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Abstract

Polyamines decrease the permeability of the outer membrane of Escherichia coli to fluoroquinolones and B-lactams. In this
study, we tested the effect of four polyamines (spermidine, spermine, cadaverine and putrescine) on fluoroquinolone
uptake in Mycobacterium bovis BCG. Our results show that polyamines are also capable of reducing the permeability of the
mycobacterial outer membrane to fluoroquinolones. Spermidine was most effective and demonstrated reversible dose- and
pH-dependent inhibition of ciprofloxacin accumulation. The extent of this inhibition was demonstrated across the
fluoroquinolone compound class to varying degrees. Furthermore, we have shown that the addition of spermidine
increases the survival of M. bovis BCG after a 5-day exposure to ciprofloxacin by up to 25 times. The treatment of actively-
replicating Mycobacterium tuberculosis with spermidine reduced ciprofloxacin accumulation by half while non-replicating
nutrient-starved M. tuberculosis cultures lacked similar sensitivity to polyamines. Gene expression studies showed that
several outer membrane proteins are significantly down-regulated during the shift to non-replication. Collectively, these
characteristics of fluoroquinolone uptake in M. bovis BCG are consistent with facilitated transport by porin-like proteins and
suggest that a reduction in intracellular uptake contributes to the phenotypic drug resistance demonstrated by M.
tuberculosis in the non-replicating state.
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Introduction

Tuberculosis is an international health concern with little
foreseeable relief [1]. With the emergence of multi-drug resistance
(MDR) of the causative agent, Mycobacterium tuberculosis, comes the
need to understand the molecular basis of resistance acquisition.
Antibiotic penetration of the notoriously impermeable mycobac-
terial outer membrane requires further exploration. Several
mycobacterial efflux pumps have already been associated with
reduced susceptibility to anti-tuberculous agents such as isoniazid,
tetracycline, fluoroquinolones and aminoglycosides [2]. Antibiotic
uptake processes, however, are less clearly understood. Fluoro-
quinolones form a recent class of drugs increasingly used in the
fight against tuberculosis, with members such as moxifloxacin,
ofloxacin and levofloxacin being used as second-line treatment
agents. While Rv2686-Rv2687-Rv2688c and LfrA have been
associated with fluoroquinolone efflux activity in mycobacteria
[3,4], it remains unclear how fluoroquinolone uptake occurs. The
observation that the activity of fluoroquinolones against myco-
bacteria increases with the hydrophobicity of the drug indicates
the preference for direct diffusion across lipid membranes [5].
However, a study of M. smegmatis mutants carrying deletions of
mspA and mspC, which code for the porins MspA and MspC
respectively, showed a 4-fold decrease in intracellular accumula-
tion of norfloxacin compared to the wild-type [6]. It was
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concluded that porins play an important role in the uptake of
hydrophilic fluoroquinolones in mycobacteria.

Polyamines are naturally-occurring organic molecules with at
least two primary amino-groups. Endogenous to both prokaryotic
and eukaryotic cell types, these polycations are produced via
complex pathways involving the decarboxylation of ornithine,
arginine and lysine. Although their exact functions are unclear,
they are understood to play pleiotropic roles in cell growth and
survival [7]. The effects of four polyamines (spermine, spermidine,
cadaverine and putrescine) on the activity of E. coli porins OmpC
and Omp[ have been documented. These polyamines were shown
to suppress channel opening, enhance channel closure as well as
promote the inactive state [8]. It has been suggested that the main
mechanism of porin channel modulation involves changes in the
intrinsic rate constants for gating, which leads to the stabilization
of the closed states. A handful of studies have looked at the in vitro
effects of polyamines on the accumulation of antibiotics in E. colt.
Spermidine has been shown to reduce norfloxacin and B-lactam
diffusion through OmpkF, while cadaverine has been shown to
reduce ampicillin susceptibility in E. coli [9-11]. We hypothesize
that polyamines may reduce the overall penetration rate of these
agents in mycobacteria as well.

Several studies have demonstrated that non-replicating nutrient-
starved M. tuberculosis displays phenotypic resistance to multiple
standard anti-tuberculous agents [12—-14]. Such resistance is the
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result of metabolic and physiological adaptation of the bacilli to
nutrient-depletion, and is not genetically determined. Full drug
susceptibility is re-established upon the resumption of bacterial
replication. Fluoroquinolones such as moxifloxacin, ofloxacin and
gatifloxacin have minimum bactericidal concentrations that range
between 0.25-2.5 pM against replicating M. tuberculosis, but
greater than 100 uM against nutrient-starved cultures [13,14].
The reduction in drug susceptibility that occurs upon the onset of
dormancy is thought to be the result of reorganization of the outer
membrane [15]. To understand fluoroquinolone transport across
the mycobacterial outer membrane, we have investigated the
uptake and activity of this drug class in M. bovis BCG, using
microbiologic and liquid-chromatography mass-spectrometric
(LCMS) methods.

In the present work, we first test the hypothesis that, as seen in
E. coli, polyamines inhibit the intracellular accumulation of the
fluoroquinolones in BCG, resulting in decreased anti -mycobac-
terial activity. We then demonstrate that this effect is reduced in
non-replicating M. tuberculosts, suggesting that reduced fluoroquin-
olone permeability of the outer membrane may contribute to the
development of phenotypic drug resistance. Through the use of
various uptake assay conditions, we show that efflux pumps do not
affect intracellular concentrations of the fluoroquinolones, and
propose that porins might constitute a valid route of cell entry for
this drug class.

