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Abstract

Mycobacterium tuberculosis Rv0560c, a putative benzoquinone methyl transferase, is heavily
induced in response to salicylate exposure. It has some similarity to Escherichia coli UbiG,
although its role in ubiquinone or menaquinone synthesis is not clear, since M. tuberculosis is not
known to produce ubiquinone. We constructed an unmarked in-frame deletion of Rv0560c in M.
tuberculosis to determine its role /n vitro. Deletion of Rv0560c in M. tuberculosis had no effect on
growth in medium containing salicylate or in its ability to grow in macrophages. In addition, no
change to compound sensitivity, as determined by minimum inhibitory concentrations, for a range
of compounds targeting respiration was noted. Plumbagin, ethambutol and CCCP had the same
minimum bactericidal concentration against the deletion and wild-type strains. Taken together
these data show that Rv0560c is dispensable under /n vitro conditions in both axenic and
macrophage culture and suggest that the role of Rv0560c may be in an alternate biosynthetic
pathway of menaquinone which is only used under specific growth conditions.
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1. Introduction

When the genome of M. tuberculosis strain H37Rv was sequenced in 1998, ~60% of the
predicted 3924 proteins were listed as either hypothetical or assigned a suggested function
based on similarity [1]. Since then, many new gene functions have been ascribed, but the
function of a large proportion of genes remains unclear [2, 3].

Rv0560c encodes a putative S-adenosylmethionine-dependent methyl transferase [4] which
is highly induced in response to salicylate [5] and a number of structural analogs [4, 6].
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Rv0560c is transcribed from a highly inducible promoter as a bicistronic transcript with
Rv0559c [6]. Based on its chromosomal location near other genes involved in menaquinone
or isoprenoid biosynthesis, it is proposed to be a benzoguinone methyl transferase involved
in the synthesis of the redox cycling agent menaquinone [1, 3].

Exposure to salicylate in Escherichia coliresults in the multiple antibiotic resistant (Mar)
phenotype [7]; M. tuberculosis has a similar phenotype showing decreased sensitivity to
several antibiotics after salicylate exposure [8]. It is not clear if the M. tuberculosis Mar
phenotype results from similar mechanisms, which involves induction of Mar proteins and
other machinery that result in decreased antibiotic accumulation [7]. Rv0560c may have a
role in the Mar phenotype since it is upregulated by salicylate as well as gemfibrozil,
fenofibrate and clofibrate [4, 9]. Promoter analysis also demonstrated that Rv0560c was
induced by aspirin and PAS [6].

Rv0560c is not predicted to be essential for /n vitro growth or for survival in macrophages,
but the role of Rv0560c is unclear [10, 11]. In this study, we constructed a deletion strain of
Rv0560c with the goal of discerning its role. We characterized the deletion strain with
respect to sensitivity to salicylate and several antibiotics and survival/growth in
macrophages.

We were interested in the role of Rv0560c in M. tuberculosis. We hypothesized that it would
be involved in the synthesis of menaquinone or a related molecule under specific conditions
which might be relevant to infection. To address this we constructed and phenotypically
characterized a deletion strain in M. tuberculosis.

2.1 Rv0560c is not essential in axenic culture

We used a two-step homologous recombination method to construct an unmarked in-frame
deletion strain of Rv0560c in H37Rv (Figure S1). We were able to isolate the strain with no
difficulty, demonstrating that Rv0560c is not required for growth in axenic culture. The
strain was confirmed by Southern analysis (Figure S1D). The deletion strain was
complemented using a single copy, integrating vector in which Rv0560c was expressed from
its native promoter, as previously identified [6].

2.2 Deletion of Rv0560c does not increase sensitivity to salicylate growth inhibition

We reasoned that the high level of expression of Rv0560c after exposure to salicylate [5]
might confer some protective effect to the bacteria under these conditions. We had
previously noted that a high concentration of salicylate was inhibitory to growth. We tested
the growth of the deletion and complemented strain in increasing concentrations of
salicylate. All three strains grew well without salicylate, with no appreciable difference.
Higher concentrations of salicylate progressively inhibited growth up to the highest
concentration tested (2 mM) (Figure 1). There was no appreciable difference in growth rate
or in final ODsggq reached between the three strains at salicylate concentrations between 0.25
mM and 2 mM (Figure 1). These data demonstrate that Rv0560c is not needed for growth in
the presence of low concentrations of salicylate, despite the massive upregulation of
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Rv0560c seen under this condition [5, 6, 12]. We also tested several other stress conditions,
including low pH, hypoxia, and nutrient starvation, but saw no differences between the
strains (data not shown).

