2009). Our analysis of
the measurement of the redox potential of MSH substantiates the redox heterogeneity in
biofilms. In comparison with planktonic cultures, approximately 50% of cells showed
reduced EpsH, Which largely suggests a more reducing microenvironment in the biofilm. It
is interesting to note that a small subpopulation also shows oxidizing Epsy and that the
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status of other subpopulations are identical to planktonic cells. This amalgamation of
populations probably provides a strategic advantage in terms of cooperation and may indeed
be a crucial mechanism to mitigate a variety of external threats.

The downregulation of the isoprenoid biosynthetic pathway upon activation of the
microaerophilic branch of the respiratory chain and the subsequent decrease in cellular
levels of MK in a hypoxic environment prompted us to carefully search for alternative
quinones (Honaker et al., 2010; Matsoso et al., 2005). Biochemical analysis of biofilm
extracts identified CoQ-like quinones that are produced by both Msmeg and Mtb. These PkQ
metabolites are derived from fatty acyl units and do not require an isoprenoid biosynthetic
system. These molecules are not produced under planktonic conditions, even after
overexpression of their biosynthetic pathway, and require an exogenous supply of fatty acyl
precursors. Therefore, a complete metabolic rerouting is likely to take place in the biofilm to
produce PkQs. The mutant Msmeg strain that was defective in PkQ biosynthesis showed
fragile biofilm formation with decreased ATP synthesis and accumulation of NADH. These
physiological changes also indicated a disruption in the respiratory chain.

Cell-free reconstitution of a component of the intermediate electron transfer chain showed
that PkQ is able to efficiently mediate electron transfer to complex 111. Complementation of
PkQ in the mutant strain recovered the ATP levels and also restored biofilm morphology.
Hypoxia-induced reductive stress triggers ROS spillover, and respiratory quinones become
crucial in such microenvironments (Korge et al., 2015; Murphy, 2009). The benzoquinone
ring of PkQ provides a distinct advantage over the naphthoquinone ring system during
electron transfer under oxygen-limiting conditions. Although the reduction of PkQ forms an
aromatic hydroquinone, MK reduction extends the aromaticity to the second ring. The gain
of aromaticity results in a larger potential energy difference between the oxidized and
reduced PkQ compared with the corresponding difference between the oxidized and reduced
MK. This makes MK more prone to non-catalyzed oxidation and, therefore, a less efficient
electron carrier during oxidative stress (Meganathan, 2001; Schoepp-Cothenet et al., 2009).

We further explored whether these alternate electron shuttles would support mycobacterial
survival during other oxygen-deficient conditions. After establishing PKS10 promotor-
driven expression of GFP in biofilms, we examined GFP expression in a hypoxic planktonic
culture of Msmeg. Although a 4-fold upregulation could be seen under oxygen-deficient
planktonic conditions, this was comparatively lower than observed in biofilms. The apparent
ambiguity in the extent of upregulation might be due to the differences in the mode of
generation of hypoxia. This was also validated by gene expression analysis. Moreover, the
pks10 Msmeg mutant showed a growth defect in hypoxic cultures. Our studies therefore
demonstrate the crucial role of PkQ molecules during mycobacterial microaerophilic
respiration. Remarkably, this biosynthetic system is conserved in several Actinobacteria and
also in a few Proteobacteria. Interestingly, all of these microbes also contain several other
PKS systems. The emergence of PkQ is therefore likely to have evolved after the acquisition
of these secondary metabolite pathways, particularly by soil-dwelling microorganisms. Our
studies reveal a crucial adaptive feature of mycobacteria during hypoxic conditions that
could be pursued as a potential drug target.
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Experimental Procedures

Details of the experimental procedures are described in the Supplemental Experimental
Procedures.

Radiolabeled Enzymatic Assay with PKS10 Protein

The standard reaction conditions involved 100 uM starter CoA and 50 pM MCoA (including
9.12 uM of [2-14C]-MCoA [58.40 mCi/mmol]) and/or 50 uM MMCoA (including 9.12 uM
of [2-14C]-MMCoA [58.40 mCi/mmol]). Reactions were carried out with 45 pg of protein at
30°C for 120 min and quenched with 5% acetic acid.

Biofilm Development

Biofilm cultures for Msmeg were grown in Sauton’s medium supplemented with 2%
glucose. The plates were incubated at 37°C in a humidified incubator for 7 days. Mtb
biofilms were grown in Sauton’s medium (without Tween 80) by incubation without shaking
at 37°C for 5 weeks under humidified conditions. The dishes were wrapped with parafilm
during incubation.