Materials and Methods

Chemicals, Strains and Growth Conditions

Spermidine, spermine, cadaverine and putrescine were obtained
from Sigma-Aldrich (Missouri, U S A). Stock solutions of 1M were
prepared for all polyamines. Ofloxacin, verapamil and reserpine
were obtained from Sigma Aldrich, moxifloxacin, gatifloxacin and
linezolid from Sequoia Research Products (UK), and ciprofloxacin
and rifampicin from Fluka (Missouri, U S A). Stock solutions of
10 mM were prepared for these compounds and stored at 4°C.
Phosphate-buffered saline (PBS) was provided by Invitrogen
(Carlsbad, California). HPLC-grade methanol and acetonitrile
were purchased from Fisher Scientific (Hampton, New Hamp-
shire).

M. bouis BCG and M. tberculosis H37Rv were cultured in
Middlebrook 7H9 broth (provided by Becton, Dickinson and
Company, New Jersey, U S A) supplemented with 0.4% ADS,
0.2% glycerol and 0.05% Tween80 or grown on Middlebrook
7H]11 agar (Becton, Dickinson and Company) supplemented with
10% OADC and 0.5% glycerol. Broth cultures were incubated at
37°C ull an ODggy of 0.3-0.4 was reached. The addition of
sodium hydroxide was necessary in experiments where the pH of
supplemented 7H9 media was increased. Nutrient-starved non-
replicating M. tuberculosis cultures were generated by re-suspending
exponentially-growing H37Rv in PBS and incubating at 37°C
with constant rolling for 14 days [12,13]. Agar plates were
incubated at 37°C and bacterial colonies were counted after 2—3
weeks.

Antibiotic penetration assay

A drug penetration assay was optimized for the measurement of
steady-state intracellular drug accumulation in M. bovis BCG and
M. tuberculosis. Broth cultures were harvested by centrifugation at
3,200 g for 10 min. The pellets were re-suspended in fresh 7H9
broth media or PBS-Tween80 to an ODg of 4.0. Serial dilutions
of this concentrated culture were grown on 7H11 agar plates to
enable determination of cell density for each drug penetration
assay. Unless otherwise mentioned, all standard drug penetration
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assays were conducted at a drug incubation concentration of
10 uM, for an incubation period of 30 min. This corresponds with
3.3 ug/ml ciprofloxacin, 4.0 ug/ml moxifloxacin, 3.6 ug/ml
ofloxacin, 3.8 pg/ml gatifloxacin, 8.2 pg/ml rifampicin, 3.4 ug/
ml linezolid and 2.0 ug/ml ethambutol. Three 300 ul aliquots
were pelleted at 13,200 g for 3 min at 4°C. The pellets were
washed in an equal volume of PBS. The cells were then lysed
overnight in an equal volume of glycine-HCI (pH 3) at 37°C with
constant agitation [6,16]._ENREF_4 Several published lysis
methods were tested by comparing drug recovery, matrix effects
and quantitation limits by HPLC/MS/MS. This procedure was
most effective at achieving complete lysis of mycobacterial cells for
the purpose of LCMS quantitative analysis. Cell lysates were
filtered with 0.22 pm filter units (Millipore MILLEX-GV filter
units, PVDF, 13 mm) to ensure sample sterility. Compound
extraction was achieved by the addition of 80 ul of methanol and
40 pl of acetonitrile. Lysate samples were subsequently stored at
—20°C. In instances where the time-course of drug accumulation
was examined over a 10 min incubation period, duplicate 300 pl
aliquots were removed at regular time intervals.

In efflux pump inhibition experiments, 75 pM verapamil and
20 uM  reserpine were added (34.1 pg/ml and 12.2 pg/ml
respectively) 3 min after the addition of the anti-tuberculous agent
(10 uM). In uptake inhibition experiments, cultures were pre-
incubated with the specified polyamine for a period of 10 min at
37°C at a concentration of 10 mM unless otherwise mentioned.
This corresponds with 1.5 mg/ml spermidine, 2.0 mg/ml sperm-
ine, 1.0 mg/ml cadaverine and 0.9 mg/ml putrescine.

LCMS analytical methods

Quantification of drug concentration was achieved by liquid
chromatography - mass spectrometry (LC/MS). Mass analysis and
detection were performed on an API 4000 Q-trap triple-
quadrupole mass spectrometer (Applied Biosystems,) equipped
with a turbo ion-spray ionization source. The HPLC system 1s of
the Agilent (USA) 1200 series with a degasser, binary pump,
autosampler and thermostated column compartment. Chromato-
graphic separation was achieved with a Gemini C18 column for
the three fluoroquinolones and a Gemini C6-Phenyl column for all
other drugs (150x4.6 mm, 5 um; Phenomenex). Mobile phases,
water and acetonitrile, were acidified with 0.1% acetic acid. All
fluoroquinolones were eluted with 3% to 40% linear gradients of
acidified acetonitrile at a flow rate of 0.8 ml/min; rifampicin,
ethambutol and linezolid were eluted with 3% to 50% linear
gradients. Calibration standards for all drugs were prepared from
stock solutions to give final concentrations of 5 nM to 500 nM.
Limits of quantitation (LOQs) for all drugs range from 0.5 to
10 nM.

