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ABSTRACT The increasing incidence of multidrug-resistant Mycobacterium tubercu-
losis strains and the very few drugs available for treatment are promoting the dis-
covery and development of new molecules that could help in the control of this dis-
ease. Bacteriocin AS-48 is an antibacterial peptide produced by Enterococcus faecalis
and is active against several Gram-positive bacteria. We have found that AS-48 was
active against Mycobacterium tuberculosis, including H37Rv and other reference and
clinical strains, and also against some nontuberculous clinical mycobacterial species.
The combination of AS-48 with either lysozyme or ethambutol (commonly used in
the treatment of drug-susceptible tuberculosis) increased the antituberculosis action
of AS-48, showing a synergic interaction. Under these conditions, AS-48 exhibits a
MIC close to some MICs of the first-line antituberculosis agents. The inhibitory activ-
ity of AS-48 and its synergistic combination with ethambutol were also observed on
M. tuberculosis-infected macrophages. Finally, AS-48 did not show any cytotoxicity
against THP-1, MHS, and J774.2 macrophage cell lines at concentrations close to its
MIC. In summary, bacteriocin AS-48 has interesting antimycobacterial activity in vitro
and low cytotoxicity, so further studies in vivo will contribute to its development as
a potential additional drug for antituberculosis therapy.
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Mycobacterium tuberculosis is the causal agent of tuberculosis, a disease that mainly
affects the lungs and was responsible for 1.6 million deaths in 2016; it is the

infectious disease with the highest mortality rate (1). M. tuberculosis is an intracellular
pathogen residing in pulmonary macrophages within granulomas, where it is mostly
kept in latent forms, the host defense mechanism against this pathogen. Infection
progresses into active disease when the host immune system is suppressed and the
granulomas cannot contain the bacilli. In this way, coinfection with HIV in tuberculosis
patients is one of the key factors behind the increase in the incidence of tuberculosis,
predominantly in countries where both diseases are endemic.

Tuberculosis is a curable disease, where the active forms are generally susceptible to
diverse antimicrobials, such as the first-line drugs (isoniazid, pyrazinamide, ethambutol
[EMB], rifampin, and streptomycin), which are prescribed as standard treatment for
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tuberculosis. However, the huge incidence of multidrug-resistant (MDR) and extensively
drug-resistant (XDR) M. tuberculosis strains (which are not responsive to standard
treatment and need to be treated with second-line drugs such as aminoglycosides and
fluoroquinolones, among others) has exacerbated the need for developing alternatives
for an effective treatment. During 2016, about 490,000 cases of tuberculosis were
caused by MDR strains, and 6.2% of them were caused by XDR strains (1).

In the context of drug resistance, not only in respect to tuberculosis but also in
connection with many other bacterial pathogens, antimicrobial peptides (AMPs) may
have great potential for use in treatment, either by themselves or in combination with
other antimicrobials. AMPs are produced by prokaryotic or eukaryotic organisms. They
are peptides and proteins, mostly cationic and with an amphiphilic nature, that are
ribosomally synthesized. Most of the bacterial lineages can produce AMPs, called
bacteriocins, that exhibit antimicrobial activity primarily against those species that are
phylogenetically closely related with the producer species. Recently, a classification
system of bacteriocins (2) was accepted whereby class I (less than 10 kDa) encompasses
all the peptides that undergo enzymatic modification during biosynthesis, providing
molecules with uncommon amino acids and structures that have an impact on their
properties. Thus, there are lanthipeptides (class Ia), head-to-tail cyclized peptides (class
Ib), sactibiotics that are sulfur–�-carbon-containing peptides (class Ic), and linear
azol(in)e-containing peptides (class Id). Class II (less than 10 kDa) includes unmodified
bacteriocins that do not require enzymes for their maturation; finally, class III consists
of heat-labile bacteriocins without modifications that are larger than 10 kDa and with
bacteriolytic or nonlytic mechanisms of action.

The prototype of the ribosomally synthesized and posttranslationally modified
peptides (RiPPs) is the bacteriocin AS-48, which undergoes head-to-tail cyclization to
render a circular molecule (class Ib). All of these cyclized peptides are synthesized as a linear
precursor containing a leader sequence with a high molecular weight, and then they are
posttranslationally modified. AS-48 is a 70-amino-acid, alpha-helical membrane-interacting
peptide produced by Enterococcus faecalis that displays a broad antimicrobial spectrum
against Gram-positive and Gram-negative bacteria. The mechanism of AS-48 antibacterial
activity involves the accumulation of positively charged molecules at the membrane
surface, leading to a disruption of the membrane potential (3, 4). The antimicrobial
activity of AS-48 has already been proven in food products (5) and has been observed
against numerous Gram-positive bacteria, including Listeria monocytogenes and entero-
toxic Staphylococcus aureus (6).

