
The Journal of Antibiotics (2018) 71:372–381
https://doi.org/10.1038/s41429-017-0005-z

ARTICLE

Linearmycins are lytic membrane-targeting antibiotics

Reed M. Stubbendieck1,2 ● Dakota J. Brock2 ● Jean-Philippe Pellois2,3 ● Jason J. Gill4,5 ● Paul D. Straight1,2

Received: 11 August 2017 / Revised: 12 October 2017 / Accepted: 24 October 2017 / Published online: 18 January 2018
© Japan Antibiotics Research Association 2018

Abstract
The linearmycin family of polyketides was originally classified as antifungal metabolites. However, in addition to antifungal
activity, we previously found that linearmycins cause cellular lysis and colony degradation of the Gram-positive bacterium
Bacillus subtilis. We recently showed that Streptomyces sp. strain Mg1 incorporates linearmycins into extracellular vesicles,
which are capable of lysing B. subtilis. However, the mechanism of linearmycin-induced lysis was hitherto unexplored.
Therefore, we sought to determine how linearmycin-laden vesicles cause lysis. In this study, we found that linearmycins
inhibited the growth of all Gram-positive bacteria that we tested, but lysis was limited to some Bacillus species. Next, we
found that linearmycin-induced lysis occurred even when cellular metabolism and growth were inhibited, which suggested
that linearmycins possess the intrinsic capacity to lyse cells, unlike cell-wall targeting antibiotics. We showed that
linearmycin exposure caused changes consistent with rapid depolarization of the B. subtilis cytoplasmic membrane, which
was correlated with a loss of viability. Finally, using liposomes as in vitro membrane models, we demonstrated that
linearmycins are capable of disrupting lipid bilayers without any other cellular components. Taken together, our results
strongly indicate that the cytoplasmic membrane is the direct antibacterial target of linearmycins.

Introduction

In natural environments, bacteria face challenge from
competitors for nutrients, resources, and physical space [1].
To compete with neighboring organisms, bacteria use dif-
ferent competitive mechanisms including production of
bioactive specialized metabolites (SMs) [2]. SMs function
in diverse environments including marine sediments [3],
insect-associated bacterial symbioses [4], and the human
microbiome [5]. The chemical structures of SMs are as
varied as the biological activities they possess. For example,

some SMs function in nutrient sequestration [6] while
others are signaling molecules [7]. However, molecules
with antibiotic activity are currently the most prevalent and
best understood class of SMs. This is both in part due to the
ease of screening for producers of inhibitory activities and
the anthropogenic use of antibiotics for clinical and indus-
trial applications [8].

Although new SMs are continually discovered, how the
idiosyncrasies of different microbial systems influence the
activities of these metabolites is still relatively unknown.
Laboratory interactions between soil bacteria including
Bacillus, Myxococcus, Pseudomonas, and Streptomyces spe-
cies are fruitful models for unraveling the activities of SMs in
interspecies interactions [1]. A model system involving
Bacillus subtilis and species of Streptomyces has uncovered
many nuances in the role of antibiotic SMs in bacterial
competition. In particular, when colonies of B. subtilis were
cultured with Streptomyces sp. strain Mg1 on an agar surface,
the B. subtilis extracellular matrix was degraded and the
underlying cells were lysed [9]. Linearmycins were identified
as the lytic molecules produced by Streptomyces sp. strain
Mg1 [10, 11]. To demonstrate specificity, linearmycin B was
isolated and shown to be an active lytic agent, similar to crude
extracts and colonies of Streptomyces sp. strain Mg1 [10]. In
addition, chalcomycin A, the only other known antibiotic
produced by Streptomyces sp. strain Mg1, did not cause lysis
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of B. subtilis [9]. These results indicated that linearmycins are
the sole lytic agents in biological assays with B. subtilis.
Originally, the linearmycins were identified as a pair of
antifungal metabolites: linearmycins A and B [12, 13]
(Fig. 1a), but recently mass spectral molecular networking
uncovered a large family of variants, all dependent upon a
single type I polyketide synthase gene cluster [11]. In general
the linearmycin variants share a polyketide backbone of ≥60
carbons that includes multiple conjugated double bonds
(Fig. 1a). The linearmycins are structurally similar to anti-
fungal SMs such as the linear ECO-02301, and cyclic
amphotericin B and nystatin, all of which contain an extended
carbon backbone and at least one polyene moiety. Like
antifungal polyenes, purified linearmycins are predominantly
insoluble in aqueous solutions. However, the linearmycins
were found to be incorporated into extracellular vesicles
produced by Streptomyces sp. strain Mg1, and the vesicles
were demonstrated to deliver lytic concentrations of the
metabolites to B. subtilis. Thus, extracellular vesicles appear
to be the principal mode of delivery for linearmycins through
aqueous environments [11].

