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ABSTRACT

Amphiphilic aminoglycoside derivatives are potential new antimicrobial agents mostly developed to fight re-
sistant bacteria. The mechanism of action of the 3’,6-dinonyl neamine, one of the most promising derivative, has
been investigated on Gram-negative bacteria, including P. aeruginosa. In this study, we have assessed its me-
chanism of action against Gram-positive bacteria, S. aureus and B. subtilis. By conducting time killing experi-
ments, we assessed the bactericidal effect induced by 3’,6-dinonyl neamine on S. aureus MSSA and MRSA. By
measuring the displacement of BODIPY™-TR cadaverine bound to lipoteichoic acids (LTA), we showed that 3’,6-
dinonyl neamine interacts with these bacterial surface components. We also highlighted the ability of 3’,6-
dinonyl neamine to enhance membrane depolarization and induce membrane permeability, by using fluorescent
probes, DiSC3C(5) and propidium iodide, respectively. These effects are observed for both MSSA and MRSA S.
aureus as well as for B. subtilis. By electronic microscopy, we imaged the disruption of membrane integrity of the
bacterial cell wall and by fluorescence microscopy, we demonstrated changes in the localization of lipids from
the enriched-septum region and the impairment of the formation of septum. At a glance, we demonstrated that
3’,6-dinonyl neamine interferes with multiple targets suggesting a low ability of bacteria to acquire resistance to
this agent. In turn, the amphiphilic neamine derivatives are promising candidates for development as novel

multitarget therapeutic antibiotics.

1. Introduction

Bacteria have distinct cell body shapes, ranging from spheres (cocci)
to rods (bacilli) as for S. aureus and B. subtilis in Gram-positive bacteria.
Their mode of growth and division is also very diverse with temporal
and spatial modifications in lipid composition of bacterial membranes
upon changes in lipid environment [1] and ability of lipids to form
subdomains of unique protein and lipid composition. This can influence
membrane protein organization and/or function, providing a further
control level for regulating protein function within a membrane [2].
Understanding how lipids and proteins interplay for proper function-
ality of bacterial membranes and how new drugs might affect this in-
terplay can open new avenues in the search for new antibiotics. In this
context, molecules able to interact with lipids and alter the biophysical
properties of bacterial lipid membranes, which in turn can modulate
protein activity [3,4], are more and more investigated. Pursuing this
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approach, amphiphilic aminoglycosides namely neamine derivatives
have been synthesized by the team of Decout [5-9]. The neamine core
is made of a moiety of the neomycin B antibiotic composed of the
aminoglucosamine and 2-deoxystreptamine ring carrying four amino
groups which can be protonated at physiological pH. The amphiphilic
character results from grafting of two lipophilic groups on the neamine
core. Both of them can be grafted on the same aminoglucosamine ring
(3’,4’-dialkyl neamine derivatives) or one on each ring (3’,6-dialkyl
neamine derivatives).

Activity/toxicity relationship delineation has been done on >90
derivatives [5,7-9]. One of the most promising derivatives, the 3’,6-
dinonyl neamine (Fig. 1), is active against a large variety of bacteria,
including Gram-negative and Gram-positive bacteria, susceptible and
resistant strains, laboratory and clinical strains [5,7,8]. So far, detailed
studies of the antimicrobial activity and the molecular mechanism of
action of 3’,6-dinonyl neamine have been done on Gram-negative
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Fig. 1. Structure of 3’,6-dinonyl neamine.

bacteria, including on P. aeruginosa [10-13]. In addition to low MICs
values, the exposure of P. aeruginosa ATCC 27853 to the 3’,6-dinonyl
derivative over one month at the half-MIC, only slightly increases the
MIC value (from 1 to 4 mg/mL) as compared to MIC values measured
for ciprofloxacin which increased faster and in a higher extent (from 0.5
to 32 ug/mL) [9]. 3’,6-Dinonyl neamine also shows ability to inhibit
biofilm formation [11]. By using membrane model systems and bacteria
(P. aeruginosa), we demonstrated the interaction of 3’,6-dinonyl nea-
mine with outer membrane lipopolysaccharides [11] and inner mem-
brane anionic phospholipids mostly cardiolipin leading to membrane
permeabilization and depolarization [12]. By targeting cardiolipin-
bacterial microdomains mainly located at the cell poles, 3’,6-dinonyl
neamine leads to disassembly these microdomains into cardiolipin
clusters and relocation of cardiolipin domains [13]. Importantly, tar-
geting cardiolipin-lipid domains results in bacterial morphological
changes. These changes are characterized by a severe length decrease
probably as a result from the decrease of the inner membrane fluidity/
hydration which could impair the dynamics of cell-shape determining
proteins like MreB [13].

On Gram-positive bacteria, despite interesting antimicrobial activity
of 3’,6-dinonyl neamine on S. aureus MRSA or VRSA [7,8], data on its
potential mechanism and effect on the biophysical properties of lipid
membranes in relation with critical events like the bacterial cell divi-
sion and peptidoglycan synthesis are lacking.