Most of the studies on bacteriocins focus on their potential applications as food
preservatives, and only a few of studies are focused on their potential biomedical
applications and, specifically, antimicrobial or antituberculosis activity. Activity of nisin
and lacticin 3147 has been shown against Mycobacterium strains such as Mycobacterium
kansasii, Mycobacterium avium subsp. paratuberculosis, and M. tuberculosis H37Ra; in
particular, lacticin 3147 exhibits greater antimycobacterial activity than nisin (7). The
antimycobacterial activities of several bacteriocins were found to be similar to the
activity of rifampin against M. tuberculosis (8).

In this work, we have investigated the antituberculosis activity of bacteriocin AS-48
alone and in combination with lysozyme and first-line drugs used in the treatment of
tuberculosis, both in in vitro cultures and also in M. tuberculosis-infected macrophages.
We report that AS-48 is active against M. tuberculosis and other mycobacterial species
and synergizes with EMB. Bacteriocin AS-48 was not found to be cytotoxic at the doses
required for inhibiting mycobacterial growth. Moreover, AS-48 caused depolarization of
mycobacterial membranes and altered morphology of the bacilli. In conclusion, we
demonstrate that bacteriocin AS-48 has positive features supporting its potential role
in tuberculosis treatment.

RESULTS
Bacteriocin AS-48 showed bactericidal activity against M. tuberculosis complex.

The activity of AS-48 was determined against several mycobacteria, including M.
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tuberculosis complex reference strains, clinical isolates, and other clinically relevant
nontuberculous mycobacteria (NTM).

First, we tested AS-48 activity against M. tuberculosis complex clinical and reference
strains. The MICs of AS-48 were quite uniform, between 16 and 64 �g/ml (Table 1; see
also Table S1 in the supplemental material), and there was no difference in the MICs of
AS-48 between active replicating cells and the nonreplicative strain SS18b of M.
tuberculosis. We observed a similar MIC of AS-48 for Mycobacterium smegmatis and
other NTM (see below).

The kill kinetics indicated that bacteriocin AS-48 is bactericidal since concentrations
equal to the MIC and 2� MIC were capable of reducing the number of live bacteria in
a culture of M. tuberculosis H37Rv. First, after 1 or 2 days of treatment, the number of
CFU was reduced by almost 2 logs in comparison with levels in untreated cultures. After
6 days of treatment with 128 or 64 �g/ml of AS-48, no live bacteria could be detected
(Fig. 1), and this was found to be statistically significant by a linear regression test (P
values of 0.0005 and �0.0001, respectively).

Synergy between lysozyme and nisin was previously observed in Gram-positive
bacteria (9, 10). Similarly, we have observed that the presence of lysozyme resulted in
an increase in M. tuberculosis susceptibility to AS-48. First, we tested lysozyme activity
against mycobacterial strains and found that different mycobacterial strains or species
have more variability in the MICs of lysozyme (Tables 1 and S1) than the MIC obtained
for AS-48. Notably, the nonreplicating strain SS18b of M. tuberculosis was found to be
greatly resistant to lysozyme. Second, we tested the susceptibility of mycobacterial
strains to AS-48 in the presence of lysozyme (Table 2). We found that, for most strains,
susceptibility to AS-48 greatly increased (between 64- and 16-fold) in the presence of
subinhibitory concentrations of lysozyme. In order to quantify the effect of lysozyme on
growth inhibition by AS-48, we calculated the fractional inhibitory concentration index
(FICI). The results of all strains assayed are indicated in Table 2. For reference strains,

TABLE 1 Mycobacterial strains used and MICs of AS-48 and lysozyme

Strain

MIC (�g/ml)

Source or referenceAS-48 Lysozyme

H37Rv 32–64 200–400 37
H37Ra 32 400 38
BCG Pasteur 1173 32 200–400 Laboratory collection
Mt103 64 400 39
CDC1551 64 400 40
GC 1237 16–32 400 41
H37Rv phoP 64 400 42
SS18b 32–64 �1,200 43
M. smegmatis mc2155a 64 400 44
aFast-growing mycobacteria.

FIG 1 Kill kinetics of bacteriocin AS-48 at 64 and 128 �g/ml against cultures of M. tuberculosis H37Rv.
Untreated cultures were used as controls.
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maximum synergism was observed for H37Rv and, to a lesser extent, for Mycobacterium
bovis BCG, H37Ra, H37Rv phoP, GC 1237 (Beijing genotype), CDC1551, and Mt103.
Although technically synergism is defined as an FICI of �0.5, we consider the strains
Mt103 and HMS 1548, which resulted in FICIs slightly over 0.5, to have weak synergistic
interactions. The synergy effect occurred in all of the M. tuberculosis complex strains
analyzed.