Determination of cellular drug accumulation and
statistical testing

In instances when drug accumulation was compared between
two individually conducted penetration assays, cell lysate drug
concentrations were multiplied by the solvent-crashed lysate
volume and normalized by the number of CFU per 300 pl
aliquot. The result is an expression of the amount of drug (nmol)
per bacterial unit. When drug accumulation was being compared
within single penetration assays, cell lysate concentrations (nmol/
dm®) were used as is without normalization. All statistical
comparisons were performed with unpaired two-sample #tests.
Statistical significance was set at p values of <0.01 and <0.001
(highly significant).
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Susceptibility tests

M. bovis BCG broth cultures were diluted to an ODgg of 0.02
and 200 pl aliquots were transferred to 96-well plates. For the
determination of polyamine MICs (concentrations at which 90%
of bacterial growth was inhibited), dilutions of spermidine and
cadaverine were spotted to achieve final concentrations between

0.001 and 50 mM. In MIC-shift experiments, dilutions of

ciprofloxacin were prepared to achieve the final range of 0.05-
2.0 uM; spermidine and cadaverine were co-spotted with cipro-
floxacin when needed to achieve the final concentrations of 0.01,
0.1 and 1 mM. All 96-well plates were incubated at 37°C, and
their optical densities were read after 5 days. In order to
investigate the killing of M. bovis BCG in broth by 10 mM
spermidine over a 60 min period, aliquots removed every 20 min
were grown on drug-free agar plates following ten-fold serial
dilutions and compared to a control (drug-free) culture. In a
separate kill kinetics assay demonstrating changes in ciprofloxacin
bactericidal activity, broth cultures were incubated with 1 uM
ciprofloxacin alone and in combination with 1 mM or 2.5 mM
spermidine over a five-day period; aliquots removed on days 1, 2
and 5 were similarly grown on drug-free agar plates.

Total RNA extraction

Total RNA was isolated from replicating and non-replicating
M. tuberculosis cultures using the Trizol method. Briefly, cultures
were grown to an ODggy of 0.4-0.5 and harvested by centrifu-
gation. Pellets were re-suspended in Trizol and bead-beaten at
6,500 rpm to achieve homogenization. Lysates were centrifuged
and 300 pl of chloroform: isoamyl alcohol (24:1) was added to the
supernatant. After 15 min incubation at room temperature,
samples were centrifuged at 12,000 rpm for 15 min. 0.9 volumes
of isopropanol was added to the aqueous phase and incubated at
room temperature for 10 min. RNA precipitate was pelleted at
4°C, washed with 75% ethanol and stored at —80°C. RNA
purification was performed with the RNeasy Mini Kit (Qiagen;
California, U.S.A.) as directed by the user manual. DNase
digestion of the total RNA extract was performed using the the
RNase-Free DNase Set (Qiagen; California, U.S.A.). Approxi-
mately 1 pg of RNA was incubated with 0.5Kunitz units of DNase
for 30 min at 37°C as directed. DNase was inactivated with
EDTA and incubation for 5 min at 65°C.

Quantitative RT-PCR

A pair of primers was designed for each of the ten M. tuberculosis
outer membrane proteins (OMPs) analysed in this study and listed
in Table 1. 765 rRNA was included as a positive control. cDNA
synthesis from total RNA extracts was performed using the iScript
Select ¢cDNA Synthesis Kit and random primers (BioRad;
California, U.S.A.) as directed by the user manual. Quantitative
RT-PCR was performed by the iQ5 Real Time Detection System
(BioRad; California, U.S.A.) using the SYBR Green Supermix Kit
(BioRad). The amplification method consisted of 40 cycles of 95°C
for 30 s, 61°C for 30 s and 72°C for 30 s. Analysis was done in
triplicates and the experiment was conducted twice. No amplifi-
cation controls (NACs) excluding reverse transcriptase were
prepared for each gene to check for DNA contamination. RT-
PCR products were analysed by agarose (1.0% wt/vol) gel
electrophoresis. No products were obtained with NAC reactions.
Relative gene expression data was expressed using the gmAACT
method as detailed by Livak and Schmittgen [17].
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Table 1. Primer pairs used for qRT-PCR analysis of OMP gene
expression in M. tuberculosis.
Gene name Direction  Oligonucleotide sequence (5" - 3")
rv0899
(ompATb)  Forward ACCGTTACTCTGATCGGTGACT
Reverse GAGAAATCAAGTGATCGCACAA
rv1698 Forward GGTCTCATTGACCCAGGAGTT
Reverse AGTTTGGTGCTCAACTGGCTAC
rv1973 Forward GACGCCTACACACAGCTGAC
Reverse TGATGGTCTGGTTTACGAACAG
0227 Forward CCGAGAAGAAGACATACCCCTA
Reverse CGGTATGTGGTTAAACCGTTG
rv0431 Forward TCTACAACATCTCAGGCACAGA
Reverse GACGTCGGGTAACGATAGATTC
rvi3571 Forward CTGGGTGTTATTGGCTTGCTCG
Reverse TCAAGTACCTATGACGGTGCTG
rvi352 Forward CGAATCCCCTTATTTTGGTGT
Reverse TTGGTGTCGACAATGTTCTCAT
rv1968 Forward CTATCCGGTGGGAAAAGTGTC
Reverse ACAAGCCCTTGGTTTTGATTG
rv1970 Forward CCCGAACGAGACGTTCCAAAAT
Reverse GAGCTGGGTCAGATGACACTC
2270 Forward ACGAACATGAATCCGACAAAC
Reverse TTGAAGGTTAATCCAGGTCTCG
16s rRNA Forward GGACACCTATTACGATCACCAG
Reverse CAAAACCTCATCGGAATCACG
doi:10.1371/journal.pone.0065806.t001