To address a mechanism of action for linearmycins,
genetic screens for resistant mutants of B. subtilis were used
to identify possible interaction partners. However, using
multiple screening approaches, the only resistant mutants
recovered had point mutations in the lnrJK (yfiJK) operon,
which encodes a two-component signaling system [10]. The
mutations activated LnrJK leading to increased expression
of the lnrLMN (yfiLMN) operon, which encodes an ATP-
binding cassette transporter that is necessary and sufficient
for linearmycin resistance [10, 14]. As only gain-of-
function mutations that exclusively activate expression of
genes for a resistance efflux pump were identified, it is
likely that linearmycins target a structure that is indis-
pensable for cell viability. Purified linearmycin A was
previously reported to inhibit growth of Escherichia coli
and Staphylococcus aureus [13], but the mechanism of
action is unknown. Because antifungal polyenes bind
ergosterol in fungal cytoplasmic membranes [15, 16] and
because linearmycins share structural similarity to anti-
fungal polyenes, it was hypothesized that the essential
structure that linearmycins target is the membrane.

Fig. 1 Linearmycins lyse Bacillus subtilis independently of cell growth and metabolism. a The structure of linearmycin B. b–f Cultures of
B. subtilis were grown to OD600= 1, washed, and resuspended in (b) fresh medium, or fresh medium containing (c) 2.5 mM DCCD, d 200 µg/mL
phleomycin (Phleo), e 1 µg/mL rifamycin (Rif), f or 250 µg/mL chloramphenicol and 100 µg/mL spectinomycin (Cm+ Spc) with (black) or without
(gray) 6 mAU s/µL of linearmycins. g Strains B. subtilis with mutations that affect production of CL (clsA), L-PG (mprF), PE and PS (pssA), and
sporulenes (sqcH) were treated with linearmycins as above. Each data point is reported relative to the OD600 at 0 min. Each curve is representative of ≥2
biological replicates. The shading represents the standard deviation from technical triplicates. Note, the standard deviation for linearmycin-treated
cultures was often smaller than the data points. For clarity, only the average values are shown in panel g
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In the present study, the antibacterial mechanism of
linearmycin-induced lysis was investigated using extra-
cellular vesicle preparations isolated from Streptomyces sp.
strain Mg1. First, it was found that linearmycins inhibited
the growth of Gram-positive bacteria, but lysis was limited
to some Bacillus species. Next, it was shown that linear-
mycins likely do not require DNA replication, transcription,
translation, or active metabolism in B. subtilis to cause
lysis. Furthermore, consistent with a membrane-targeting
mechanism, fluorescence dequenching of a membrane
potentiometric probe was observed with linearmycin
exposure in cultures of B. subtilis, suggesting that the
cytoplasmic membrane was compromised. Finally, as a
direct test of membrane activity, linearmycins lysed artifi-
cial membrane vesicles. Together, the data strongly indi-
cated that linearmycins are membrane-targeting antibiotics.

Materials and methods

Bacterial strains and media

Strains of B. subtilis are listed in Table 1. Other strains are
listed in Table 2. For general propagation B. subtilis was
cultured in lysogeny broth (LB) [1% tryptone, 0.5% yeast
extract, 0.5% sodium chloride]. For most assays, B. subtilis
was cultured in MYM [0.4% maltose, 0.4% yeast extract,
0.4% malt extract]. For determining minimum inhibitory
concentrations (MIC, see below), strains were cultured on
3% trypticase soy agar plates and inoculated into 3%
trypticase soy liquid medium. All plates contained 1.5%
agar.

Extracellular vesicle isolation and preparation

Extracellular vesicles were prepared from Streptomyces sp.
strain Mg1 as previously described [11]. The linearmycin A
content of each extracellular vesicle preparation was
determined by integrating the 333 nm signal from high-
performance liquid chromatography (HPLC) chromato-
grams [10]. Typically, the final linearmycin A concentration
in assays was 5–20 mAU s/µL. As a negative control
for lysis, equivalent preparations were obtained from

Streptomyces sp. strain Mg1 ΔlnyI because this mutant
strain does not produce linearmycins and is unable to lyse
B. subtilis in co-culture. Furthermore, Streptomyces sp.
strain Mg1 ΔlnyI has a defect in extracellular vesicle pro-
duction, which results in production of ~27% of the number
of vesicle-like particles as the wild type [11]. Therefore,
treatment with the extracellular vesicle preparations from
Streptomyces sp. strain Mg1 ΔlnyI controls for delivery
vehicle and introduction of vesicles without linearmycin.

MIC determination

The MIC for linearmycins was determined using a standard
broth microdilution assay. The MIC was defined as the
lowest linearmycin concentration where there was no visi-
ble growth after overnight incubation. All MIC values were
determined in duplicate with identical results.