Gram-positive bacteria differ from Gram-negative bacteria in many
ways, including the structure and composition of their lipid mem-
branes. The envelope of Gram-positive bacteria consists of the cell wall
and the cytoplasmic membrane. The cell wall is composed of a thick
peptidoglycan layer in which anionic polymers teichoic acids (60-70%
mass of cell wall) are surrounded. In addition to the teichoic acids, the
cell wall of Gram-positive bacteria is decorated with a variety of pro-
teins. Interestingly, cardiolipin (CL) (5-25%) is also present in Gram-
positive bacteria with phosphatidylglycerol (PG) (60-70%), phospha-
tidylethanolamine (PE) (10-20%), andlysophosphatidylglycerol (LPG)
(15-40%) [14,15]. Globally, anionic lipids like CL, PG, and LPG con-
stitute >80% of the total lipid found in the membranes of Gram-posi-
tive bacteria but <30% of the lipid present in those of Gram-negative
bacteria [16]. In addition to the lipid components, the cell membrane of
Gram-positive bacteria contains the lipid anchor component of lipo-
teichoic acid (LTA) [17].

The aim of this work is to decipher the mechanism involved in the
activity of 3’,6-dinonyl neamine on Gram-positive bacteria. We selected
Staphylococcus aureus ATCC 25923 as an example of cocci and Bacillus
subtilis ATCC 6633 as a model of rod-shaped bacteria. S. aureus may
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cause bloodstream, lower respiratory tract, skin and soft tissue infec-
tions inflicting high morbidity and mortality worldwide, mostly due to
its ability to acquire resistance to antimicrobial agents [18]. Thus, for
some selected experiments, we also used MRSA strains (ATCC 33591,
ATCC 33592 or COL). B. subtilis is considered as the principal Gram-
positive model organism with specific characteristics including the
existence of lipid domains smaller than 40nm [19] and a greater
thickness of cell wall as compared with other Gram-positive bacteria.
We first investigated the potential bactericidal/bacteriostatic effect
of 3’,6-dinonyl neamine by determining the killing curves. Second, we
explored the ability of 3’,6-dinonyl neamine to interact with lipo-
teichoic acids by measuring the displacement of BODIPY™-TR cada-
verine bound to LTA, and to induce changes in membrane potential and
membrane permeabilization as determined by using fluorescent probes,
DiSC3C(5) and propidium iodide, respectively. Third, we imaged mor-
phological changes of bacterial cells treated with 3’,6-dinonyl neamine
by electron microscopy. Fourth, to decipher a potential effect on bac-
terial division and/or peptidoglycan synthesis, we characterized the
effect induced by 3’,6-dinonyl neamine by imaging PBP2 (GFP-PBP2), a
septum localized protein involved in S. aureus division. We also visua-
lized lipids (Nile Red Fluorescence) as the mirror of MreB, a cell shape-
determining bacterial actin homologue which might serve as an orga-
nizer or tracking device for the PBP2-peptidoglycan biosynthesis com-
plex [20]. All these effects give insight about the mechanism of action
of 3’,6-dinonyl neamine on Gram-positive bacteria, including S. aureus.

2. Experimental techniques

3’,6-Dinonyl neamine was synthesized by Decout and colleagues
[6,8]. Propidium iodide (PI), Nile red and DiSC5(5) were ordered from
Invitrogen (Paisley, Scotland, UK). Cell-free lipoteichoic acid (LTA)
from S. aureus was obtained from Sigma-Aldrich. BODIPY™-TR-cada-
verine [BC] was ordered from Molecular Probes (Invitrogen, Carlsbad,
CA). All other analytical grade reagents were purchased from E. Merck
AG.

2.1. Bacteria strains and growth conditions

Bacillus subtilis ATCC 3366, Staphylococcus aureus ATCC 25923,
ATCC 33592, ATCC33591 (MRSA and (3-lactamase producer; American
Type Culture Collection, Manassas, VA, USA) and COL (HA-MRSA)
were used as a reference strain [21,22]. The homogeneous MRSA strain
BCBPMO073, derived from COL and carrying a single copy of PBP2 with
an N-terminal superfast GFP fusion [23] was used for the PBP2 locali-
zation study.

Trypticase soy agar (TSA) plate was used to grow Gram-positive
bacteria at 37 °C. One colony of bacteria was suspended in Cation
Adjusted —Miiller Hinton Broth (Ca-MHB) and incubated overnight at
37 °C on a rotary shaker (130 rpm).

2.2. MIC determination

All strains were grown overnight at 37 °C on Trypticase soy agar
(TSA) Petri dishes (BD Diagnostics, BD, Franklin Lakes, NJ). Minimal
Inhibitory Concentrations (MICs) were determined by microdilution
method (96 well plate) using a fresh culture of Gram-positive bacteria
in cation-adjusted Mueller-Hinton broth (CA-MHB), according to the
recommendations of the Clinical and Laboratory Standards Institute
(CLSD).