Results

Intracellular drug accumulation

To investigate the effect of polyamines on fluoroquinolone
accumulation in M. bovis BCG, intracellular concentrations of
ciprofloxacin were measured in exponentially growing cultures in
the presence of spermidine, spermine, cadaverine or putrescine.
The polyamine incubation concentration of 10 mM was chosen in
light of published work on porin inhibition by polyamines in . coli
[10,18]. Spermidine, spermine, and cadaverine significantly
reduced intracellular accumulation of ciprofloxacin in M. bovis
BCG (Figure 1A). At 10 mM (1.5 mg/ml), spermidine proved
most potent at decreasing ciprofloxacin accumulation, reducing
the final ciprofloxacin intracellular accumulation by 69% relative
to the control assay (p <0.001). Hence, spermidine was chosen for
subsequent experiments. Putrescine was least effective, causing an
apparent reduction in steady-state accumulation which lacked
statistical significance. The accumulation of ciprofloxacin was
examined over the course of the first 10 min in the presence of
10 mM spermidine. Most of the inhibitory effect was observed
within the first minute. While non-treated M. bovis BCG continued
to accumulate ciprofloxacin after the first 10 min of incubation,
the spermidine-treated cells reached steady-state accumulation
within 3 min (Figure 1B).

Increasing doses of spermidine from 1 mM to 30 mM
(0.15 mg/ml to 4.5 mg/ml) produced a continuous decrease in
steady-state accumulation of ciprofloxacin. Figure 2A shows that
this spermidine-induced inhibition is dose dependent, with an IC5q
of about 7 mM (1.05 mg/ml). It appears that maximum inhibition
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Figure 1. Effects of polyamines on ciprofloxacin accumulation in M. bovis BCG. (A) Inhibition of ciprofloxacin (CPX) accumulation following
treatment with 4 different polyamines. Relative accumulation of CPX is expressed as a percentage of average uninhibited accumulation. Experiments
were done in biological triplicates. Asterisks denote data points that differed significantly between polyamine-treated and -untreated BCG. (**, p
<0.001; *, p <0.01). (B) Time-course of CPX accumulation by spermidine-treated and -untreated BCG. Data was normalized against bacterial counts
for each experiment. Results are expressed as the amount of CPX (nmol) per CFU. Experiments were done in biological duplicates. Standard

deviations are shown as error bars.
doi:10.1371/journal.pone.0065806.g001

is approached at spermidine concentrations greater than 30 mM.
In order to ensure that any reduction in drug accumulation by M.
bovis BCG brought about by spermidine at 10 mM was not the
result of cell death, a kill kinetics experiment was conducted. After
a 60 min incubation period, 10 mM of spermidine did not
significantly reduce the number of colony-forming units
(Figure 2B).

Reductions in moxifloxacin, ofloxacin and gatifloxacin steady-
state intracellular accumulation were also observed in the presence
of spermidine, proving that this phenomenon is consistent across
the fluoroquinolone class (Figure 3A). The extent of reduction in
accumulation varied between 69% and 31% across the four
fluoroquinolones, with ciprofloxacin accumulation displaying the
greatest reduction. In order to investigate if the effect of polyamine
pre-treatment on drug uptake is fluoroquinolone-specific, further
experiments were conducted with ethambutol, rifampicin and
linezolid. The presence of 10 mM spermidine resulted in a 33%
and 25% reduction in steady-state accumulation of linezolid and
ethambutol respectively (Figure 3B). In contrast, rifampicin
displayed an increase in accumulation by 58% in the presence
of spermidine. The apparent increase in intracellular accumula-
tion of rifampicin further supports the notion that the reduction of
accumulation seen with other agents is not an artifact due to
decreased cell viability caused by the 10 mM spermidine
treatment.

PLOS ONE | www.plosone.org

Effect of spermidine on mycobacterial susceptibility to
ciprofloxacin

Given the reduced uptake of ciprofloxacin in the presence of
polyamines, we hypothesized that the bactericidal activity of
ciprofloxacin could be weakened in the presence of spermidine.
We first tested the growth inhibitory properties of spermidine and
cadaverine individually. The two polyamines completely inhibited
growth at about 4 mM and 8 mM, respectively. At 0.01, 0.1 and
1.0 mM, neither polyamine brought about a shift in ciprofloxacin-
mediated growth inhibition; the MIC of ciprofloxacin against M.
bovis BCG remained consistent at 0.7 pM. However, enumeration
of colony-forming units revealed that ciprofloxacin-mediated
killing of M. bovis BCG was reduced by 10 and 25-fold in the
presence of 1.0 mM and 2.5 mM spermidine respectively over a 5
day period (Figure 4). At 1 uM, ciprofloxacin caused a 2-log
reduction in the number of viable bacilli, while less than 1-log
reduction was observed in the presence of 2.5 mM spermidine.
The differences in the number of viable bacilli between
spermidine-treated and untreated cultures are statistically signif-
icant at the 5-day mark (p<<0.001).