Lysis assays

Overnight cultures of B. subtilis in LB were diluted to optical
density at 600 nm (OD600)= 0.08 in 25mL MYM. When the
cultures reached OD600= 1, aliquots of the culture were
centrifuged at 21,130 × g for 10min. The cell pellets were
resuspended in an equal volume of fresh MYM. For testing
the effects of different antibiotics and inhibitors on lysis,
the fresh MYM contained 2.5 mMN,N′-dicyclohex-
ylcarbodiimide (DCCD), 200 µg/mL phleomycin, 1 µg/mL
rifamycin, or 250 µg/mL chloramphenicol and 100 µg/mL
spectinomycin. 100 µL of the resuspended cells were mixed
with 5 µL of linearmycin-containing extracellular vesicles in
Greiner CELLSTAR® 96-well U bottom plates (Sigma) at a
final linearmycin A concentration of 6 mAU s/µL. The plates
were incubated at 30 °C in an Infinite M200PRO plate reader
(Tecan) and the OD600 was measured every 5min for 180
min. After each OD600 measurement, the plate was shaken for
85 s. Each assay was performed with at least two biological
replicates and with technical triplicates. Given that the aver-
age cross-sectional surface area of a phospholipid is 64 Å2

[17], and the surface area of a B. subtilis cell is 7.6–14.2 µm2

(d= 0.87 µm, l= 2.3–4.7 µm) [18], the phospholipid con-
centration of 100 µL of an OD600= 1 culture (~108 cells/mL)
was calculated to be 4–7.4 µM. Therefore the final ratio of
linearmycin A to phospholipid ranges from 0.81–1.5.

Membrane potential measurements

Overnight cultures of B. subtilis in LB were diluted to
OD600= 0.08 in 5 mL MYM with 1 µM of DiSC3(5) [19].
When the cultures reached OD600= 0.1–0.2, 100 µL ali-
quots were transferred into Greiner CELLSTAR® black
polystyrene 96-well flat bottom plates (Sigma) with 3 µL
linearmycin-containing extracellular vesicles. The final

Table 1 Strains of B. subtilis used in this study

Strain Genotype Source

HB5461 NCIB 3610 ΔpssA::spc [40]

HB5463 NCIB 3610 ΔmprF::kn [40]

HB5464 NCIB 3610 ΔclsA::cm [40]

PDS0742 NCIB 3610 wild type Laboratory collection

PDS0826 NCIB 3610 ΔsqcH::mls This study
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linearmycin A concentrations are shown in Fig. 2 and range
from 0.3–30 mAU s/µL. The fluorescence of DiSC3(5) was
measured using a GloMax®-Multi+ Detection plate reader
(Promega) with a red optical kit (excitation: 625 nm,
emission: 660–720 nm) every min for 15 min. The assay
was validated by treating B. subtilis with 0.5 µM gramicidin
ABCD, which rapidly depolarizes membranes via pore
formation (data not shown) [20].

Large unilamellar vesicle (LUV) production

All phospholipids were purchased from Avanti Polar Lipids
and stored in chloroform at 4 °C. Liposomes were produced
using the standard film rehydration method [21, 22].
Briefly, 15:0 phosphatidylglycerol (PG), 15:0 phosphati-
dylethanolamine (PE), 14:0 cardiolipin (CL), and 18:1
1,2-dioleoyl phosphatidylserine (DOPS) were combined in
a glass scintillation vial at molar ratios of 43:30:16:11 PG:
PE:CL:DOPS, which mimics the phospholipid composition
of the B. subtilis 168 cytoplasmic membrane [23, 24]. Using
a gentle nitrogen stream, the bulk chloroform was evapo-
rated. The resulting lipid film was stored in vacuo to remove
trace chloroform. To form multilamellar vesicles (MLVs),
the lipid film was hydrated with 1 mL of sodium phosphate
buffer [10 mM sodium phosphate, 100 mM sodium chlor-
ide, pH 7.4], with 60 mM calcein. The MLVs were sub-
jected to 20 cycles of freezing in liquid nitrogen followed
by thawing in a 70 °C water bath. To form LUVs, the
MLVs were sequentially extruded 11 passes each through 1

µm, 0.4 µm, and 0.1 µm pore size polycarbonate membranes
(Whatman) using a Mini-Extruder (Avanti Polar Lipids) at
≥85 °C. LUVs were separated from free calcein by gel fil-
tration using a Sephadex G-50 (GE Healthcare) column
(2.5× 17.5 cm). Fractions were collected in a 96-well plate.
The absorbance at 450 and 750 nm of each fraction was
measured with a GloMax®-Multi+ Detection plate reader
(Promega) to determine which fractions contained calcein
and LUVs, respectively. The LUV-containing fractions
were pooled together. LUVs were stored at 4 °C under
nitrogen and used within one week of their preparation.