Bacteriocin AS-48 has variable activity against NTM. In most NTM, the MIC of
AS-48 is the same as that for M. tuberculosis (i.e., 64 �g/ml), with the exception of
slow-growing mycobacterial species such as Mycobacterium xenopi, Mycobacterium
lentiflavum, and Mycobacterium gordonae. For M. xenopi and M. gordonae, the value of
the MIC of AS-48 was �2 �g/ml, and the MIC of lysozyme was �9.375 �g/ml. In
contrast, the MIC of AS-48 against M. lentiflavum was higher than 256 �g/ml, and the
MIC of lysozyme was also higher than 1,200 �g/ml, indicating that this mycobacterial
species is less susceptible to AS-48 and to lysozyme (Table S1).

Synergy test between AS-48 and first-line antituberculosis drugs. AS-48 has
been tested also in combination with the main first-line antituberculosis drugs, EMB,
isoniazid, streptomycin, and rifampin. The combination of AS-48 and EMB was the only
one to present a synergistic relation, with an FICI of 0.09375, which was the lowest FICI
obtained in all the assays (Fig. 2).

Is AS-48 targeting the mycobacterial membrane? In order to explore whether
bacteriocin AS-48 could be targeting the mycobacterial membrane, we carried out
experiments for ethidium bromide accumulation, and we determined the ability of
AS-48 for depolarizing the mycobacterial membrane.

It is assumed that AS-48 forms pores in the membrane (11), thus making the cell
more permeable to compounds such as ethidium bromide. Therefore, in an ethidium
bromide accumulation assay, we would expect that the fluorescence detected would
be higher in the presence of AS-48, reflecting the increased accumulation of ethidium
bromide as a result of the effect of AS-48 on the bacterial membrane. We compared the
effect of AS-48 with that of verapamil, a well-known efflux inhibitor (12), which produces an
increase in the accumulation of ethidium bromide. In the presence of AS-48, fluorescence
due to accumulated ethidium bromide increased in a concentration-dependent manner
although the kinetics of accumulation was rather distinct from that observed with vera-
pamil (Fig. 3).

The determination of membrane potential was carried out using a BacLight kit
according to the manufacturer’s instructions using M. smegmatis mc2155 and M. bovis

TABLE 2 MIC of AS-48 in the presence of different concentrations of lysozyme and the
fractional inhibitory concentration index

Strain

MIC of AS-48 (�g/ml) at the indicated lysozyme concn
(�g/ml)

FICIa400 200 100 50 25 12.5

H37Rv �0.03125 0.0625 1 4 �32 0.25
H37Ra �0.03125 2 4 16 �32 0.375
BCG Pasteur �0.125 2 16 �32 0.3125
Mt103 �0.125 4 32 32 64 �64 0.5625
CDC1551 �0.125 16 32 64 �64 0.5
GC 1237 �0.03125 4 8 �32 0.375
H37Rv phoP �0.125 8 32 64 �64 0.375
M. smegmatis mc2155 �0.125 32 64 �64 1
HMS 1500 �0.03125 8 �32 0.375
HMS 1531 �0.03125 0.5 4 8 0.375
HMS 1536 �0.03125 8 �32 0.5
HMS 1546 �0.03125 2 8 �32 0.5
HMS 1548 �0.03125 2 16 �32 0.5312
HMS 1292 �0.03125 4 16 �32 0.3125
HMS 1278 �0.03125 2 8 �32 0.5
aThe fractional inhibitory index (FICI) is calculated as follows: FICI � (MICAS-48 in the presence of lysozyme/MICAS-48 alone) �
(MIC

lysozyme in the presence of AS-48
/MIClysozyme alone). An FICI of �0.5 indicates synergism, a value of 0.5 to 4 indicates no

interaction, and a value of �4.0, indicates antagonism.
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BCG cells. In a representative control experiment, in the untreated cells, 3.4% of cells
were depolarized, whereas in the cells treated with the protonophore carbonyl cyanide
m-chlorophenylhydrazone (CCCP), the percentage of depolarized cells was 94.93%. We
assessed the effect of AS-48 at several concentrations and for different times of
incubation (1 or 24 h). We observed that AS-48 depolarized cells in a concentration-
dependent manner, and this effect was much higher in the cells incubated with AS-48
for 24 h than in those tested after 1 h of incubation. Data in Fig. 4 show that the
percentage of depolarized cells after 24 h is 67.04% in the presence of 128 �g/ml of
AS-48, 26.34% with 64 �g/ml, and 18.68% with 32 �g/ml. Again, this demonstrates that
the depolarization of the cells is concentration dependent and increases with time.

Antimicrobial concentrations of AS-48 are not cytotoxic for macrophage cell
lines. The cytotoxicity of AS-48 on human and mouse lung macrophage cell lines was
carried out by MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide]
and neutral red assays.

In both protocols, �70% cell viability was observed at concentrations of AS-48
below 128 �g/ml, which is considered noncytotoxic according to standard international
protocols (13). Even when slight differences in cell viability were observed below 32
�g/ml of AS-48, they were not significant (Fig. 5). We did not observe a concentration-
dependent cytotoxic effect in any of the cell lines assayed. At 128 �g/ml, �40% cell
viability was observed (Fig. 5) (P value of �0.0001).