Extraction and Analysis of Type lll PKS Products from Planktonic and Biofilm Cultures

Cultures were harvested and suspended in an appropriate volume of 100 mM Tris-CI (pH
8.0) and disrupted. The resultant whole-cell lysate was acidified by addition of 6 M HCI.
Low-molecular-weight molecules were then extracted by adding a double volume of ethyl
acetate and left overnight on a stirrer. The organic layer was separated and evaporated to
dryness, and the residual material was dissolved in a minimal volume of methanol and
analyzed by liquid chromatography (LC)-MS.

ATP Estimation

Mycobacterial planktonic cultures were grown to an ODggq ranging from 0.8 to 1.2. Biofilm
pellicles were harvested from 7 day old biofilms. Cells were disrupted with a bead beater
using 3 pulses of 1 min each for intracellular ATP estimation. Protein estimation was done
using the Pierce BCA Protein Assay Kit. ATP estimation was done using Molecular Probes’
ATP Determination Kit (A22066).

NADH/NAD® ratio estimation

Mycobacterial planktonic cultures were grown to an optical density 600 (ODgqg) ranging
from 0.8-1.2. Biofilm pellicles were harvested from 7-day-old biofilms. The concentrations
of NAD* and NADH were determined by the cycling assay of Bernofsky and Swan using an
adaptation provided by A. Koul (Bernofsky and Swan, 1973; Koul et al., 2014). The biofilm
pellicle was subjected to mild sonication to separate the cells’ extracellular matrix. Briefly,
bacteria were harvested, re-suspended in 0.2 M HCI (for NAD™* extraction) or 0.2 M NaOH
(for NADH extraction), heated at 55°C for 10 min, and cooled on ice. Cell debris was
removed by centrifugation. The supernatant was pre-incubated for 5 min in the dark in
Bicine buffer containing EDTA, ethanol, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), and phenazine methosulfate. The reaction was started
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by addition of alcohol dehydrogenase from Saccharomyces cerevisiae. The absorbance at
570 nm was recorded for 10 min.

Membrane Potential Estimation

Mycobacterial planktonic cultures were grown to an ODggg ranging from 0.8-1.2. Biofilm
pellicles were harvested from 7-day-old biofilms. Assaying for membrane potential was
performed using the BacLight bacterial membrane potential kit (Invitrogen, Life
Technologies) as described previously (Rao et al., 2008). Briefly, cells were diluted to an
ODggg of 0.05 in PBS, and 1 ml of cells was stained using 3 M of DiOC, for 15 min in the
presence or absence of 25 uM carbonyl cyanide 3-chlorophenylhydrazone (CCCP). The cells
were fixed using 2% paraformaldehyde and analyzed for fluorescein and Texas red dye
using flow cytometry. The proton ionophore (CCCP) was used as a control to eliminate the
bacterial membrane potential.

Cytochrome ¢ Reduction Assay

An ethanolic solution of alkyl benzoquinone was used to reduce cytochrome cvia
cytochrome creductase. Alcohol dehydrogenase (A3263, Sigma) was coupled to the assay
to reduce alkyl benzoquinones. The reduction was monitored until saturation at 550 nm
using a Cary 300 UV-visible spectrophotometer.

Mixed-Culture Biofilm Formation

Wild-type and Apks10 cells were electroporated with GFP and RFP expressing
mycobacterial expression vectors, respectively. Both strains were grown in planktonic mode
to an ODgqg of 0.8-1.0, and then cell density was calculated based on ODggg. Mixed
inoculums of both strains were inoculated in biofilm media. For imaging, biofilms were
grown in Nunc Lab-Tek chambered cover-glass (catalog no. 155380), and imaging was done
using a Leica DMI6000 inverted fluorescence microscope at 63x magnification, and images
were processed with a Leica Application Suite (LAS) AF 2.6 platform.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Mycobacterial biofilm contains physiologically diverse microenvironments

Hypoxia induces expression of the alternate electron carrier polyketide
quinones

PkQs are produced by type 111 polyketide synthases using fatty acyl-CoA
precursors

PkQs maintain cellular bioenergetics in oxygen-deficient niches
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Figure 1. Hypoxic Cellular Responses in Mycobacterial Biofilm
(A) Estimation of intracellular NADH/NAD™ levels in planktonic and biofilm cultures.

(B) Level of intracellular ATP in planktonic and biofilm cultures.

(C) Fluorescence and bright-field images of Msmeg WT-pCHERRY 3 and Msmeg WT-hspX
under planktonic conditions.

(D) A z stack view of biofilm formed by a mixture of Msmeg WT-pCHERRY 3 and Msmeg
WT-phspX. The top shows the red channel, the center shows the green channel, and the
bottom displays co-localization of the two.