2.3. Time-killing curves

Time-kill assays were performed according to guideline of the CLSI
(2017). The antimicrobial activities of gentamicin, linezolid and 3’,6-
dinonyl neamine against S. aureus MSSA (ATCC 25923) and MRSA
(ATCC 33592) were evaluated by time-kill studies with starting inocula
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of 1 %+ 10° CFU/ml. Antibiotic concentrations at 0.25, 1, 2 and 5 the MIC
of the test strain were prepared in water. Growth in the absence of
antibiotics served as the control. Colony counts were determined after
0, 1, 3, 5 and 8 of incubation at 37 °C by plating aliquots of appropriate
dilutions on Trypticase Soy Agar (TSA). If required, 10-fold dilutions
were performed allowing accurate colony counts in the range of 10 to
250 CFU per plate and minimization of the effects of drug carryover.
The quantification limit was set equal to a reduction to —5 in the log;o
CFU/ml (A Log CFU (8 h—-0h)).

2.4. BODIPY™-TR-cadaverine displacement assay

Binding affinity to lipoteichoic acid (LTA) from S. aureus was in-
vestigated in a cell free system as well as on bacteria, by using
BODIPY™-TR-cadaverine displacement assay. Quenching of fluores-
cence intensity was observed when probe bound to LTA. Displacement
of probe into the solution leads to enhancement of its fluorescence
[24,25]. The assays were performed in 96-well plates. Fluorescence
intensity was measured on a SpectraMax Gemini XS microplate spec-
trofluorometer using excitation and emission wavelengths of 580 nm
and 620 nm, respectively.

For cell free assays, stock solutions of BODIPY™-TR-cadaverine
(10mM) and LTA (14 pg/mL) were prepared by dissolution in Tris
buffer (50 mM, pH 7.4). Desired concentration of BODIPY™-TR-cada-
verine (final concentration 5 uM) and cell-free LTA (final concentration
3.5 ug/mL) were mixed. After 15 min, selected compounds were mixed
and plates were kept for 30 min in the dark at room temperature.

For experiments performed on S. aureus (MSSA [ATCC 25923],
MRSA [ATCC 33591, COL]) and B. subtilis (ATCC 6633) desired con-
centration of BODIPY™-TR-cadaverine and freshly grown Gram-positive
bacteria (final Agyg - 0.05) were mixed. Mixture was kept for 30 min in
the dark at room temperature until equilibration. After 30 min, con-
centrations of the selected compounds and mixture of BODIPY™-TR-
cadaverine (final concentration 5 uM) and freshly grown Gram-positive
bacteria were added to the plate and kept for 30 min.

2.5. Bacterial membrane depolarization

The changes in membrane potential of the bacteria was determined
with a membrane-potential sensitive fluorescent dye DiSC3(5) [26].
Bacteria were grown in Ca-MHB overnight at 37 °C under agitation
(130 rpm). Bacterial suspension was diluted and ODggo was monitored
to reach a value of 0.3 for S. aureus (MSSA [ATCC 25923], MRSA [ATCC
33591, COL]) and 0.2 for B. subtilis (ATCC 6633) [27]. The bacteria
were washed with Hepes (5mM), glucose (5mM), and centrifuged
(300g 10 min). The pellet was resuspended in buffer containing Hepes
(5 mM), Glucose (5 mM) and KCI (100 mM for S. aureus and 300 mM for
B. subtilis [27]) to achieve an ODggo of 0.05. The DiSC3(5) probe was
added (800 nM final concentration), and the bacterial suspension was
incubated in the dark for 4 min at 37 °C. The fluorescence quenching
was monitored until a stable signal intensity was observed. 3’,6-dinonyl
neamine along with other compounds of interest were then distributed
in a 96-well microplate to obtain a final concentration of compound of
interest ranging from 0.5 to 20 uM. The fluorescence intensity was
measured at 15min after addition of bacterial suspension with a
SpectraMax-M3 microplate reader at 25°C (Molecular Devices, Sun-
nyvale, CA) (excitation and emission wavelengths of 630 and 680 nm,
respectively). A preliminary experiment, without bacterial cells, was
performed to ensure that the presence of 3’,6-dinonyl neamine and
valinomycin had no effect on DiSC3(5) fluorescence.

2.6. Bacterial membrane permeabilization
The bacterial membrane permeabilization was studied with a

membrane-impermeable fluorescent dye propidium iodide (PI) [28].
The experiments were performed on S. aureus (MSSA [ATCC 25923],
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MRSA [ATCC 33591, COL]) and B. subtilis (ATCC 6633). A stock solu-
tion of PI (3 mM in pure water) was diluted 100-fold with the bacterial
suspension (ODgyo of 0.05). 3%,6-Dinonyl neamine along with other
compounds of interest, at final concentrations ranging from 1 to 7 uM,
were added to the Pl-containing (final concentration 30 uM) bacterial
suspension in 96-well microplates. The fluorescence intensity were
measured with a SpectraMax-M3 microplate reader at 25°C after
15 min (Molecular Devices, Sunnyvale, CA) for excitation and emission
wavelengths of 540 and 610 nm, respectively.

2.7. Scanning electron microscopy

S. aureus (ATCC 25923) and B. subtilis (ATCC 6633) were grown up
to mid log (ODgyo — 0.2-0.3). Bacteria were washed in phosphate buf-
fered saline (0.1 M PBS, pH7.4) and then treated with 3’,6-dinonyl
neamine for 1 h. A suspension of bacterial cells was immobilized on
poly-i-lysine coated coverslips for 10 min at room temperature. After
washing in buffer — to remove the excess of free-floating bacteria- the
coverslips were incubated in 1% glutaraldehyde in order to cross-link
the already fixed bacteria on the poly-lysine. We further post-fixed the
samples in 1% osmium tetroxide in cacodylate buffer for 2 h at 4 °C and
washed extensively in water. Samples were then dehydrated in graded
series of ethanol, critical point dried and coated with 10 nm of gold.
Samples were observed in a CM12 Philips electron microscope at 80 kV
with the secondary electron detector.