Lysozyme cytotoxicity was also analyzed, and, as expected, no cytotoxicity was
observed in these cell lines. Finally, we assayed cytotoxicity of some of the synergistic
combinations of AS-48 and lysozyme that showed great antimicrobial effect in M.

FIG 2 Synergism between AS-48 and EMB in M. tuberculosis H37Rv. For the reference strains CDC1551,
Mt103, H37Ra, and H37Rv phoP, the plot had the same shape, indicating that synergy between AS-48 and
EMB was very similar to that in H37Rv.

FIG 3 Assay of ethidium bromide (EtBr) accumulation in M. smegmatis cells in the presence of different
concentrations of AS-48. VP, verapamil, used as control for the maximum accumulation of ethidium
bromide; Bact, negative control with only a bacterial suspension.
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tuberculosis, and we found that these combinations did not cause any cytotoxic effect
(Fig. 5).

Treatment with AS-48 results in morphological changes in M. tuberculosis. We
treated M. tuberculosis cells with AS-48, along with untreated cells as a control, and
samples were taken at several time points for microscopic observation. We found that
at short time exposures, cells were affected by AS-48 (Fig. 6): the morphology of cells
treated with a concentration of AS-48 equal to the MIC after 48 h and 72 h was rougher
than that of the control.

Moreover, we assayed the combination of 8 �g/ml of AS-48 with 25 �g/ml of
lysozyme and analyzed cells at 24, 48, and 96 h after treatment. When bacterial cells
were treated with a synergistic combination of AS-48 and lysozyme, they exhibited
greater morphological damage (Fig. 7) than cells treated with AS-48 alone (Fig. 6).

Synergy between EMB and AS-48 in the infected macrophages. In the model of
Raw 264.7 cells infected with M. tuberculosis H37Rv-green fluorescent protein (GFP), we

FIG 4 Flow cytometry assay for determination of membrane depolarization. The positive control con-
tained just a bacterial suspension. CCCP, ionophore showing maximum membrane depolarization. The
concentration of AS-48 and the time of exposure to AS-48 are shown below each bar.

FIG 5 Representative results of the cell viability assays, as determined by neutral red uptake technique
in cell cultures of J774.2 murine macrophages. Cell suspensions with no compounds added were used
as a positive control. ns, not significant.
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observed low FICI values (Table 3) ranging from 0.5 and 0.18, which is indicative of
synergism. These FICI values were similar to those obtained in the in vitro antimyco-
bacterial assays. The combination of 2 �g/ml AS-48 and 2 �g/ml EMB resulted in the
lowest FICI value. Other combinations also resulted in synergistic FICI values but to a
lesser extent (Table 3). The determination of viable bacteria after treatment with EMB
and AS-48 resulted in a reduction of CFU counts between 90 and 99.9% in comparison
with totals in untreated controls. The efficacy of AS-48 for killing intracellular pathogens
was previously proven by Abengózar et al. (14) when they showed the anti-leishmanial
activity of AS-48 in Raw 264.7 infected macrophages. Despite the fact that the infection
mechanism is different between Leishmania and mycobacteria, these experiments
show that AS-48 is active against pathogens residing intracellularly in macrophages.

DISCUSSION

During recent years, we have witnessed a decline in the number of deaths and
incidence of tuberculosis globally; however, recent reports estimate that 600,000

FIG 6 Scanning electron microscopy images of M. tuberculosis H37Rv under different conditions. (A and B) Positive
control after 48 and 72 h of growth, respectively. (C and D) Cells treated with 64 �g/ml of AS-48 for 48 and 72 h,
respectively.

FIG 7 Scanning electron microscopy images of M. tuberculosis H37Rv treated with a synergistic combination of 8 �g/ml of AS-48 and 25 �g/ml of lysozyme
after treatment for 24 h (A) 48 h (B), and 96 h (C).
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people had MDR or rifampin-resistant (RR) tuberculosis in 2016, which represents a
notable increase over the previous year (1). Drug-based treatment for MDR or RR
tuberculosis is available only for 20% of these patients, and it is much longer, more
expensive, and more toxic than treatment of drug-susceptible tuberculosis. More
worryingly, the success rate of MDR tuberculosis treatment is around 50%. Altogether,
these facts clearly mean that there is an imperative need for researching new drugs
against tuberculosis and, more specifically, against MDR and RR tuberculosis.

The pipeline of new antituberculosis drugs in clinical development includes just
seven new compounds (petromanid, delpazolid, SQ-109, GSK-3036656, Q-203, PBTZ-
169, and OPC-167832), which, although promising, seems to be insufficient for the
treatment of tuberculosis since it requires at least three drugs to be administered
simultaneously (15).