Calcein leakage assays

Calcein leakage assays were performed as previously descri-
bed [21, 22]. For each assay reaction, 120 µL of LUVs, 125 µL
of sodium phosphate buffer, and 5 µL linearmycin-containing
extracellular vesicles were combined. The final linearmycin A
and phospholipid concentrations were 16mAU s/µL and ~200
µM, respectively, for a ratio of 0.08, which is one order of
magnitude lower than the concentration used in the above
in vivo lysis assays. As a positive control for calcein leakage,
LUVs were treated with 0.2% Triton X-100. After 1 h, leaked
calcein was separated from intact LUVs by applying the assay
mixtures onto illustra NAP-10 Sephadex G-25 columns (GE
Healthcare) equilibrated with sodium phosphate buffer. 72
four drop fractions were collected into 96-well plates. The
fractions were scanned using a GloMax®-Multi+ Detection
plate reader with a blue optical kit (excitation: 450 nm,

Table 2 Linearmycins inhibit
the growth of Gram-positive
bacteria

Organism Agar Plates Liquid lnrM Homologb

Growth
inhibition

Lysis MIC
(mAU s/µL)a

Escherichia coli K-12 strain MG1665 − − ND −

Salmonella enterica Serovar Typhimurium LT2 − − ND −

Bacillus velezensis FZB42 + + 1.25 +

Bacillus licheniformis ATCC 10716 + + 2.50 NG

Bacillus megaterium PV361 + −c 0.08 +

Bacillus subtilis NCIB 3610 + + 0.16 +

Corynebacterium glutamicum ATCC 13032 + − 0.31 +

Staphylococcus aureus subsp. aureus MW2 + − 0.63 +

Staphylococcus aureus subsp. aureus RN4220 + − 0.63 −

Enterococcus faecalis ATCC 19433 ± − ND −

Enterococcus faecalis ATCC 51188 ± − ND NG

Listeria innocua CLIP 11262 + − 1.25 +

+ lysis or growth inhibition observed, − no activity observed, ± incomplete inhibition, ND not determined,
NG no sequenced genomes
a 1 mAU s/µL corresponds to ~1 µM of linearmycin A in the extracellular vesicle preparations
b potential lnrM homologs were identified by tblastn searches against the specified genomes and identifying
hits with ≥20% sequence identity to B. subtilis lnrM
c colony mucoidy may obscure lysis
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emission: 510–570 nm). The fractions from the Triton X-100-
treated reaction and untreated LUVs were scanned identically
to determine which fractions contained free calcein. The free
calcein-containing fractions were pooled and the bulk fluor-
escence was measured as above. Calcein leakage relative to
the positive control was quantified as follows: (Fcondition−
Funtreated)/(Fpos−Funtreated), where Fcondition, Fpos, and Funtreated

are measured fluorescence intensities from the experimental
condition, Triton X-100-treated, and untreated LUVs, respec-
tively. Therefore, relative leakage from Triton X-100-treated
LUVs is 1 and relative leakage from untreated LUVs is 0.
Each assay was triplicated and significance was determined
using Welch’s two sample t test.

Dynamic light scattering (DLS) of LUVs

A Zetasizer Nano S (Malvern) equipped with a He-Ne 633
nm laser and an avalanche photodiode detector was used for
DLS measurements. The scattering intensity was collected
at an angle of 163°. The mean LUV size was determined
from monodispersed samples using cumulant analysis.

Transmission electron microscopy of LUVs

For transmission electron microscopy, 5 µL of LUVs were
adsorbed onto freshly glow-discharged carbon-coated For-
mvar grids. After briefly washing the grids with water, the
LUVs were negatively stained with a 2% aqueous solution
of ammonium molybdate. Images were captured using a
JEOL 1200Ex transmission electron microscope with a
bottom-mounted 3K × 3K, slowscan, lens-coupled CCD
camera (SIA 15C).

Results

Linearmycins lyse Bacillus species and inhibit the
growth of other Gram-positive bacteria

The mechanisms of linearmycin-induced growth inhibition
and lysis have been hitherto unexplored due to the
instability and insolubility of linearmycins in aqueous
solution [10]. However, it was recently discovered that
Streptomyces sp. strain Mg1 incorporates linearmycins into
extracellular vesicles, which stabilize and solubilize the
linearmycins [11]. Because extracellular vesicles are simple
to isolate and provide a stable, soluble supply of linear-
mycins, vesicle preparations were used as the source of
linearmycin to study the mechanism of action. Currently,
the full composition of the extracellular vesicles is
unknown. However, the linearmycins are the only known
lytic agent produced by Streptomyces sp. strain Mg1, and
disruption of linearmycin biosynthesis completely disrupts
lytic activity from Streptomyces sp. strain Mg1 [10, 11].
Chalcomycin A, a macrolide antibiotic produced by Strep-
tomyces sp. strain Mg1, was not associated with vesicles
and did not have lytic activity [9, 11]. These observations,
in addition to Streptomyces sp. strain Mg1 ΔlnyI producing
a reduced number of vesicles and being unable to lyse B.
subtilis, support the use of isolated vesicles to deliver the
lytic activity specific to the linearmycins.

Streptomyces sp. strain Mg1 produces many variants of
linearmycins, which are incorporated into extracellular
vesicles [11]. As the linearmycin variants have different
extinction coefficients, no single value encapsulates the total
linearmycin concentration [11]. Therefore, preparations of
extracellular vesicles were titrated against B. subtilis to
determine a minimum lytic dose, which was correlated to the
peak area of linearmycin A using a HPLC equipped with a
diode array detector. Extracellular vesicle preparations with
a final linearmycin A concentration between 6 and 12mAU
s/µL lyse B. subtilis cultures. Based upon HPLC estimates, 1
mAU s/µL corresponds to ~1 µM linearmycin A. Similar
concentrations of linearmycins were used in all following
experiments. There was no activity from equivalent fractions
isolated from Streptomyces sp. strain Mg1 ΔlnyI. Therefore
for simplicity, heretofore extracellular vesicles will be
referred to as linearmycins and treatment with the ΔlnyI
fractions will be referred to as mock treatment.