(E) Quantitative assessment of the fluorescence of pPCHERRY3 and hspX in the mixed-
culture biofilm.
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(F) Assessment of the membrane potential of cells in planktonic and biofilm modes of
growth based on potential dependent internalization of the carbocyanine dye 3,3"-
diethyloxacarbocyanine iodide.

(G) Estimation of Epysy of the cells in biofilm compared with planktonic cells.

Statistical significance was analyzed by two-tailed Student’s t test. *p < 0.05, ***p < 0.001.
All error bars represent + SEM. See also Figure S1.
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Figure 2. Type 111 pks Cluster-Derived Alkyl benzoguinones from Msmeg Biofilm
(A) Mycobacterial species containing a type Il pksoperon in their genomes.

(B) Real-time expression analysis of the pksZ0cluster in Msmeg biofilm relative to

planktonic culture.

(C) Tandem-MS characterization of the alkyl benzoquinones isolated from Msmeg biofilm.
(D) Biosynthetic pathway for the alkyl benzoquinones.
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(E) Autoradiogram of radio-TLC showing product formed by Msmeg PKS10 using different
fatty acyl-CoAs as the starter unit and radiolabeled MCoA and/or MMCOoA as the extender
unit(s).

(F) Quantitation of tetraketide pyrone and tetraketide resorcinol products formed by PKS10
using only MCoA or a mixture of MCoA and MMCoA.

See also Figures S2-S5.
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Figure 3. Type 111 pks Cluster-Derived Alkyl benzoquinones from Mtb Biofilm
(A) Real-time expression analysis of the pks11, Rv1139c, and Rv1138c genes of Mtb.

(B) Autoradiogram of radio-TLC showing products formed by Mth PKS11 using stearoyl-
CoA as a starter unit and radiolabeled MCoA and/or MMCOA as an extender unit(s).

(C) Reaction mechanism for type 111 PKS-catalyzed formation of alkyl pyrone and alky!l
resorcinol.

(D) Ultra-performance liquid chromatography (UPLC) chromatogram for alky!l
benzoquinones isolated from Mtb biofilm. mAU, milliabsorbance unit.

See also Figure S6.
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Figure 4. Effect of pks10 Gene Knockout on the Mycobacterial Biofilm
(A) Biofilm formed by the WT and Apks10 strains.

(B) Percent decrease in colony-forming units (CFUs) upon treatment of Msmeg biofilm with
rifampicin.

(C) Percent decrease in CFUs upon treatment of Msmeg biofilm with isoniazid.

(D) Assessment of the membrane potential of cells in biofilm cultures of the WT and
Apks10 strain based on the potential dependent internalization of the carbocyanine dye 3,3’-
diethyloxacarbocyanine iodide.

(E) Level of intracellular ATP in biofilm cultures of the WT and Apks10 strain.

(F) Estimation of intracellular NADH/NAD™ levels in biofilm cultures of the WT and
Apks10 strains.

(G) Effect of exogenous addition of nitrate on the biofilm of the Msmeg Apks10 strain.
Statistical significance was analyzed by two-tailed Student’s t test. *p < 0.05, **p < 0.01.
All error bars represent £ SEM. See also Figure S7.
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Figure 5. Physiological Significance of Alkyl benzoquinones

(A) Cytochrome ¢ (Cyt ¢) reduction by alkyl benzoguinone mediated via cytochrome ¢
reductase.

(B) Restoration of the reticulated surface phenotype upon complementation with an alkyl
benzoquinone.

(C) Recovery of the intracellular ATP level in biofilm cultures of the Apks10 strain upon
complementation with an alkyl benzoquinone.
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Figure 6. Hypoxia and the type 111 pks Gene Cluster
(A) Localization of Msmeg WT (green) and Msmeg Apks10 (red) strains along the vertical

layers of biofilm.
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(B) qRT-PCR expression analysis of the type Il pks gene cluster under hypoxic conditions.
(C) Planktonic growth curve of the Msmeg WT and Apks10 strains under hypoxic

conditions.

(D) pks10promoter activity under planktonic and biofilm conditions. The frequency versus
intensity plots for the two cultures were overlapped to show the exclusive GFP-positive

population of the biofilm (dark gray).

Mol Cell. Author manuscript; available in PMC 2018 July 18.



siduosnuel Joyiny siepund DA 8doin3 ¢

sydosnue Joyiny siepund DA @doin3 g

Anand et al.