Effect of spermidine on ciprofloxacin uptake in non-
replicating M. tuberculosis

Since fluoroquinolones have significantly reduced activity
against non-replicating M. tuberculosis, under conditions of nutrient
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starvation or hypoxia [13], we next asked whether reduced
intracellular uptake could contribute to this observation. Non-
replicating cultures of M. tuberculosis were generated by starving the
cells of nutrients over a two-week incubation period. Ciprofloxacin
penetration assays were performed on replicating and non-
replicating cultures in a similar manner and results were expressed
as the amount of ciprofloxacin per colony-forming unit. A
comparison of uninhibited ciprofloxacin accumulation between
the two cultures, as shown in Figure 5, shows that absolute
ciprofloxacin content of replicating M. tuberculosis was 2.3-fold
greater (p =0.001) than that of non-replicating cultures. To
determine whether the polyamine-inhibited mechanism of fluoro-
quinolone uptake played a role in non-replicating cells, we
compared the accumulation of ciprofloxacin in replicating and
non-replicating cultures, with and without spermidine or cadav-
erine. At 10 mM, the polyamines produced 49% and 41%
reduction in ciprofloxacin accumulation in replicating M. tubercu-
losts, respectively. In the non-replicating culture however, spermi-
dine and cadaverine decreased accumulation by only 9% and 13%
respectively, indicating a reduced contribution of the polyamine-
inhibited transport pathway to ciprofloxacin uptake in the
starvation-induced non-replicating state.

PLOS ONE | www.plosone.org

Characteristics of fluoroquinolone uptake in M. bovis BCG

Reversibility of effects of polyamines. The reversibility of
the effects of polyamine treatment was investigated to gain insight
into the observed inhibitory mechanism. When A bovis BCG
cultures were pre-incubating with 10 mM (2.5 times the MIC)
spermidine and washed with PBS prior to incubation with
ciprofloxacin, a partial recovery in steady-state ciprofloxacin
accumulation was observed (Figure 6a). Saline washes returned
ciprofloxacin accumulation to approximately 80% of uninhibited
accumulation. No significant difference resulted from washing the
bacilli twice rather than once. These results indicate that inhibition
of fluoroquinolone accumulation by polyamines is mostly revers-
ible. It is possible that a fraction of spermidine remains tightly
adhered to the outer membrane despite two PBS washes.
Alternatively, recovery in ciprofloxacin accumulation may be
underestimated at each additional wash step due to the partial loss
of bacilli.

Effect of pH changes. It has been reported that the
inhibitory effect of cadaverine on cellular permeability in E. coli
is relieved at higher pH where fewer polyamine molecules are
charged [18]. Ciprofloxacin penetration assays were performed on
M. bovis BCG in pH-adjusted media in order to demonstrate the
effect of increasing pH on the inhibitory activity of polyamines.
The effects of spermidine on steady-state ciprofloxacin accumu-
lation in BCG were normalized against uninhibited ciprofloxacin
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doi:10.1371/journal.pone.0065806.9003

accumulation for each pH condition because these pH changes with unadjusted media (pH 6.5). At pH 9, spermidine only

exerted their own effects on the kinetics of ciprofloxacin uptake. produced a 36% reduction in ciprofloxacin accumulation. Cell
Figure 6b shows that at pH 8 spermidine reduced ciprofloxacin viability remained unaffected for the incubation duration of
accumulation by 68%, which is comparable to results obtained 30 min at pH 9 (results not shown).
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Figure 4. Survival of M. bovis BCG treated with ciprofloxacin in the presence of spermidine. The effects of pre-incubation with 2.5 mM
and 1 mM of spermidine (SPM) were compared against incubation with 1 uM ciprofloxacin (CPX) alone. The CFU counts are plotted on a log scale.
Experiments were done in biological duplicates. Standard deviations are shown as error bars. Asterisks denote data points that differed significantly
between SPM-treated and -untreated BCG. (**, p <0.001).

doi:10.1371/journal.pone.0065806.g004
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doi:10.1371/journal.pone.0065806.g005

Efflux pump inhibition. To determine whether active efflux
influences intracellular accumulation of fluoroquinolones, the
penetration of ciprofloxacin, moxifloxacin or gatifloxacin into M.
bovis BCG was examined in the presence of known efflux pump
inhibitors. Verapamil (calcium channel blocker) and reserpine (P-
glycoprotein inhibitor) are commonly used efflux pump inhibitors
[4,19,20]. Previously conducted experiments on M. bovis BCG
(data not published) indicated that 30 min is sufficient to achieve
steady-state intracellular drug accumulation for the range of
standard anti-tuberculous agents tested in this study. Neither
verapamil nor reserpine, at concentrations of 75 uM and 20 pM
respectively, was able to produce a significant change in the
steady-state accumulation of ciprofloxacin, moxifloxacin or
gatifloxacin in the wild-type strain (Figure 6c).