Natural or synthetic peptides are emerging as a promising source of novel antimi-
crobials (16). Currently, there are two AMPs in phase 2 of clinical development (murepa-
vadin and brilacidin) for treating, respectively, Pseudomonas aeruginosa and S. aureus
infections. As with most AMPs, both target the bacterial membrane, an interesting new
target for treating persistent infections such as tuberculosis (17). Other membrane-
targeting compounds have been shown to be effective in vitro against Clostridium
difficile (18). The interest in the possible application of AMPs in tuberculosis treatment
has arisen since it was demonstrated that a high proportion of AMPs active against P.
aeruginosa also showed activity against M. tuberculosis (19). Recently, the activity of
antimicrobial peptides against several species of mycobacteria has been reviewed (20).

Bacteriocins are AMPs produced by certain genera of bacteria, such as lactic acid
bacteria. Previously, antimicrobial activity of bacteriocin AS-48 has been reported (4). In
this study, we report the activity of bacteriocin AS-48 against M. tuberculosis.

Susceptibility of M. tuberculosis strains to bacteriocin AS-48 ranged from 16 to 64
�g/ml, including reference strains and several clinical isolates of M. tuberculosis selected
by their different spoligotype and restriction fragment length polymorphism (RFLP)
profiles. We found that AS-48 is bactericidal against M. tuberculosis. Several other
bacteriocins have been reported as effective against M. tuberculosis in in vitro assays (7,
21–23): colistin has a MIC of 16 �g/ml (24), and nisin showed a MIC of �60 �g/ml
against M. tuberculosis H37Ra (7). The authors described variants of nisin with an
enhanced antimicrobial activity (22) against M. tuberculosis as well as other naturally
occurring bacteriocins such as lacticin 3147 (MIC90 of 7.5 �g/ml) (7). Bacteriocins
capable of strongly inhibiting growth of M. tuberculosis at a concentration similar to
that of rifampin have also been described (8).

The success in the improvement of antituberculosis activity of nisin derivatives (22)
prompted us to explore whether variants of AS-48 (altered in residues important for
maturation, conformation stability, etc.) could have reduced MICs in comparison with
the MIC of wild-type AS-48. However, none of these variants resulted in a significant
change of their MICs against M. tuberculosis (data not shown), similar to what has been
described for other bacterial species (4).

We have also explored susceptibility of other mycobacterial species to AS-48 and

TABLE 3 Intracellular MICs and FICs of AS-48 and EMB alone or in combination and FICIsa

MIC (�g/ml) FIC

FICIbAS-48 EMB AS-48 EMB

32
16 0.125 0.5 0.007 0.50
8 0.5 0.25 0.03 0.28
2 2 0.06 0.12 0.18

16
aValues were determined in Raw 264.7 cells infected with M. tuberculosis H37Rv-GFP. EMB, ethambutol.
bThe fractional inhibitory index (FICI) is calculated as follows: FICI � (MICAS-48 in the presence of ethambutol/MICAS-48 alone) �
(MIC

ethambutol in the presence of AS-48
/MICethambutol alone). An FICI of �0.5 indicates synergism, a value of 0.5 to 4 indicates no

interaction, and a value of �4.0 indicates antagonism.
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found that for some species (M. smegmatis, Mycobacterium fortuitum, and Mycobacte-
rium mucogenicum, three fast-growing mycobacteria) the MIC of AS-48 did not change
significantly from that of M. tuberculosis. Carroll et al. (22) also described a rather
uniform susceptibility of nisin derivatives between M. tuberculosis, M. kansasii, and M.
avium. For other mycobacterial species (slow-growing and chromogenic species),
however, we obtained either very low MICs (�2 �g/ml for M. xenopi and Mycobacterium
gordonae), or we could not detect any inhibition of growth up to 256 �g/ml (M.
lentiflavum).

Lysozyme is an enzyme present in respiratory tract secretions as part of the body’s
defense mechanisms against microbes. It has been reported that the combination of
lysozyme and bacteriocins such as nisin results in a synergistic effect against many
bacterial pathogens such as C. difficile (25). This synergistic effect of lysozyme has also
been described for AS-48 (10). Lysozyme acting on the cell wall could facilitate the
access of AS-48 into the bacteria and increase its bactericidal effect. Through synergy
tests, we have found that AS-48 strongly synergizes with lysozyme, as has been
reported for other bacterial species (10).