In qualitative agar plate assays, B. subtilis growth was
inhibited and cells lysed by linearmycins (Table 2). Con-
sistent with prior studies, linearmycins also inhibited the
growth of Gram-positive S. aureus strains MW2 and
RN4220, but no lysis was observed (Table 2). Previously,
linearmycin A was reported to inhibit the growth of Gram-
negative E. coli [13]. However, when using the E. coli K-12
strain MG1665, growth was not inhibited by linearmycins

Fig. 2 Linearmycins collapse the B. subtilis membrane potential.
a Cultures of B. subtilis were grown to OD600= 0.2 in the presence of
DiSC3(5), a membrane potentiometric probe before the addition of
linearmycin-containing extracellular vesicles. The change in DiSC3(5)
fluorescence was measured over 15 min. No change in fluorescence is
indicated by the dashed line. b After the membrane depolarization
assay, aliquots of the cultures in a were plated to assess their viability.
The data is representative of ≥2 biological replicates. The shading
represents the standard deviation from technical triplicates. The line-
armycin concentration in mAU s/µL is shown to the right of the traces
and image
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(Table 2), even to linearmycin A concentrations ~20×
greater than the previously reported MIC. Additionally,
linearmycins were inactive against Gram-negative Salmo-
nella enterica serovar Typhimurium LT2 (Table 2), sug-
gesting that the antibacterial activity of linearmycins may be
limited to Gram-positive bacteria.

To assess a phylogenetic range of susceptibility, a
number of Gram-positive bacterial species were tested for
sensitivity to linearmycins. While S. aureus strains, Listeria
innocua CLIP 11262 and Corynebacterium glutamicum
ATCC 13032 were inhibited, Enterococcus faecalis ATCC
19433 and ATCC 51188 were only partially inhibited by
linearmycins (Table 2), suggesting that sensitivity may have
a limited phylogenetic range. Although all of the Gram-
positive bacteria were at least partially inhibited by linear-
mycins, only B. subtilis was sensitive to colony lysis by
linearmycins (Table 2). Given this limited susceptibility to
lysis, other Bacillus species were tested for sensitivity to
linearmycin. Bacillus licheniformis ATCC 10716, Bacillus
velezensis (formerly Bacillus amyloliquefaciens) FZB42,
and Bacillus megaterium PV361 were growth inhibited by
linearmycins (Table 2). In addition, B. licheniformis and
B. velezensis colonies were lysed by linearmycins. How-
ever, no lysis was evident on B. megaterium colonies,
perhaps due to colony mucoidy (Table 2). Furthermore,
there was no correlation between susceptibility to lysis and
the MIC or presence of a homolog of the linearmycin
resistance ATP-binding cassette transporter lnrLMN [14]
(Table 2). All taken together, linearmycins are generally
inhibitory towards Gram-positive bacteria, but lysis is
restricted to species of Bacillus with the possible exception
of B. megaterium.

Linearmycin-induced lysis is independent of active
growth in B. subtilis

Given the limited taxonomic range for linearmycin-induced
lysis (Table 2) and the breadth of knowledge on B. subtilis,
this species was chosen as a model to uncover the
mechanism of linearmycin-induced lysis. To test if lysis
required active growth, such as in the case of peptidoglycan
synthesis inhibitors, B. subtilis was treated with inhibitors of
growth and metabolism. The following inhibitors were
used: DCCD to inhibit ATPase activity [25], phleomycin to
damage DNA [26, 27], rifamycin to inhibit transcription
[28], and a combination of chloramphenicol and spectino-
mycin to block translation [29, 30]. Without the addition of
any antibiotic treatment or linearmycin-containing extra-
cellular vesicles, the final B. subtilis OD600 doubled over
180 min (Fig. 1b). In the absence of linearmycin-treatment,
each inhibitor hindered the growth of B. subtilis (Fig. 1c–f).
Under these conditions only DCCD and phleomycin were
completely bacteriostatic (Fig. 1c, d). In the presence of

rifamycin or a combination of chloramphenicol and spec-
tinomycin, limited growth was observed as the final
B. subtilis OD600 increased by 0.2 units (Fig. 1e, f). How-
ever, when B. subtilis was treated with linearmycins, the
cells were lysed and the OD600 of all cultures decreased by
0.7 units, regardless of specific antibiotic treatment
(Fig. 1b–f). Because linearmycins lyse cells in growth-
inhibited cultures, these findings demonstrated that the lytic
mechanism likely occurs independently of cell growth.