2.8. Fluorescence imaging

The fluorescence of Nile Red is highly sensitive towards nonpolar
micro-environments and exhibits intense emission that are commonly
used to detect and identify changes in lipid membrane properties in-
cluding fluidity [29,30]. For fluorescence imaging experiments, S.
aureus (ATCC 25923) and B. subtilis (ATCC 6633) cells were incubated
with the membrane dye Nile Red [31] at a final concentration of 2 ug/
mL, for 5min at room temperature with agitation (500 rpm). Subse-
quently, the cells were placed on an agarose pad or poly-L-lysine coated
coverslips for time-lapse experiment. Time-lapse experiment image sets
were captured every 1 min, for a total period of 30 min. Measurements
were performed on wide field fluorescence microscopy using ZEN
software with 555 nm excitation laser.

For fluorescence microscopy of COL-PBP2 GFP strain, cells were
grown to mid-exponential phase at 37 °C and analyzed on microscope
slides covered with a thin film of agarose in PBS. The antibiotic was
usually added to the bacteria (ODgzg of 0.4).

3. Results
3.1. Minimal inhibitory concentrations (MICs)

The minimum inhibitory concentrations (MICs) of 3’,6-dinonyl
neamine (Fig. 1) against different S. aureus strains were determined in
comparison with those of amoxicillin, gentamicin, neomycin B, colistin
and neamine (Table 1).

MICs of amoxicillin were very low (<0.025 and <0.25pug/mL) on
S. aureus ATCC 25923 and SA-1 respectively, intermediate on COL
(4 pg/mL) and resistant on S. aureus ATCC33591, ATCC33592 and
VRS2. Gentamicin showed low MICs (< 0.125-2 pg/mL) on all bacterial
species except for S. aureus VRS2 (64 ng/mL). Neomycin B was active
against ATCC25923, COL and SA-1 strains (1 ug/mL) but ineffective
against S. aureus ATCC33591, ATCC33592 and VRS2 (=64 pug/mL).
3’,6-Dinonyl neamine showed low MICs (1-2 pg/mL) on all bacterial
species of S. aureus tested, including VRS2 towards gentamicin was
inactive. Against B. subtilis (ATCC 6633), 3’,6-dinonyl neamine also
showed a low MIC value (1 pg/mL). Colistin and neamine, the parent
compound of 3’,6-dinonyl neamine, were inefficient with respect to all
bacterial strains.
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Table 1

Minimal inhibitory concentration against S. aureus (MSSA [ATCC 25923],
MRSA [ATCC 33591, 33592, COL], SA-1-pump-NorA (expression of a fluor-
oquinolone-resistant efflux pump), VRS2 (vancomycin-resistant)).

Antibiotics MICs S. aureus (jug/mL)

MSSA MRSA SA-1 VRS2

pump
ATCC 25923 ATCC ATCC COL NorA
33591 33592

Amoxicillin <0.025 32 64 4 <0.25 64
Gentamicin 0.5 2 0.5 <0.125 1 64
Neomycin B 1 64 >64 0.25 1 64
Colistin >128 >128 >128 >128 >128 >128
Neamine >128 >128 32 >128 >128
3’,6-Dinonyl 1 1-2 2 1 1 1

neamine

3.2. Time killing curves

To elucidate the rate and extent of antibacterial activity and dis-
tinguish bacteriostatic from bactericidal antibiotics, time-kill assays
were performed (Fig. 2).

In controls, the bacterial counts increased by 2.3 logl0 CFU/mL
after 3h. To compare the behavior of 3’,6-dinonyl neamine to re-
presentative bactericidal and bacteriostatic antibiotics, experiments
with gentamicin and linezolid respectively were conducted in parallel.
With 3’,6-dinonyl neamine, at 0.25 times the MIC, a delay in bacterial
growth was observed. At the MIC, after 3h, the ALog CFU (8 h-0h)
reached —1 with regrowth thereafter. At two and five times the MIC,
ALog CFU (8 h-0h) decreased to —3, —4. With 5 times the MIC, no
bacteria were counted at 8 h. In comparison, with gentamicin at 0.25
times the MIC, the bacterial growth decreased. At 1, 2 and 5 times the
MIC, gentamicin induced a huge reduction of the ALog CFU (8 h-0 h) to
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Fig. 3. Fluorescence of BODIPY™-TR-cadaverine (BC) (5pM). Displacement
assay from cell free-LTA (3.5 pg/mL) by compounds of interest (Alexidine [Red
triangles, A], 3’,6-dinonyl neamine [Green squares, m], Colistin [Blue diamonds,
¢], Neomycin B [Black open triangles, /A1, Gentamicin [Black open inverted
triangles, \/1, Amoxicillin [Black open circles, O], Neamine [Black open
squares, []]). The data represent the mean + SEM of three separate experi-
ments.