From the early dates of antituberculosis treatment, it became evident that mono-
therapy results in the selection of drug-resistant strains, so a combination therapy was
established as a gold standard for antituberculosis treatment, with decreased proba-
bilities to develop resistance. Thus, for any new antituberculosis agent, it is interesting
to investigate not only its own antimicrobial activity but also its interactions with other
drugs in use against tuberculosis. We have investigated the interactions between AS-48
and first-line antituberculosis drugs by using a checkerboard assay, considered an
accurate drug combination analysis method (26) that has been used for demonstrating
synergism of drugs and drug candidates in M. tuberculosis (27, 28). We found that there
is synergism between AS-48 and EMB. In fact, the synergism between AS-48 and EMB
was stronger than that of AS-48 and lysozyme. We can hypothesize that EMB, by
inhibiting biosynthesis of arabinogalactan in the cell wall, could facilitate the access of
AS-48 to its potential target, the mycobacterial membrane. The work by Kalita et al. (29)
reported synergism between the antimicrobial human neutrophil peptide 1 (HNP-1)
and the antituberculosis drugs isoniazid and rifampin and, hence, proposed the use of
this AMP as an adjuvant in antituberculosis chemotherapy.

We conducted two experiments aimed at investigating the potential effect of AS-48
on the cell membrane. On the one hand, by determining the proportion of depolarized
cells after AS-48 treatment, we found that this effect was both concentration and time
dependent. On the other hand, in ethidium bromide accumulation assays, we moni-
tored a time course increase in fluorescence and also an AS-48 concentration-
dependent effect. Thus, we have demonstrated by using two independent methods
that AS-48 acts on mycobacterial membranes.

In the intracellular M. tuberculosis growth assays in macrophages, the combina-
tion of AS-48 and EMB readily showed strong synergism, and the FICI values
obtained were similar to the ones found in in vitro cultures. However, when we
tested the interaction between AS-48 and lysozyme in the intracellular model of
infection, no synergistic effect was observed under any of the conditions tested, in
contrast with what we have observed in in vitro cultures. We can speculate either
that lysozyme could not get inside the macrophages and thus could not reach the
intracellular bacteria residing in the phagosome or that it could have been de-
graded by the macrophage.

In summary, we have reported here the antituberculosis activity in vitro of circular
bacteriocin AS-48 on both extracellular and intracellular bacteria. Interestingly, we have
found that in both systems, AS-48 strongly synergizes with EMB, hence opening the
way to further explore the interaction of other AMPs with antituberculosis drugs and
their future potential use as adjuvants of current antituberculosis treatments or as part
of a new, alternative therapeutic regimen.
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MATERIALS AND METHODS
Bacterial strains and culture conditions. Mycobacterial strains used in this work for in vitro tests are

listed in Table 1 (see also Table S1 in the supplemental material). All strains were cultured in Middlebrook
7H9 medium (Difco) supplemented with 10% albumin-dextrose-catalase (ADC) (BD) and 0.05% Tween 80.
For drug susceptibility testing, Tween 80 was replaced by 0.5% glycerol. Cultures were incubated at 37°C
in 25-cm2 flasks. Cultures on solid medium were performed in Middlebrook 7H10 agar (Difco) supple-
mented with 10% ADC and 0.05% Tween 80.

For infection assays, a recombinant strain of M. tuberculosis H37Rv (ATCC 27294) constitutively
expressing a green fluorescent protein (H37Rv-GFP) was used as a reporter for the intracellular myco-
bacterial replication assay (30). This strain was grown in Middlebrook 7H9 medium supplemented with
10% oleic acid-albumin-dextrose-catalase (OADC; Difco), 0.05% Tween 80 (Sigma-Aldrich), 0.5% glycerol
(Euromedex), and 50 �g/ml hygromycin B (Invitrogen). Cultures were maintained at 37°C under static
conditions for up to 14 days to reach the exponential phase of bacterial growth before being used for
the intracellular mycobacterial replication assay.

Cell cultures. The following cell lines were used: murine macrophages MHS (Health Protection
Agency [HPA] Culture Collections 95090612), J774.2 (European Collection of Authenticated Cell Cultures
[ECACC] 85011428), Raw 264.7 (TIB-71), and human monocytes THP-1 (ECACC 88081201). MHS cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM), and the rest were cultivated in RPMI 1640
medium with GlutaMAX (Gibco) and containing 10% heat-inactivated fetal bovine serum (FBS; Gibco).
When cells were to be used for cytotoxicity assays, antibiotics (penicillin, streptomycin, and ciprofloxacin)
were added to cell precultures. Cells were cultured in a controlled 5% CO2 atmosphere at 37°C.

MIC. Serial broth microdilutions were made to determine the MIC of AS-48, which was purified to
homogeneity from the E. faecalis UGRA10 strain (31) according to Ananou et al. (32), lysozyme (L3790;
Sigma-Aldrich), and other antimicrobials (isoniazid, moxifloxacin, streptomycin, and EMB [Sigma-
Aldrich]).