2.3 Deletion of Rv0560c has no effect on intra-macrophage replication

The metabolism of M. tuberculosis is altered during infection of macrophages. We saw no
difference in the growth or survival of the deletion strain under various single stress
conditions, but macrophage infection imposes several stresses simultaneously. We
hypothesized that Rv0560c might be required under these conditions, particularly since
remodeling of respiratory pathways is seen [13]. We tested the ability of the Rv0560cA
strain to survive and replicate in the THP-1 human macrophage-like cell line over 7 days of
infection. The proportion of bacteria taken up by macrophage phagocytosis was roughly
equal (104 CFU/mL after overnight infection). The deletion strain was not significantly
different from the wild-type or complemented strains, since all grew by ~1 log within the
macrophages. These data confirm that Rv0560c is not required for survival in macrophages
(Figure 2).

2.4 Deletion of Rv0560c does not affect sensitivity to multiple compounds

In M. tuberculosis, salicylate increases oxygen consumption and reduces expression of a
number of genes involved in energy metabolism. Therefore we wanted to determine if
deletion of Rv0560c affected the sensitivity to a number of different agents which target
respiration or membrane potential (SQ019, nigericin, CCCP, plumbagin) or that are
salicylate analogs (menadione, PAS). We also included ethambutol, as an analog of SQ109,
but with a different target. We also tested rifampicin, as a previous study suggested a link
between Rv0560c expression and rifampicin resistance [9].

Since Rv0560c is induced by exposure to salicylate, we determined MICs in cultures that
had been pre-exposed to 0.4 mM salicylate for 3 days. The MIC determination was run in
the presence or absence of salicylate (Table 1). As noted with the growth curves, there was
no difference between the strains with respect to salicylate sensitivity, with MICs of 0.5 - 0.9
mM. In addition no difference was seen in sensitivity to rifampicin (MICs 2-5 nM),
suggesting that Rv0560c is not involved in rifampicin resistance. SQ109 and ethambutol had
similar MICs, with no strain differences. We also ran MICs for 12 days, but saw no
difference between the three strains (data not shown). Similarly there was no difference in
MIC between the three strains for plumbagin, menadione, nigericin, PAS, or CCCP.
Therefore the high level expression of Rv0560c is not protective against any of these agents.

2.5 Rv0560c deletion does not affect the kill kinetics for several compounds

Although we saw no difference in growth inhibition, it was still possible that the Rv0560c
deletion strain would be more susceptible to certain agents over a longer period of time
and/or that kill kinetics would differ. For example, it had previously been shown that the kill
kinetics of ethambutol and PAS were reduced when salicylate was added to the medium [8],
if this were linked to Rv0560c up-regulation, we would expect to see differences in kill
kinetics for the Rv0560c deletion strain. We selected four agents to test this, CCCP,
plumbagin, ethambutol and SQ109. Bacterial viability was monitored over several weeks in
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varying concentrations of each compound (Figure S2). The minimum bactericidal
concentration (defined as the minimum concentration required to effect a 3 log kill in 21
days) was determined We saw no difference in MBC between the three strains. SQ109 was
not bactericidal, showing very little kill even at 10X MIC (10 M). In contrast plumbagin was
bactericidal at all concentrations down to 1X MIC (7 M). Ethambutol MBC (2.5 uM) was
2.5 X MIC in all strains, and CCCP was bactericidal at 5X MIC and higher (75 pM). We
also looked at kill kinetics with timepoints at 7, 14, and 21 days, but saw no significant
differences (Figure S2). These data confirm that the deletion of Rv0560c had no effect on
sensitivity to any of these agents.

3. Discussion

Salicylate exposure has pleiotropic effects on gene expression and metabolism in M.
tuberculosis, leading to increased oxygen consumption [12] suggestive of changes in basal
metabolism. One of the most obvious consequences of salicylate treatment is the massive
induction of Rv0560c, a potential benzoquinone methyl transferase [5, 6]. The role of
Rv0560c is unknown, although we assumed it would be required for survival in high
concentration of salicylate. However, our data show no phenotype for the Rv0560c deletion
strain in salicylate-containing medium, nor under various stress conditions.