Prophages are not released from B. subtilis exposed
to linearmycins

The observation that linearmycins likely lyse B. subtilis even
when metabolism is inhibited suggested that linearmycins do
not trigger a stress response that leads to lysis. However, it is
possible that linearmycins could induce prophage to cause
lysis [31]. For example, an endolysin encoded by the
defective prophage PBSX [32] can degrade peptidoglycan
and form holes in the cell wall. These holes lead to forma-
tion of membrane vesicle protrusions and eventual cell death
[33]. In addition to PBSX, the B. subtilis genome harbors the
prophage SPβ [34], and three prophage-like elements called
prophage 1, prophage 3, and skin [35–37]. Though unlikely,
to verify that prophages were not released as part of the lytic
mechanism, lysates from linearmycin-treated cultures were
filtered through 0.45 µm filters and tested against an engi-
neered strain of B. subtilis 168 with all prophage elements
deleted [37]. The supernatants of untreated B. subtilis cul-
tures contained ~13 plaque forming units (PFU)/mL and the
lysates from matched linearmycin-treated cultures contained
~103 PFU/mL, which was low and not significantly different
(paired t(2)= 2.94, p= 0.10). No PFUs were observed from
a media blank treated with linearmycins. Together, these
results indicate that prophages are not involved in the lysis
mechanism.

Linearmycins cause membrane depolarization

Linearmycins are structurally similar to antifungal polyenes,
which are known to target fungal cytoplasmic membranes
[38]. Although, there are contrasting models for the precise
antifungal mechanism of polyenes [15, 16], it is known that
polyenes interact with the fungal sterol ergosterol, which
results in membrane depolarization and ultimately cell death
[39]. To test if linearmycins depolarized the B. subtilis
cytoplasmic membrane, the cyanine dye 3,3′-dipropylthiadi-
carbocyanine iodide [DiSC3(5)] was used as a membrane
potentiometric probe. DiSC3(5) accumulates in polarized
membranes where it forms self-quenching aggregates. When
membranes become depolarized, DiSC3(5) is released into
the medium, resulting in dequenching that can be measured
fluorometrically. Immediately after linearmycin-treatment, a
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concentration-dependent increase in DiSC3(5) fluorescence
signal was observed from the cultures. The mock-treated
culture showed no change in fluorescence signal (Fig. 2a). To
confirm cell death, culture aliquots were plated following the
membrane depolarization assay. There were no viable colo-
nies in the linearmycin-treated cultures, except for some
anemic growth from the sample with the least concentrated
linearmycins (3mAU s/µL) (Fig. 2b), confirming the loss of
cell viability following membrane depolarization (Fig. 2a).

A specific phospholipid composition is not required
for lysis

The activity of linearmycins against growth inhibited cells
(Fig. 1c–f), their ability to depolarize B. subtilis membranes
(Fig. 2a), and their structural similarity to antifungal poly-
enes suggested that linearmycins may directly target mem-
branes. The B. subtilis cytoplasmic membrane is composed
of more than five classes of phospholipids including PG,
PE, CL, phosphatidylserine (PS), and precursor phosphati-
dic acid [23, 24, 40]. To determine if linearmycin-induced
lysis required the presence of specific phospholipid classes,
mutants of B. subtilis that were unable to produce different
classes of phospholipids were exposed to linearmycins. The
requirement of PE and PS for lysis was tested by exposing a
pssA deletion mutant [41, 42] to linearmycins. Similarly, the
requirement of CL was tested by treating a deletion mutant
of clsA, which is responsible for major production of CL
[43]. In both cases, the clsA and pssA mutants lysed simi-
larly to the wild-type strain (Fig. 1g). Because B. subtilis
ΔpgsA mutants are not viable [44], the dependence of lysis
on PG could not be determined. However, a mprF deletion
mutant, which is unable to lysinylate PG and form L-PG
[42], was still sensitive to lysis (Fig. 1g). Together, these
results indicate that several major phospholipid classes were
dispensable for lysis. Further, a specific composition of the
B. subtilis cytoplasmic membrane was not required for
linearmycin-induced lysis.

Antifungal polyenes require the fungal sterol ergosterol
for their activity [38]. Strains of B. subtilis do not produce
ergosterol, let alone any known sterols [45]. However,
B. subtilis can produce sporulene, a heptaprenyl-derived
pentacyclic C35-terpenoid [46, 47]. Though sporulenes and
sterols have different biosynthetic origins, they are structu-
rally similar molecules. To test if sporulenes were required
for lysis, a sqcH mutant, which is unable to produce spor-
ulenes, was treated with linearmycins. As above, the sqcH
mutant lysed similarly to wild type B. subtilis (Fig. 1g).