Dilutions of compounds were made in 100 �l of culture medium for mycobacterial strains in sterile
96-well polypropylene flat-bottom plates. Wells were inoculated with 1 � 105 CFU in 100 �l and
incubated at 37°C for 7 days for slow-growing mycobacteria or for 4 days for fast-growing species. Then,
30 �l of 0.1 mg/ml filter-sterilized resazurin (Sigma-Aldrich) was added. The results were revealed after
48 h in the case of slow-growing mycobacteria or after 24 h for fast-growing species. Positive and
negative controls were added in all the experiments, and moxifloxacin (Sigma) at 0.5 mg/ml was used
in all the assays as a control (33).

Kill kinetics. We determined the kill kinetics in order to find out whether the antituberculosis effect
of bacteriocin AS-48 could be bactericidal or bacteriostatic. For this, Mycobacterium tuberculosis H37Rv
was grown in culture medium until exponential phase, then diluted to 106 CFU/ml, and separated in
three flasks. Bacteriocin AS-48 was added to cultures to give final concentrations of 64 and 128 �g/ml,
and the third culture was left untreated as a control. All cultures were incubated at 37°C. After 1, 2, 6, and
9 days of incubation, samples of 100 �l were taken, and serial 1:10 dilutions in phosphate-buffered saline
(PBS) supplemented with tyloxapol (a nonionic surfactant) at 0.1% was added to avoid bacterial
clumping. Dilutions were plated on Middlebrook 7H10 agar supplemented with ADC, in triplicate, and
plates were incubated for 3 weeks at 37°C. The numbers of CFU for each time point and culture were
determined and plotted as log CFU versus time, and results were analyzed for significance by a linear
regression test.

Synergy test. The synergy assay blends gradients of two compounds to evaluate their activities and
the interactions between them. In fresh medium for culturing mycobacteria, solutions at 4-fold the
highest concentration to be tested were prepared for each compound. Then, both compounds were
serially 2-fold diluted in sterile 96-well flat bottom plates; one of the compounds was diluted along the
columns, and the other was diluted in the rows. The first column would then have just one of the
compounds, and the last row would have the other; the rest of the plate would be a matrix of both
gradients. Finally, wells were inoculated as described above and incubated and treated with resazurin as
in a conventional MIC assay.

FIC index analysis. The fractional inhibitory concentration (FIC) index allows objective identification
of any interaction between two compounds against a particular bacterial strain, indicating whether there
is synergy, no interaction, or antagonism.

In the 96-well plate, the first column shows the MIC of one of the compounds (X), and the last row
shows the MIC of the second compound (Y). For each well in which there is no growth next to a well with
growth, the FIC must be calculated using the following formulas: FICX � MICX in the presence of Y/MICX alone

and FICY � MICY in the presence X/MICY alone.
Both values, together with other points of inhibition, can be represented graphically, and a concave

line will be indicative of synergy. Alternatively, the addition of FICX and FICY indicates the FICI value. An
FICI value up to 0.5 indicates synergy, a value between 0.5 and 4 indicates that there is no interaction
between the compounds, and a value over 4 indicates antagonism (34, 35).

Ethidium bromide accumulation assay. The ethidium bromide assay assessed the capacity to
accumulate ethidium bromide at increasing concentrations of bacteriocin AS-48. M. smegmatis was
cultivated until the culture reached an optical density at 600 nm (OD600) of 0.6 to 0.8 under the
conditions mentioned above. The culture was centrifuged, and the pellet was washed in PBS supple-
mented with 0.05% Tween 80; then, the OD600 was adjusted to 0.8 in the same buffer further
supplemented with 0.4 % glucose. Ethidium bromide was used at 1 �g/ml combined with inhibitory and
subinhibitory concentrations of AS-48. Verapamil at 75 �g/ml was used as a positive control showing the
highest accumulation of ethidium bromide. A control experiment was done with PBS-Tween 80 buffer
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and no bacterial inoculum to set the values of fluorescence of the compounds by themselves. Other
controls were done without ethidium bromide. Accumulation of ethidium bromide was measured by
recording fluorescence at 530-nm excitation and 590-nm detection for 1 h (12).

Cytotoxicity assays. An MTT assay and neutral red assay (36) were used to determine AS-48
cytotoxicity in MHS and J774.2 murine macrophages and THP-1 human macrophages. Cells were
cultured in 96-well flat-bottom plates with the appropriate medium. THP-1 monocytes were differenti-
ated to macrophages by using 10 ng/ml of phorbol 12-myristate 13-acetate (PMA) (P1585-1MG; Sigma-
Aldrich) for 72 h. The concentrations used for cytotoxicity assays were 15,000 cells/well (MHS) and 20,000
cells/well (J774.2) for mouse lung macrophages and 50,000 cells/well (THP-1) for human lung macro-
phages. They were cultured for 24 h, and then the compounds were added dissolved in fresh culture
medium. Absorbance was measured in an MTT assay at 570 and 650 nm and by fluorescence in the case
of neutral red at 530- and 645-nm excitation and emission wavelengths, respectively. Percent cell viability
in comparison with that of untreated controls was determined, and treatments were considered to be
cytotoxic or not according to the International Organization for Standardization (13). To check the lack
of differences between samples treated with lower concentrations of AS-48, we performed one-way
analysis of variance (ANOVA) tests.