Previous work had suggested a link between Rv0560c up-regulation (or salicylate exposure)
and the Mar phenotype, including resistance to rifampicin [9], ethambutol and PAS [8].
However, we saw no changes in drug sensitivity in the deletion strain, suggesting that the
induction of Rv0560c is coincidental.

The role of Rv0560c in M. tuberculosisis not clear. It seems unlikely to play a role in
normal menaquinone biosynthesis, since it is not essential, and there are annotated homologs
of all the synthetic genes, except MenF. Base on homology it appears to be an S-
adenosylmethionine-dependent methyl transferase which could be involved in biosynthesis
of isoprenoids or ubiquinone [4]. Alternatively, it could be involved in an alternate route for
menaquinone biosynthesis as in Streptomyces coelicolor[14]. Our data which show a lack
of attenuation or phenotype under multiple conditions suggest that Rv0560c may be
redundant with other gene products, or that it plays an essential role under very specific
conditions, which have not yet been defined. Based on the energy required to synthesize
such large quantities of protein after exposure to salicylate, it seems unlikely that it plays an
unimportant role in metabolism. Future work, such as biochemical characterization or
metabolite analysis should help elucidate the true function of Rv0560c.

4. Materials and Methods

4.1 Bacterial culture

E. coliwas grown in Luria-Bertani broth or on Luria agar (LA). M. tuberculosis H37TRv
(ATCC 25618) was grown in Middlebrook 7H9 (Difco) supplemented with 10% v/v oleic
acid, albumin, dextrose and catalase supplement (OADC; Becton Dickinson) and 0.05% wi/v
Tween 80 (7H9-OADC-Tw) or on Middlebrook 7H10 (Difco) with 10% v/v OADC
supplement. Where appropriate, the medium was supplemented with gentamicin (Gm) at 10
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pg/mL for M. tuberculosis and 20 ug/mL for £. coli, kanamycin (kan) at 20 pg/mL for M.
tuberculosis and 50 pg/mL for E. coli, hygromycin B (hyg) at 50 ug/mL for M. tuberculosis
and 150 pg/mL for E. coli, and X-gal at 50 pg/mL.

4.2 Deletion Plasmid Construction

The 1 kb downstream region of Rv0560c, including the last 9 nucleotides of Rv0560c, was
amplified by PCR from M. tuberculosis genomic DNA using RF560f and RF560r (Table
S1), digested with Xbal and EcoRV, and cloned into pBackbone [15], a derivative of
pBluescript KS(-). The 1 kb upstream region of Rv0560c, including nucleotides 1-59 of
Rv0560c, was amplified using LF560f and LF560r, digested with Pacl and Xbal, and cloned
into pBackbone containing the downstream region. The hyg-sacB-lacZ cassette of
pGOAL19 was added as a Pacl fragment [16]. Blue colonies were selected and verified.

4.3 Generation of the Rv0560cA and complemented strains

Allelic exchange via homologous recombination was used to create an unmarked in-frame
deletion of Rv0560c [16]. Briefly, the deletion vector was UV-irradiated, electroporated into
M. tuberculosis, and single cross-over recombinants selected on hyg, kan and X-gal. Double
crossover strains were generated by plating onto 2% sucrose and X-gal. White colonies were
patched onto plates to check for kan sensitivity. KanS colonies were screened by PCR to
distinguish the wild-type and deletion alleles using primers Rv0560cF1 and Rv0560cR1.
Rv0560c was amplified with its native promoter [6] using primers Rv0560c-C’ F1 and
Rv0560c-C’ R1 and cloned into pSC-B (Agilent Technologies). The L5 integrating cassette
(containing GmR, L5 integrase, and attP) from pUC-Gm-Int [17] was inserted as a HindlI1l
fragment. The plasmid was verified by sequencing and electroporated into the Rv0560cA
strain. Recombinants were selected on Gm. The expected phenotype was confirmed by
Southern analysis. Genomic DNA was isolated and digested with Xmal or Clal. The 487bp
probe was generated by PCR with primers Rv0560cF2 and Rv0560cR2. DNA detection was
carried out using the AlkPhos system (GE).