—3, —4, after 3 h. Two hours later ALog CFU (8 h-0 h) reached —5 for
gentamicin at 2 and 5 times MIC. With linezolid, at 0.25 times the MIC
the bacterial growth was delayed. For higher concentrations (1, 2 and 5
times the MIC), a bacteriostatic effect was observed with the absence of
bacterial growth. Very similar results are obtained with MRSA strain
(ATCC 33592) for the 3 selected antibiotics.

The low MICs and the huge bactericidal effect of 3’,6-dinonyl nea-
mine against S. aureus MSSA and MRSA pushed us to investigate deeply
the mechanism of action which could be responsible for these effects.

3.3. Binding affinity to lipoteichoic acids (LTA)

The mechanism of action of 3’,6-dinonyl neamine was examined by
studying its interaction with LTA from S. aureus using BODIPY™-TR-

Linezolid
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Fig. 2. Time-kill curves of 3’,6-dinonyl neamine in comparison with gentamicin and linezolid against S. aureus ATCC 25923 and S. aureus MRSA (ATCC 33592).
Exponentially growing S. aureus (ll) was challenged with the test agents at 0.25 (A), 1 (V¥), 2 (#) and 5 (@) times the MIC. Viability was enumerated at the
indicated time points by serial dilution plating. Each point represents the mean of duplicate determinations. The limit of detection is a Alog CFU of —5 (initial

inoculum 10° CFU/mL).
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100+ 100+

~
(%]
1
~
(%,
rd

N
3]
1
N
(%]
-1

B. subtilis (ATCC 6633)

BBA - Biomembranes 1861 (2019) 182998

Fig. 4. BODIPY™-TR-cadaverine (BC) fluorescence
as a reflection of BODIPY™-TR-cadaverine displace-
ment from its binding to LTA of S. aureus (MSSA
[ATCC 25923] and MRSA [ATCC 33591 and COL])
and B. subtilis (ATCC 6633) induced by increasing
concentrations of selected compounds (Alexidine
[Red triangles, a], 3,6-dinonyl neamine [Green
squares, m], Colistin [Blue diamonds, 4], Neomycin B
[Black open triangles, /\], Gentamicin [Black open
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cadaverine (BC) displacement assay. BODIPY™-TR-cadaverine is an
amphiphilic molecule able to bind to LTA and undergo a quenching
phenomenon of fluorescence. The binding of an exogenous molecule on
cell free-LTA can be monitored by following the displacement of
BODIPY™-TR-cadaverine from its binding to LTA as reflected by in-
crease of the fluorescence intensity.

Fig. 3 shows the fluorescence data of BODIPY™-TR-cadaverine in
cell free-LTA in presence of increasing concentrations of compounds of
interest. Displacement of the BODIPY™-TR-cadaverine from cell free-
LTA was observed with alexidine (positive control) and with 3’,6-di-
nonyl neamine. Amoxicillin, neomycin B, gentamicin and neamine did
not displace BODIPY™-TR-cadaverine from its binding to cell free-LTA.
Colistin showed an intermediate behavior.

To know if 3’,6-dinonyl neamine also binds to LTA at the surface of
S. aureus and B. subtilis, we reproduced the BODIPY™-TR-cadaverine
displacement assay on bacteria. Fig. 4 shows the evolution of the
fluorescence of BODIPY™-TR-cadaverine reflecting displacement from
its binding to S. aureus (MSSA [ATCC 25923] and MRSA [ATCC 33591,
COL]) and B. subtilis (ATCC 6633) by different molecules of interest.
Displacement of the BODIPY™-TR-cadaverine was observed in S. aureus
and B. subtilis, through enhancement of fluorescence, ranking from
alexidine, 3’,6-dinonyl neamine and colistin. In contrast, neomycin B,
gentamicin and neamine did not induce any displacement of BODIPY™-
TR-cadaverine from S. aureus and B. subtilis, as expected.

These results suggest that the 3’,6-dinonyl neamine binds with LTA
of Gram-positive bacteria even some differences in the profile can be
evidenced upon the strain. The extent of the effect with S. aureus is a
little bit higher (around 55%) as compared to that observed with B.
subtilis (around 35%). Regarding S. aureus, the effect of increasing
concentrations of 3’,6-dinonyl neamine with LTA seems more pro-
gressive for MSSA as compared with MRSA strains.

3.4. Effect on membrane potential

Beyond the interaction with surface component LTA, we in-
vestigated the effect of 3’,6-dinonyl neamine on the membrane

- T
10 15 20

Concentration (pM)

potential of S. aureus (MSSA [ATCC 25923] and MRSA [ATCC 33591,
COL]) and B. subtilis (ATCC 6633). For this purpose, we used DiSC3(5),
a marker whose fluorescence is dependent on the membrane potential.
Based on the literature, valinomycin was used as a positive control
[271.