gRT-PCR analysis of OMP gene expression

The reversibility and pH dependency of polyamine inhibition
demonstrated above, together with prior knowledge of polyamines
inhibiting the OmpC and OmpF porins in a dose- and pH-
dependent manner in E. coli [10,18], led us to explore the
possibility that facilitated transport through porin-like channels
could contribute to fluoroquinolone uptake. If this is indeed the
case, these transporters would be expected to play a reduced role
in non-replicating cells in order to explain our observations.
Unfortunately, our knowledge of mycobacterial porins is limited.
MspA, the one well-known porin of M. smegmatis, is understood to
share its amphiphilic beta-barrel structure and potential to be
secreted with OMPs of Gram-negative bacteria. Based on these
properties, bioinformatics approaches have led to the prediction of
several OMPs of M. tuberculosis [21,22]. Quantitative RT-PCR
assays were performed to measure the transcript levels of ten OMP
genes in actively replicating and nutrient starved non-replicating
bacteria. Table 2 shows results obtained from the quantification of
expression levels of ompATB (r0899), 11698, w1973, 0227,
w0431, w1351, w1352, w1968, w1970 and 12270. The house-
keeping gene /6srRNA was used as the internal control to
normalize the results. Data are presented as expression levels for
each gene relative to the 76srRNA transcript. Transcription levels
of actively replicating M. tuberculosis were set as the calibrator for
the 2742 method. An effect on gene expression levels was
considered significant when the corresponding fold-change ratios
were =—2.5 or =2.5. Of the ten OMP genes tested, only 77698,
w1973 and w0431 displayed significant reduction in expression
levels in non-replicating bacteria. Specifically, 101698 and 100451
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expression was reduced by =25-fold. OmpATb and 2270
expression levels were increased by 3.0- and 5.1- fold respectively.
The expression of 101352 was drastically increased by over 1000-
fold in non-replicating bacteria. This was the largest change in
expression level observed from all the OMP genes tested.

Discussion

In this study, we have explored the possibility of chemically
inhibiting fluoroquinolone transport in mycobacteria by use of
polyamines. Polyamines have been shown to reduce the outer
membrane permeability of E. coli to compounds such as
fluoroquinolones and -lactams [9,18,8]. Similarly, we have
demonstrated that significant reduction of mycobacterial outer
membrane permeability is achieved by polyamines in the
millimolar range. In E. coli, the intracellular concentration of
spermidine is around 6 mM. Under normal conditions, the
intracellular concentration of putrescine is 20 mM, with the
potential to be further increased at high pH [23]. Spermidine-
induced inhibition of ciprofloxacin accumulation demonstrated
dose dependency up to 30 mM at which point this inhibition
leveled off at about 70%. This suggests that fluoroquinolones
accumulate intracellularly via more than one pathway, one of
which appears to be sensitive to polyamine treatment. The
residual uptake, which amounts to around 30% in the case of
ciprofloxacin, could be unassisted passive diffusion through the
hydrophobic core of the outer membrane. Our data suggest that
the extent of dependence on either pathway in mycobacteria
differs between fluoroquinolones. As seen with ciprofloxacin,
ofloxacin and gatifloxacin, greater hydrophilicity results in more
dependence on the polyamine sensitive transport pathway
(Table 3). Moxifloxacin, being the most hydrophobic of the
group, is likely most effective at diffusing through the lipid-rich
membrane, as has also been demonstrated previously in M.
smegmatis [6].

Our observation of the first 10 min of ciprofloxacin uptake in
M. bovis BCG showed that treatment with spermidine reduced
steady-state intracellular accumulation rather than delaying it.
Similar results were obtained in the study of norfloxacin and
cefepime uptake in FEnterobacter cloacae [9]. It appears that following
inhibition of drug uptake, the intracellular/extracellular concen-
tration gradient ultimately drives the equilibration of drug
concentration between the two compartments. We suggest a
cellular model where uptake and efflux processes work in concert
to achieve steady-state conditions. A reduction in net steady-state
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Figure 6. Characteristics of fluoroquinolone accumulation in M.
bovis BCG. (A) Effect of PBS washes on ciprofloxacin (CPX)
accumulation in BCG that has been pre-incubating with spermidine
(SPM). Relative CPX accumulation was expressed as percentages of
uninhibited accumulation. (B) Effect of increasing pH on the inhibitory
effects of SPM. CPX accumulation in the presence of SPM was
normalized against uninhibited accumulation for the each pH condition
respectively. (C) Effect of efflux pump inhibitors, verapamil (75 uM) and
reserpine (20 uM), on CPX, moxifloxacin (MXF) and gatifloxacin (GFX)
accumulation in BCG. Relative accumulation of each drug is expressed
as the percentage of uninhibited accumulation respectively. Experi-
ments were done in biological triplicates. Standard deviations are
shown as error bars. Asterisks denote significant differences between
inhibited and uninhibited reactions (**, p <0.001; *, p <0.01).
doi:10.1371/journal.pone.0065806.g006

accumulation without impeding efflux processes suggests that
polyamines reduce the extent of fluoroquinolone influx. Efflux
pump inhibitors verapamil and reserpine were not able to elicit
distinct shifts in steady-state fluoroquinolone accumulation, but we
acknowledge that these non-specific inhibitors are unlikely to cover
the extensive list of mycobacterial efflux pumps with their broad
range of structural properties and substrate specificities.