Linearmycins disrupt artificial membrane vesicles

Previous results suggested that linearmycins target the
membrane. To directly test for membrane activity, artificial

LUVs were produced and treated with linearmycins. To
mimic the B. subtilis membrane, the LUVs were produced
using PG, PE, CL, and DOPS, a PS mimic. Each of these
phospholipid classes comprise individually from 10% up to
43% of the total cytoplasmic membrane phospholipid content
of B. subtilis [23, 24, 40]. Although any single phospholipid
class was dispensable for lysis in our assays (Fig. 1g), their
combination was used to mimic the B. subtilis cytoplasmic
membrane composition. Note, B. subtilis primarily uses C15

branched-chain fatty acids in its cytoplasmic membrane
[23, 24, 40]. However, C15 straight-chain fatty acids were
used due to their commercial availability.

During production, LUVs were loaded with calcein, a self-
quenching fluorescent dye, which allowed for the quantifi-
cation of LUV leakage. When calcein is released from LUVs,
the fluorescence signal is dequenched and can be measured
fluorometrically. After treating LUVs with linearmycins, there
was a significant difference in calcein leakage from
linearmycin-treated LUVs (mean relative leakage= 1.19,
SD= 0.39) and the mock-treated LUVs (mean relative leak-
age=−0.09, SD= 0.19); Welch’s t(2.89)= 5.065,
p= 0.016 (Fig. 3a). DLS was used to determine the effect of
linearmycin treatment on LUV size. The populations of
untreated and mock-treated LUVs each had a single DLS
peak with an average diameter of ~130 nm, indicating that
there was no effect of reaction conditions on LUVs (Fig. 3b).
In contrast, after linearmycin treatment, there was a shift from
a single DLS peak to two peaks with average diameters of
~221 and ~1327 nm (Fig. 3b). Subsequently, the LUVs were
analyzed using negative-staining transmission electron
microscopy. As expected, the untreated LUVs were spherical
particles with a diameter of ~150 nm (Fig. 3c). However, after
linearmycin treatment, there were no intact LUVs. Instead,
there were large aggregates of densely staining debris, which
were otherwise absent in the untreated LUVs (Fig. 3d). The
lysis of LUVs is consistent with the DLS results, which
indicated direct targeting of membranes by linearmycins
(Fig. 3c).

Discussion

The linearmycin family of polyene antibiotics has activity
against both bacterial and fungal species, including oppor-
tunistic pathogens such as S. aureus and Candida albicans
[13]. The antifungal mechanism of linearmycins may be
consistent with the mechanism ascribed to well-established
cyclic polyene antibiotics including amphotericin B and
nystatin [38]. However, the antibacterial mechanism for
linearmycins was hitherto unexplored. Because linear-
mycins cause cellular lysis and degradation of established
B. subtilis colonies [9–11], the antibacterial mechanism of
linearmycins was of interest both to further extend a well-
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established model of bacterial competition and to identify
the bacterial target for potential clinical applications.

Using a combination of culture-based and in vitro
approaches, the cytoplasmic membrane was determined to
be the bacterial target of linearmycins. Linearmycins caused
cell lysis in cultures of B. subtilis that were growth inhibited
and metabolically inactivated by inhibitory molecules
(Fig. 1b–f). The independence from cell growth indicates
that cell division is not necessary for lethality, as is required
for cell wall-targeting antibiotics such as β-lactams or gly-
copeptides [48]. Consistent with other membrane-targeting
antibiotics, such as gramicidins [20], nisin [49], and other
polyenes [39], exposure to linearmycins caused rapid
depolarization of the B. subtilis cytoplasmic membrane
(Fig. 2a). Intriguingly, membrane depolarization and cell
death occur before the OD600 of the B. subtilis culture drops
(Figs. 1, 2), which indicated that depolarization is not a
consequence of cell lysis. This order of events suggested
that linearmycins compromise the cytoplasmic membrane,
which leads to cellular lysis. Further, the rapid loss in via-
bility is inconsistent with a prophage-mediated lysis
mechanism, as, for example, the prophage SPβ requires
>60 min for induction [31]. Indeed, the lysates of B. subtilis
cultures treated with linearmycins contained low titers of
PFUs, which were insignificantly different from the super-
natants of untreated cultures. Furthermore, because linear-
mycins disrupted artificial vesicles composed only of
phospholipids (Fig. 3), interactions with peptidoglycan or
membrane proteins are not required for lytic activity.
Moreover, linearmycins are water-insoluble, aggregate in
aqueous solution, and are associated with extracellular
vesicles produced by Streptomyces sp. strain Mg1 [11], all
suggesting that linearmycins are associated with mem-
branes. The cytoplasmic membrane as the primary target of
linearmycins is also consistent with previous efforts to
identify resistant mutants. The only resistant mutants had
gain-of-function mutations in the lnrJKLMN linearmycin
resistance system [10]. As a target, the membrane is
essential and no loss-of-function mutations would bestow
linearmycin resistance. All taken together, these findings
implicated the cytoplasmic membrane as the target of
linearmycins.