Fig. 5 shows the fluorescence of DiSC3(5) in the presence of 3’,6-
dinonyl neamine and other antibacterial drugs. Depolarization of the
membrane of S. aureus and B. subtilis was observed with 3’,6-dinonyl
neamine and valinomycin. On S. aureus, as compared to the positive
control, 3’,6-dinonyl neamine induced changes in membrane potential
in a more dependent fashion regarding the increase of concentrations.
On B. subtilis, the effect is less progressive with the increase of 3’,6-
dinonyl neamine concentrations but also lower as compared to that
observed with valinomycin even at the highest concentrations tested.
With neomycin B, gentamicin, amoxicillin, neamine there was no or a
limited effect on membrane potential, non-dependent upon the bac-
terial strains.

At a glance, in addition with its ability to bind to LTA, 3’,6-dinonyl
neamine induces membrane depolarization of Gram-positive bacteria.

3.5. Effects on membrane permeabilization

To investigate if binding of 3’,6-dinonyl neamine to LTA and effect
on membrane depolarization might result in bacterial membrane per-
meabilization, we used propidium iodide, a probe able to fluoresce
when it binds to DNA. Since this probe is not capable to cross an intact
lipid membrane it can bind to the DNA only if the membrane has been
previously permeabilized. Based on the literature, alexidine was used as
a positive control [32].

Fig. 6 shows the fluorescence of propidium iodide in the presence of
different antibiotics. For both S. aureus and B. subtilis, permeabilization
was observed after exposure to alexidine (positive control), 3’,6-dinonyl
neamine and colistin as revealed by the ranked increase of the intensity
of propidium fluorescence. The effect induced by the amphiphilic
neamine derivative was lower as compared to that observed with
alexidine, even some variability in the extent of effect was showed



J. Swain, et al.

S. aureus MSSA (ATCC 25923)

B. subtilis (ATCC 6633)
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Fig. 5. DiSC3(5) fluorescence as a reflection of
membrane potential of S. aureus (ATCC 25923,
ATCC33591 and COL) and B. subtilis ATCC 6633.
Increasing concentrations of selected compounds

(Valinomycin [Red triangles, a], 3’,6-dinonyl nea-
mine [Green squares, ], Colistin [Blue diamonds, ¢
1, Neomycin B [Black open triangles, Al,
Gentamicin [Black open inverted triangles, V1,

Amoxicillin [Black open circles, O], Neamine [Black
open squares, []]) were added and fluorescence in-
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depending upon the strain. No permeabilization was observed with the
other molecules tested, e.g. neomycin B, gentamicin, amoxicillin, and
neamine.

Thus 3’,6-dinonyl neamine is able to efficiently permeabilize the
bacterial membranes of S. aureus and B. subtilis.

3.6. Effects on bacterial morphology and lipid distribution

The effects of 3’,6-dinonyl neamine on morphology of bacteria was
first examined by electron microscopy imaging. Fig. 6 shows the elec-
tron microscopy images of S. aureus (spherical shape) and B. subtilis (rod
shape) with or without exposition of 3’,6-dinonyl neamine (2 MIC;
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2 uM) for 30 min. Huge morphological changes were observed for both
pathogens including cell damages and deformations of cell membrane.
The appearance of S. aureus in the absence of drug is shown in Fig. 7
(top, left). The bacteria were smooth and rounded. The organisms were
grouped in characteristic grapelike clusters. After exposure to 3’,6-di-
nonyl neamine, morphological alterations with cell collapse were evi-
denced (Fig. 7, top, right). On B. subtilis, an effect of 3’,6-dinony nea-
mine (Fig. 7, bottom, right) was also observed as numerous damaged
cells in comparison to the control (Fig. 7, bottom, left). A shift from the
normal rod shape to that of a bent rod, and swelling into irregular
shapes was evidenced.

We next investigated the potential consequence of membrane

Fig. 6. Propidium iodide fluorescence as a reflection
of membrane permeabilization of S. aureus ATCC
25923 (left) and B. subtilis ATCC 6633 (right) treated
with increasing concentrations of selected com-
pounds. (Alexidine [Red triangles, a], 3’,6-dinonyl
neamine [Green squares, m], Colistin [Blue dia-
monds, 4], Neomycin B [Black open triangles, Al,
Gentamicin [Black open inverted triangles, V1,
Amoxicillin [Black open circles, O], Neamine [Black
open squares, []]). The data represent the
mean + SEM of three separate experiments.

4 5 6 7 8

S.aureus MRSA (COL)

4 5 6 7 8

Concentration (uM)
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Control
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With 3', 6-dinonyl neamine
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Fig. 7. SEM images of the effect of 3’,6-dinonyl
neamine on the morphology of S. aureus ATCC 25923
(Top) and B. subtilis ATCC 6633 (Bottom). The con-
centration of 3’,6-dinonyl neamine used is 2 uM, (2
times the MIC) and the incubation time was 30 min.
Scale bars correspond to 2pum. Images were re-
presentative of >200 pictures.

snaino °§

singns g

Fig. 8. Time lapsed Nile red fluorescence images of S. aureus ATCC 25923 and B. subtilis ATCC 6633. The concentration of 3’,6-dinonyl neamine used is 2 = MIC. Scale

bars correspond to 10 um.

depolarization induced by 3’,6-dinonyl neamine, on Nile Red fluores-
cence. Nile Red is an uncharged fluorescent dye that partitions into
lipid membranes based on its intrinsic hydrophobicity [31,33] and
fluidity of the membrane [30]. S. aureus and B. subtilis were labelled
with Nile Red, and time lapsed images are taken at room temperature
after incubation with the 3’,6-dinonyl neamine at 2 times the MIC
(Fig. 8). We observed a stronger fluorescence signal at division septa,
which is caused by the presence of two adjacent cell membranes where
the newly daughter cells are formed. When compared to control cells
(time 0), an overall changes in fluorescence distribution in cells was
detected with a more homogeneous labelling as clearly illustrated on B.
subtilis after 2-5min. The membrane staining effects were already
visible within 2min after the addition of the neamine derivative (2
MIC), suggesting these changes were not formed by accumulation of
newly synthesized membrane material.