First-line standard TB drugs ethambutol and rifampicin have
much lower and higher molecular masses than ciprofloxacin
respectively. Intracellular steady-state accumulation of both drugs
by M. bovis BCG failed to decrease significantly upon polyamine
pre-treatment, indicating that this polyamine-sensitive uptake
process is more drug class specific than it is molecular mass-
dependent. While linezolid and ciprofloxacin have comparable
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molecular masses, they have significantly differing hydrophobicity
(ClogP of 0.168 and —0.725 respectively). Interestingly, polyamine
treatment caused a 33% and 71% reduction in intracellular
accumulation of hydrophobic linezolid and hydrophilic ciproflox-
acin respectively. Intracellular uptake can be a combination of
passive diffusion through the cell membrane and facilitated
transport. Hence the opposite effects observed on fluoroquinolone
and rifampicin uptake could have resulted from polyamine action
through two distinct mechanisms. Although we were unable to
confirm the type of interaction between polyamines and their
target proteins in mycobacteria, we now understand that this
interaction is reversible because saline washes enable the
restoration of ciprofloxacin uptake. The positive charge of
spermidine is an important determinant of its inhibitory mecha-
nism. An increase in from 8 to 9 brought about a decrease in the
inhibitory effects of spermidine by half. From the pK, values of
spermidine (8.34, 9.61 and 10.88) [24], one can calculate that the
ratio of trivalent to divalent species is 10 fold higher at pH 8 than
9.

In E. coli, the inhibitory effect of polyamines on the outer
membrane permeability is due to their specific interactions with
the OmpF and OmpC porins [10]. Porins are trans-membrane
proteins that act as channels for a wide variety of molecules. In
facilitating chemotaxis and the flux of antibiotics, porins contribute
significantly to the overall permeability of the outer membrane.
There is general consensus that polyamine binding in E. coli causes
a conformational change in the porin, which promotes the
prolonged occupancy of the closed state, though it cannot be
excluded that some steric blocking of the open channel may occur
[18]. It is plausible that polyamines may inhibit mycobacterial
porins in a similar manner. Although we have not demonstrated a
direct interaction between polyamines and mycobacterial porins,
several observations point towards a porin-mediated uptake
mechanism for the fluoroquinolones. First, sensitivity to poly-
amine-treatment increases with increasing hydrophilicity, and
second, inhibition of intracellular uptake by polyamines is dose-
and pH-dependent, similar to the phenomenon observed with
Ompk in E. coli [10,18]. We therefore hypothesized that decreased
outer membrane permeability in non-replicating M. tuberculosis is
the result of decreased porin gene expression. The acquisition of
drug tolerance due to decreased porin expression has been
demonstrated in other bacterial species. Multiple antibiotic
resistant (MAR) mutants of E. coli, for example, have reduced
OmpF porins amongst other changes in their outer membrane.
Several studies make reference to the starvation state and how
changes in porin expression in E. coli aid in survival under stressful
conditions [25,26]. MspA is recognized as the major porin in M.
smegmatis. It is responsible for nutrient and B-lactam influx [27,28].
Hydrophilic fluoroquinolones have been shown to use Msp porins
to enter M. smegmatis [6]. Interestingly, Hillman et al reported that
MspA is barely detectable in M. smegmatis during the stationary
phase of growth and that this species responds to glycerol
starvation by shutting down mspA expression. It was suggested
that other mycobacterial species respond similarly to nutrient
starvation [29]. We compared the sensitivity of replicating and
nutrient starved non-replicating M. tuberculosis to polyamines. We
found that the treatment of actively replicating M. tuberculosis with
spermidine reduced ciprofloxacin accumulation by half while non-
replicating nutrient starved cultures showed marginal sensitivity to
polyamines. We suggest that a reduction in this porin-mediated
transport contributes to the phenotypic drug resistance to
fluoroquinolones demonstrated by M. tuberculosis in the non-
replicating state.
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To our knowledge, no attempt has yet been made to
characterize changes in porin expression levels with respect to
the growth state of M. tuberculosis. This challenge is compounded
by the limited identification and characterization of OMPs of this
species. OmpATb (Rv0899) was the first suggested porin in M.
tuberculosis [30]. This has since been disputed by structural and
functional studies [31,32]. Bioinformatics approaches have been
undertaken to predict OMPs of M. tuberculosis. The combination of
secondary structure prediction and the computation of amphiphi-
licity allowed for the genome-wide identification of putative
OMPs. Two hypothetical proteins, Rv1698 and Rv1973 were
identified [22]. Mah et al’s search for outer membrane pore
proteins led to further refinement of this algorithm, enabling the
additional identification of a range on putative OMPs from seven
mycobacterial species. These include Rv1968, Rv1970, Rv1351,
Rv1352, Rv2270, Rv0431 and Rv0227 [21]. We pursued the
study of gene expression of these ten OMPs in replicating and
non-replicating bacteria in order to identify the cause of decreased
drug permeability of nutrient-starved cells.

w1698 was identified as being severely under-expressed (=25
fold) during nutrient starvation. Rv1698 was recently profiled as a
channel-forming protein in M. tuberculosis. In a previous study, a M.
smegmatts strain with the major porin gene mspAd knocked out
displayed significant decreases in susceptibility to ampicillin,
chloramphenicol and cephaloridine. Susceptibility of this AmspA
mutant to these B-lactams was partially restored by the expression
of w1698 [33]. We confirmed that a half-hour incubation period
with spermidine does not have a significant effect on the
expression levels of 77698 (results not shown), supporting our

Table 3. Physicochemical properties of fluoroquinolones.