The cytoplasmic membrane is a crucial component of
living cells and is often a target for antibiotics [50–52].
However, deciphering the specific mechanisms through
which membrane-targeting antibiotics function is not sim-
ple. Membrane-targeting antibiotics may affect bulk mem-
brane properties including membrane curvature, fluidity,
and lipid domains, and may introduce packing defects [53].
One challenge in determining specific mechanisms for
membrane-targeting antibiotics is the overlapping physio-
logical effects that occur when any of these bulk properties
is perturbed. For example, the lipopeptide daptomycin kills

B. subtilis by interfering with and rearranging fluid lipid
domains, which inhibits cell wall biosynthesis by deloca-
lizing MurG and PlsX and affects lipid clustering, leading to
hydrophobic mismatch and membrane depolarization [54].
The morphology of B. subtilis colonies lysed by daptomy-
cin resembles that of colonies lysed by linearmycin [10, 14].
However, because the artificial LUVs used in this study

Fig. 3 Linearmycins are active against membranes. a LUVs with
B. subtilis phospholipid content were generated in vitro and loaded
with calcein. The LUVs were treated with 16 mAU s/µL of linear-
mycins or were mock treated and the fluorescence of free calcein was
monitored to measure liposome leakage. The background fluorescence
of untreated LUVs was subtracted from each sample and leakage is
reported relative to LUVs treated with 0.2% Triton X-100, as indicated
by a value of 1.0. Each experiment was technically triplicated and
shown as a dot. The black bar is the mean of the measurements and the
upper and lower bounds of the boxes represent the standard deviation.
The * indicates that leakage was significantly different at p< 0.05. b
DLS measurements of the population size distribution of untreated
LUVs and LUVs treated with linearmycin or the mock treatment. c, d
Negatively stained transmission electron micrographs of (c) untreated
LUVs and (d) linearmycin-treated LUVs. The scale bar is 0.2 µm

Linearmycins are lytic membrane-targeting antibiotics 379



contained only phospholipids with fatty acid tails of similar
length (C14 to C18), the potential formation of fluid lipid
domains was minimized [55]. The lytic action of linear-
mycins on LUVs suggested that specific interactions with
lipid domains are not required for lysis. Membrane-
targeting antibiotics can also target specific membrane
lipids or components [53]. In the classic model for anti-
fungal polyene-mediated killing, polyenes accumulate in
the membrane, sequester ergosterol, and form membrane-
permeabilizing ion channels [38]. However, a recent model
postulates that polyenes form extramembranous aggregates
that act as ergosterol sponges and kill fungal cells without
penetrating the membrane bilayer [16]. Linearmycins
structurally resemble antifungal polyenes, which are lyti-
cally inactive against B. subtilis [10, 14]. Unlike fungal
cells, B. subtilis membranes do not contain sterols and
structurally similar sporulenes are not required for lytic
activity against cells (Fig. 1g). The lack of a specific known
target in the cytoplasmic membrane suggests that linear-
mycins function as general membrane targeting molecules,
which use a substantively different mechanism than anti-
fungal polyenes.

A speculative model for activity is that linearmycins
anchor into the membrane by their non-polar polyene
region. Indeed, the estimated length of the linearmycin
polyene region alone is ~30 Å, while the thickness of a
single leaflet of the phospholipid bilayer is ~20 Å. This
indicates that the linearmycin polyene region alone can span
at least one leaflet of the membrane bilayer. Between the
two pentaenes, there are two hydroxy groups (Fig. 1a),
which when inserted into the membrane may be placed in
an electrostatically unfavorable hydrophobic environment.
Perhaps, hydrogen bonding between hydroxyl groups on
different molecules leads to linearmycin aggregation,
causing pore formation and lysis. Alternatively, the hydro-
xyl groups could position linearmycin molecules in the
membrane such that packing defects are introduced and
compromise the membrane integrity [53]. Such effects
could also work in combination with destabilizing distor-
tions or strain on membranes due to the intercalation of the
rigid polyene portion of linearmycins.

Although it is not currently known if the linearmycins are
inserted into the phospholipid bilayer or are simply lumenal
cargo of the extracellular vesicles of Streptomyces sp. strain
Mg1, a tantalizing model is that fusion between vesicles and
the target cell envelope acts as the delivery mechanism and
leads to deposition of linearmycins into the membrane.
Perhaps the association of linearmycins with extracellular
lipid vesicles is favorable for Streptomyces sp. strain Mg1,
yet the same molecules destabilize foreign B. subtilis
membranes, leading to depolarization and cell lysis. Further
studies will be required to determine how linearmycins
disrupt membranes and what membrane or envelope

features modulate specific susceptibility to lysis. Because
linearmycins caused lysis of LUVs containing only phos-
pholipid, a favorable model for relative susceptibility is that
differences in cell envelope composition may determine
linearmycins access to the plasma membrane target. Com-
parisons of the cell envelopes between bacterial species that
are susceptible or resistant to lysis may uncover suscept-
ibility and resistance factors in the cell envelope. By
incorporating membrane active antibiotics into extracellular
vesicles, Streptomyces sp. strain Mg1 is able to deliver
otherwise insoluble molecules into the membranes of their
competitors. These observations suggest that extracellular
vesicles produced by bacteria and fungi may harbor new
membrane active antibiotics to aid in competition with ris-
ing antibiotic resistance.
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