To get more insight on what are the effects of the 3’,6-dinonyl
neamine on S. aureus, we explored the potential effect of this derivative
on the localization of PBP2, a septum-localized protein involved in S.
aureus cell division. We used a GFP-PBP2 fusion in MRSA strain COL
(Fig. 9). In untreated S. aureus, PBP2 preferentially localized at the
septum (see arrows), while the addition of 3’,6-dinonyl neamine caused
its redistribution with very few bacteria labelled at the septum (see
arrows) suggesting impairment of the new peptidoglycan synthesis at
the cell division site and/or inhibition of septum formation [34].

4. Discussion

Bacterial membrane geometry has recently been recognized as an
important determinant for both lipid and protein localization. If the
mechanism of protein localization is both conserved and essential in
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Control

BBA - Biomembranes 1861 (2019) 182998

With 3', 6-dinonyl neamine

Fig. 9. Fluorescence images of GFP-tagged PBP2 of S. aureus COL strain. The concentration of 3’,6-dinonyl neamine used was 1 + MIC and time of incubation, 30 min.

Scale bars correspond to 2 um.

bacteria, it is possible that some antibiotics may have evolved to exploit
it as a novel target. Here, we aimed to investigate if 3/,6-dinonyl nea-
mine is able to interact with lipid membranes of Gram-positive bacteria,
modify their biophysical properties with potential impacts of proteins
depending upon lipids for their proper activity.

On S. aureus and B. subtilis, we demonstrated the bactericidal ac-
tivity of 3’,6-dinonyl neamine. Focusing on the molecular mechanism of
action, we showed this amphiphilic neamine derivative interacts with
the bacterial surface lipoteichoic acids (LTA), disrupts the membrane
potential and enhances the membrane permeability. By imaging, we
illustrated the ability of 3’,6-dinonyl neamine to induce changes in lipid
organization reflecting MreB location and to interfere with the forma-
tion of septum. In turn this could impair the synthesis of new pepti-
doglycan at the cell division site. Altogether, the mechanism of action
of 3’,6-dinonyl neamine against Gram-positive could be view in three
major steps.

The first event is the interaction of the 3’,6-dinonyl neamine with
LTA. LTA from S. aureus is made of polyglycerophosphate (poly-GroP)
repeats anchored directly to the cell membrane via a diacylglycerol-
gentiobiose moiety [17,35]. This is an anionic polymer that can bind
the positively-charged amphiphilic neamine derivative. If LTA act as
entrapper or ladder for a route to the cytoplasmic membrane is still
unknown. Concentrations and structure of the amphiphilic anti-
bacterial, and the lipid composition of cytoplasmic membrane are
probably critical for deciphering if bacterial cell wall components,
peptidoglycan and lipoteichoic acids, serve as electrostatic barriers
capturing the 3’,6-dinonyl neamine and in turn preventing their inter-
action with the cytoplasmic membrane or attract the compound to
allow to reach the cytoplasmic membranes. The latter is probably the
right process since 3’,6-dinonyl neamine induces membrane depolar-
ization, permeabilization and changes in lipid organization. The dif-
ferences we observed between the ability of the 3’,6-dinonyl neamine to
displace the BODIPY™-TR cadaverine from its binding to LTA of S.
aureus or B. subtilis could result from differences in mechanisms in-
volved in glycosylation of wall teichoic acids in Gram-positive bacteria
[36], and esterification of the glycerolphosphate subunits leading to a
varying degree in p-alanine groups [17,37,38]. How GlcNAcylation
and/or p-alanine modification impacts LTA structure and function is
still unknown but this could result from differences in surface electro-
statics, cell membrane fluidity and conformation of LTA as well as
potencies in the stimulation of TLR2 of Gram-positive bacteria [39].

The second event would be the interaction with cytoplasmic mem-
brane a process probably highly dependent upon its composition. S.
aureus, contains about 55% of negatively-charged PG [16]. In contrast,
the membrane of B. subtilis is composed of about 70 mol% of PG
[40,41]. In addition, both types of bacteria have about 5% negatively-
charged and negative curvature strain-inducing cardiolipin [15,42].