@ Three genes in cluster

A 2+1 organization, type 11l pks in 2-gene cluster
4 2+1 organization, type Il pks isolated

=== Actinobacteria

== Proteobacteria

Page 25

gstnp\umylca albus subsp. albus &

Hrcplomyes baalnces
srehieicss ST
ll"l‘ fom:! l‘sr%
(i
!

us XylebKG-1
scosporus NRL 15998
°W' MP-sol2th
0l WspMP-sol
% alfip-g
us DSM 40593
fuscatus

caeMP-e10

cos purpeachomogenes
Streptomyces 5p. KRRL WC-3510
eus subsp. rhodochrous
s californ
® sty fomyces sp. AWIOMA2
Strej lnmg):vs R
streptomyces sp.
Sireptomyces prafencts ATCC 33331
Hrebtomyces sp. PAMCZ6508
Tabatospora hﬂp
Streptomyces avoviren
trdptontyces niveus NCIMB 11891
Strcpmmyce asporu:

:
T el

S plojy .gﬁ“:?ugl s
Stre llomyuss‘ti‘.upu i
cplomyces thdrmotilacinus
® e, :w’ BN 2651
mpura truau'a
pora bisporaDsM 1333
A TOSea Sy splonnitritogencs
El"‘IILDSM“
a flavi ISM 17836
hlmlla czlzcumhav DSM 19601

Frapkia sp.
{58 Sactegium sp. URNB0044
bac(enums
coba um

itum DSM 46621
155

u)
KMS

ool
yu)bacurmn p NG 10cL290vios
obacteri 60MFTsu5.1
[ ] Mymhmenuml n| 617
Mycobacterium gilvum Spyrt
obacterjum iranicym UM TIL

o ViyCoburiertu dvghu uciise N
»*Vubam- i vanbaalenti PYR-1

bacterium vaccae ATCC 25954
cobacteriam tuberculosis 137Rv
adl‘ llm ovls BCG str. Tokyo 172

(ubauerl m africanu
acterium liflandi 1 28FXT
Yol hcterium ulcerans A2YS9
obact

w:mgagumm indicus mn;}i M;r:f:é:oq.';ﬂﬁ
cobacterium yongonénse 05
coccus scdcnlarl‘;xs DSM 2051 voss

LLS
)? 150899
cc
? Lmnre?l raclga DSM 19367
Sporan; |;1cea ba ermm URHB0013
Tcrr coccus sp. 273
orynebacterium variabi i
Intrignorangium calvu g' Dsm 43
Arsenicicoceu

® g seficico o densis DaM 15745
ian; ansucnsis |
el ] 1 & Raiotolerans DSM 19273

ocardio
ﬁ‘Nm‘an oides s (TADOS>
B Nabcardjpades i, riita DSAT 44233
3619

janibacter s ITCC
° Nucagumls allcalitolerans DSM 16699

Streptom: CN 329
CNT371
lnm u-s\ NH099
S sﬂmallcasls DSM 40738
ilreplam (‘t‘S artreusis NRRL 12338
a1

ATCC 14672
or

s
o tc sulng AT
Feptomyces sulphur cus DSM 40104
’Slrcrlum{ces ochracciscleroticus
AT orecnsls DSM 44566
Myg atltrulms

coba AReRion genay nse ATCC 51

P ctcrium sl are ATCC 1 ;{ 2),
Mycobacterium avium subsp. Silvaticum ATEC 19884
@ streptomyces gellulos:
Kllaaa:ospura setac KN-6054

iy AL sués&{;ublspoma

Fh it
S e

m
SEreptomyces lavendulae subsp. lavendulae

B Leitsoniasp. 109
sp. 34

Cryoco OMFShas.1
~ sonia xyli subsp. xyli str. CTCBO7
@ Leifsonia aquatica H1ai
Imlbac(cnum sp. PAMC 21

LA :‘.};m;sa'i‘;f goct
qﬁlhlwlmlnnas sp. URI:JDO()ZQ
oot ‘%a{‘:lr .;."?Z.'ggﬂﬁfg"mnw& 109
T, v

eri
Prnmurumulmspnm sukumoe 327MFSha3.1
m-ginmycm Sp.
plomyces I.xllblldlll& DSM 41693

stréplomyces favochrom
trey "mm eeSvenczuciag ATCC 10712

oy piralis ATCC 25486
rol my coclico orAzw
Slrcplu yees violaceorube

31

ptom; ccsw aE {“ji‘ddus

s ﬁxyxm-«m \onihus DZF1

* lividans TK24 ] -

Figure 7. Phylogenetic Conservation of the typelll pks Gene Cluster
The phylogenetic tree depicts the selective enrichment of the three-membered &ype //1 pks

gene cluster in different bacterial classes. Circles, triangles, or diamonds at each node denote
different genome organizations of the three genes of the type |11 PKS cluster.
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