Analysis of the bacterial membrane potential. M. smegmatis and M. bovis BCG membrane
potentials were measured by a BacLight bacterial membrane potential kit (B34950; Thermo Fisher);
integrity of the membrane potential results in fluorescence due to the accumulation of DiOC2 (3) inside
bacterial cells. Bacterial cells were treated with several concentrations of AS-48 for 24 h to assess its effect
on membrane potential. The samples were analyzed by flow cytometry.

Samples for SEM. The effect of AS-48 on the morphology of M. tuberculosis H37Rv was analyzed by
scanning electron microscopy (SEM). SEM images were acquired using an SEM Inspect F50 (FEI Company,
Eindhoven, The Netherlands). Bacterial cultures treated with AS-48 at 64 �g/ml or with 8 �g/ml of AS-48
plus 25 �g/ml of lysozyme were diluted to 105 CFU/ml, and samples were first fixed with glutaraldehyde.
Then, samples were washed three times with 10� PBS, filtered through a 0.1-�m-pore-size filter (0.1-�m
VCTP Isopore membrane filter; Millipore), and then dehydrated with a graded ethanol series and kept in
100% ethanol. Finally, ethanol was evaporated at room temperature, and samples were covered with a
thin layer of metal (Pt; 15 nm) and examined at 15,000 eV and different magnifications.

M. tuberculosis macrophage infection assay. Cultures of H37Rv-GFP were maintained with stirring
for 3 days before infection to ensure that bacterial cells were in exponential growth. Then, bacterial cells
were washed twice with PBS without Mg2� and Ca2�, followed by a third wash with RPMI 1640 medium
supplemented with 10% FBS (RPMI-FBS), and centrifuged at 70 � g for 2 min to pellet bacterial clumps;
the supernatant corresponded to a homogenous suspension of bacteria. Bacterial titer was determined by
measuring the optical density at 600 nm and by measuring enhanced GFP (EGFP) fluorescence on a Victor
Multilabel Counter (PerkinElmer); the sample was further diluted in RPMI-FBS medium prior to infection. Raw
264.7 macrophages were used for the intracellular mycobacterial replication assay and harvested by using
Versene (Life Technologies). Macrophages were prepared at a concentration of 5 � 105 cells/ml, infected at
a multiplicity of infection (MOI) of 1:2 with H37Rv-GFP, and incubated in RPMI-FBS cell culture medium at 37°C
with stirring at 120 rpm. After 2 h, cells were centrifuged at 160 � g for 5 min, resuspended in the same
volume of fresh medium containing 50 �g/ml of amikacin to kill extracellular bacteria, and incubated for 1 h
at 37°C with shaking at 120 rpm. Cells were washed and resuspended in the same volume of fresh medium.
Infected cells were seeded in 384-well plates (Greiner Bio-One) at 2 � 104 cells/well containing compound
(AS-48, EMB, and lysozyme diluted in water). Plates were incubated for 5 days at 37°C in 5% CO2. Infected cells
were stained for 30 min with Syto60 dye (Invitrogen) at a final concentration of 5 �M. Finally, images were
acquired (as described below), and then cells were lysed with Dulbecco’s PBS (DPBS)–0.1% Triton X-100 buffer
for 1 min to release intracellular bacteria. The number of viable bacterial cells was determined by serially
plating dilutions on Middlebrook 7H11 (Difco) agar plates, supplemented with 0.5% glycerol, 10% OADC, and
50 �g/ml hygromycin B. After 3 weeks of incubation at 37°C in 5% CO2, the numbers of viable bacteria (CFU)
were calculated.

Image acquisition and analysis. Images were acquired on an automated fluorescent confocal
microscope (Opera; PerkinElmer), using a 20� water immersion lens. Syto60-labeled cells were detected
using a 640-nm excitation laser coupled with a 690/70-nm detection filter, and GFP-labeled bacteria were
detected using a 488-nm laser coupled with a 540/75-nm detection filter. A series of six images was taken
per well, and each one was analyzed using the Columbus system (version 2.5.1; PerkinElmer) image
analysis software. Briefly, the images were processed to determine the output image of GFP mask and
remove background in that channel. Then, the output images corresponding to the Syto60 values were
processed similarly to assess morphological parameters of cells. Properties of intensity and morphology
were filtered to select the correct nuclear population. Spots corresponding to the bacteria infecting the
cells were detected, and bacterial number and the area in pixels were determined for each cell. The
intracellular bacterial growth was quantified by the total intracellular bacterial area (pixels) per well. In
order to consider a cell infected, the number of bacteria within the cell area was set as �1. Efficiency of
infection and effectivity of treatment with compounds were determined in terms of the percentage of
infected cells and mean M. tuberculosis area per infected cell.
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