Fluoroquinolone Mol. Weight ClogP PSA % Decrease

Molecular weights, Partition Coefficients (ClogP), Polar Surface Areas (PSA) and
relative spermidine-induced reductions in intracellular accumulation of four
fluoroquinolones (as illustrated in Figure 3A).
doi:10.1371/journal.pone.0065806.t003
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Table 2. Differential expression of OMP genes in M. tuberculosis during non-replication.

Locus Gene name ACt (mean=SD) AACt (mean+SD) 2 Aace Fold induction
Rv0899 ompATb —0.47+0.36 —1.59%+0.39 3.01 3.0

Rv1698 mctB 1.11£041 4.74+0.48 0.04 —25.0

Rv0227 —1.51%+0.31 2.03+0.41 0.24 —4.2

Rv0431 4.560.40 5.21+0.53 0.03 —333

Rv1351 0.15%+0.30 0.8%+0.52 0.57 —1.75

Rv1352 —3.35+0.06 —10.24+0.17 1209.34 1209.3

Rv1968 mce3C 2.52+0.18 —1.22%+0.27 233 23

Rv1970 mce3E 2.85+0.37 0.68+0.41 0.62 —-1.6

Rv1973 297+0.23 —1.18%+0.31 227 23

Rv2270 IppN 2.28+0.11 —2.36%+0.30 513 5.1

Relative expression of each gene was calculated according to the 242" method using 76s rRNA as the internal control and the expression levels of actively-replicating
cultures as the calibrator. Significant fold-changes (=—2.5 or =2.5) were bolded.

doi:10.1371/journal.pone.0065806.t002

hypothesis that spermidine interacts directly with the mycobacte-
rial porin protein to reduce net drug permeability. Rv0431 also
displayed significant under-expression in non-replicating culture.
Rv1698-like proteins are only found in the suborder Corynebac-
terineae which includes mycolic acid—containing bacteria such as
mycobacteria [33]. Interestingly, Rv0431 orthologues contain a
domain that is also unique to genera of Corynebacterineae [22].
Several OMPs, including ompATbH, displayed significant increase in
expression in non-replicating cultures. The upregulation of
Rv1352 and Rv2270 expression was also reported by Betts et al
in their genome-wide protein expression analysis of nutrient-
starved M. tuberculosis [12]. Our analyses suggest that Rv1698 may
contribute to fluoroquinolone transport in M. tuberculosis and that a
reduction in its expression in non—replicating bacteria brings about
decreased fluoroquinolone susceptibility. The additional possibility
that transport proteins of M. tuberculosis may be regulated by
endogenous molecules in response to unfavorable conditions, as
observed with E.coli [34], awaits further investigation.

It has been hypothesized that the development of fluoroquin-
olone resistance in some species may be the result of diminished
drug uptake processes acting in conjunction with enhanced efflux
capabilities [35]. We have demonstrated that spermidine concen-
trations of 1 to 2.5 mM rescue M. bovis BCG from ciprofloxacin
bactericidal activity. These concentrations are below the spermi-
dine MIC of 4 mM. It should be noted however that partial
growth inhibition was observed at 2.5 mM while growth remained
unaffected at 1 mM spermidine. Thus it is possible that partial
growth inhibition may have contributed to the reduced killing
activity of ciprofloxacin in the presence of 2.5 mM spermidine.
Nevertheless, the dose-proportional response we observe between
1 and 2.5 mM spermidine (Figure 4) supports the notion that
transport processes play an important role in maintaining
fluoroquinolone susceptibility in mycobacteria. The various drug
resistance mechanisms in other bacteria include decreased
synthesis, mutation, inhibition by endogenous molecules, and

Ciprofloxacin 331.35 —0.725 77.04 69%
internalization and degradation of proteins that facilitate drug
Moxifloxacin 437.9 —0.082 86.27 49% X
- . 2614 0508 7748 s8% uptake [36]. We suggest that such mechanisms may also be
oxacin ’ ’ ’ i responsible for fluoroquinolone resistance acquisition in mycobac-
Gatifloxacin 3754 —0.266 86.27 31%

teria. While there is evidence of cell wall thickening in M.
tuberculosis upon the onset of dormancy, it remains unclear how this
affects the orientation and function of outer membrane proteins

[37].
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The inhibition of drug uptake by polyamines has m wwo
mmplications as well. Proliferating and infected tissue reportedly
have increased levels of polyamines such as spermine [38-40].
Interestingly, Hirsh and Dubos first reported increased local
spermine levels at sites of mycobacterial infection over 60 years
ago [41]. They suggested that spermine possesses tuberculostatic
activity i vivo that is distinct from conventional immune processes.
It was later shown that human monocytes express a non-selective
polyamine transporter, and that increased monocyte uptake of
spermidine upon stimulation plays a role in the modulation of
inflammatory responses. In light of our recent observation that
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