4.4 Growth curves

M. tuberculosis strains were grown standing in 10 mL cultures in 7H9-OADC-Tw until late
log phase (ODsggq of 0.6-1.0) then used to inoculate 5 mL of medium in glass culture tubes
(16 mm diameter, 125 mm tall) with stir bars.to a theoretical ODggq of 0.04. Cultures were
grown with stirring at 37° C. Growth was monitored by OD s5qg.

4.5 Minimum inhibitory concentration (MIC) determination

M. tuberculosis strains were grown to late log phase (ODsggq of 0.6-1.0) in 7TH9-OADC-Tw.
Where required, salicylate was added to 0.4 mM and cultures were incubated for 3 days to
induce expression of Rv0560c [6]. Late log phase cultures were filtered through a 5uM
syringe filter and used to inoculate 96-well plates containing 2 -fold serial dilutions of
compounds to a theoretical ODsggq of 0.02. Cultures were incubated with humidification at
37° C for 5 days. Growth was measured by ODsggg. Dose response curves were generated
using the Gompertz curve fit algorithm and the MIC was determined [18, 19].
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4.6 Macrophage infection

THP-1 cells (ATCC TIB-202) were propagated in complete RPMI 1640 medium and diluted
to 5 x10° / mL. PMA was added to 80 nM, and 1 mL of cell suspension was inoculated into
24-well plates incubated overnight at 37°C, 5% CO,. Cells were washed three times in PBS
and fresh medium added. Late log phase cultures of M. tuberculosis strains were
resuspended in RPMI medium to ~5 x 108 bacteria / mL; 100 pL of bacterial culture was
added to each well and incubated overnight at 37°C, 5% CO,. Macrophages were lysed with
SDS, wells washed three times and bacteria harvested by centrifugation. Serial dilutions
were plated to determine colony forming units (CFU) after 4 weeks of incubation at 37° C.

4.7 Kill kinetics

Compounds were prepared in 5 mL 7H9-OADC-Tw medium at 1 x, 1.25 x, 2.5 x, 5 x, and
10 x MIC (final concentration 2 % v/v DMSO). Late log phase cultures of M. tuberculosis
strains were adjusted to ODsgg 0.1 and 10° CFU inoculated into each sample. Samples were
incubated standing at 37° C and serial dilutions were plated for CFU determination.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Growth of recombinant strains in salicylate
M. tuberculosis strains were grown in 5 mL 7H9-Tw-OADC plus salicylate at the indicated

concentration in 16mm glass tubes with stirring. Data are the average + standard deviation of
three independent cultures.
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Figure 2. Intracellular bacterial replication in THP-1 macrophages
M. tuberculosis strains were used to infect 5 x 10° THP-1 cells at a multiplicity of infection

(MOI) of ~1 and the bacterial load was monitored by determining CFU. Data are the average

+

standard deviation of triplicates. The inoculum for each strain was: wild-type 5.5 x 10°

CFU; Rv0560cA 5.4 x 10° CFU; Rv0560cA C’ 6.0 x 10° CFU.
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Table 1
Activity of compounds against recombinant strains.
MIC (uM)
Wild-type Rv0560cA Rv0560cA C’
Untreated Salicylate Untreated Salicylate Untreated Salicylate
Plumbagin 6.6 53 29 2.7 25 2.6
Menadione 48.9 44.3 58.7 51.5 56.4 51.2
Nigericin 2.3 1.6 24 1.9 1.6 1.3
PAS 7 6.4 6.8 8.1 7.3 8.9
CCCP 17.7 13.6 151 15.6 13.9 15.8
SQ109 0.7 0.4 1.2 1 0.8 0.7
Ethambutol 2 1.6 1.7 1.9 2 1.8
Salicylate 555 626 641 924 594 598
Rifampicin 0.003 0.002 0.005 0.005 0.003 0.005

Page 10

The minimum inhibitory concentration (uM) of selected compounds was determined against M. tfuberculosis strains. Strains were inoculated in 96-
well plates, grown for 5 days, and OD59( measured. The MIC was determined as the minimum concentration to inhibit growth completely from

the dose response plot.
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