The higher content of negatively-charged lipids in the membrane of B.
subtilis might drive electrostatic interactions and favor amphiphilic
neamine derivative accumulation on the bacterial surface [15]. Pre-
ferred binding to membrane regions with high curvature which are rich
in cardiolipin microdomains and in phosphatidylethanolamine might
additionally contribute to the distinct distribution of amphiphilic nea-
mine observed in rod-shaped B. subtilis cells [41,43-45]. However,
other parameters are probably involved since we observed a lower ef-
fect induced by 3’,6-dinonyl neamine on the displacement of Bodipy™-
TR-cadaverine from binding to LTA or on membrane depolarization
with B. subtilis as compared with S. aureus. Additional questions were
also raised regarding the mechanism involved in membrane depolar-
ization induced by 3’,6-dinonyl neamine. It probably results from the
formation of pore in the cytoplasmic membrane as it has been described
for nisin [46]. However, rather than depolarizing the membrane
through bilayer perturbation, the observed gradual reduction of mem-
brane potential could also be due to the specific inhibition of the re-
spiratory chain. In addition, possible dissociation between membrane
depolarisation and direct membrane permeabilization can occur as
observed on B. subtilis [47].

The third step would be changes in protein activity as, in part, the
result from drug/lipid interaction. Many proteins involved in the reg-
ulation and maintenance of bacterial growth reside in the cytoplasmic
membrane and are dependent upon lipids. The division site appears to
be enriched for certain phospholipids, including cardiolipin to which
the 3’,6-dinonyl neamine is able to bind [12,13]. This suggests a role of
the lipid composition at the septum for the assembly and maintenance
of the biosynthetic machinery. From our results, and based on the re-
lation between the Nile Red fluorescence and MreB localization [29] we
first suggest that 3’,6-dinonyl neamine might induce a potential effect
on MreB location on S. aureus and B. subtilis. In turn, this could impair
peptidoglycan synthesis since MreB forms a complex with the con-
served membrane proteins MreC and MreD, and with proteins involved
in peptidoglycan synthesis such as RodA, MurG, MraY, and several
penicillin binding proteins (PBPs) [48-50]. A second feature from this
work is the ability of the 3’,6-dinonyl neamine to impair the formation
of the septum, as demonstrated by imaging the fluorescence of GFP-
PBP2 in S. aureus. PBP2 is a penicillin binding protein recruited to the
septum by a process requiring the presence of FtsZ, a protein that an-
chors the cell wall synthetic machinery to the site of cell division
[34,34]. More experiments are required to ascertain if there is a delo-
calization of PBP2 from the FtsZ-anchored cell wall biosynthetic ma-
chinery at the septal division site as demonstrated for the FtsZ-targeting
agent (TXA707) [51], ursolic acid [52], and epicatechin gallate [53].
Additional studies are also required to fully understand the coordina-
tion of cell wall synthesis and cell constriction, two processes highly
interconnected and requiring the interplay of dozens of proteins [54].
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Among those proteins, it would be interesting to focus on FtsZ/FtsA
(FtsAZ) and DivA. FtsAZ filaments treadmilled circumferentially around
the division ring, driving the motions of the peptidoglycan synthesizing
enzymes and cell division [54]. DivIVA is involved in cell division
protein and its recruitment leads to local changes in peptidoglycan
biogenesis, including localized inhibition of lateral cell wall biosynth-
esis. DivIVA [55-571, localizes principally as a ring at nascent septa and
secondarily to the less negatively curved, inside surface of the hemi-
spherical poles of B. subtilis [57]. Since it recognizes the localized region
of membrane distortion and altered curvature [11,56,57], amphiphilic
aminoglycoside derivatives which have a large headgroup volume and
a short, small-volume tail could produce local alterations in membrane
curvature and impair DivIVA.

All together these three steps are closely linked. The potential defect
in the formation/characteristics of LTA resulting from the binding of
3’,6-dinonyl neamine might lead to shape malformations and to im-
paired septation and cell division. However, how localization of LTA
synthesis proteins is co-ordinate to proteins involved in the cell division
machinery [58,59] should be addressed.

From a microbiological point of view, we did not observe any major
difference in the effect of 3’,6-dinonyl neamine on S. aureus MSSA
(ATCC 29523) and MRSA (ATCC 33591, COL) if we compare its ability
to displace the Bodipy™-TR-cadaverine from its binding to LTA, as well
as to depolarize and permeabilize the bacterial cytoplasmic membrane.
At a first glance, it could be surprising taking into differences in genetic
patterns as well as morphological changes including the greater thick-
ness of the wall or septum for MRSA [60]. From a clinical point of view,
this can however viewed as a great advantage to have antibiotic active
against a large panel of strains including resistant ones.

At a glance, we showed that 3’,6-dinonyl neamine, an amphiphilic
neamine derivative already described for its interest against Gram-ne-
gative bacteria including resistant P. aeruginosa [7], is also active on
Gram-positive bacteria including S. aureus MRSA. By time killing
curves, we assessed the bactericidal effect induced by 3’,6-dinonyl
neamine on S. aureus MSSA and MRSA. Moreover, we demonstrated the
ability of 3’,6-dinonyl neamine to interact with the surface components
(LTA) of Gram-positive bacteria, to induce membrane depolarization,
and to enhance membrane permeabilization. At the septum, the am-
phiphilic derivative of neamine induced changes in lipid-enriched re-
gion of S. aureus and B. subtilis, and impaired the formation of the
septum. These multiple effects related to different potential targets
should lead to the development of new promising agents able to fight
the increase of bacterial resistance to current antibiotics.
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