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Abstract: In this article, we used molecular dynamics (MD), one of the most common methods
for simulations of membranes, to study the interaction of fluorescent membranotropic biological
probe 10-N-nonyl acridine orange (NAO) with the bilayer, mimicking a plasma membrane of Gram-
negative bacteria. Fluorescent probes serve as an effective tool to study the localization of different
components in biological membranes. Revealing the molecular details of their interaction with
membrane phospholipids is important both for the interpretation of experimental results and future
design of lipid-specific stains. By means of coarse-grained (CG) MD, we studied the interactions
of NAO with a model membrane, imitating the plasma membrane of Gram-negative bacteria. In
our simulations, we detected different NAO forms: monomers, dimers, and stacks. NAO dimers
had the central cardiolipin (CL) molecule in a sandwich-like structure. The stacks were formed
by NAO molecules interlayered with anionic lipids, predominantly CL. Use of the CG approach
allowed to confirm the ability of NAO to bind to both major negatively charged phospholipids,
phosphatidylglycerol (PG) and CL, and to shed light on the exact structure of previously proposed
NAO–lipid complexes. Thus, CG modeling can be useful for the development of new effective and
highly specific molecular probes.

Keywords: 10-N-nonyl acridine orange (NAO); lipid probe; model bacterial plasma membrane;
coarse-grained modeling; bilayer parameters; cardiolipin; phosphatidylglycerol; molecular dynamics;
molecular interactions

1. Introduction

Today, molecular dynamics (MD) is one of the most common methods for simula-
tions of membranes. MD simulations allow to reveal the effects of lipid composition on
physicochemical properties of lipid bilayers which mediate membrane interactions with the
surrounding. Using the MARTINI coarse-grained (CG) approach dealing with simplified
molecular models with reduced number of particles makes it possible to study interactions
of small molecules with biological membranes on a time scale of tens of microseconds.

The plasma (or cytoplasmic) membrane, based on a bilayer of phospholipids, is an
integral structure of the cells of both Gram-positive and Gram-negative bacteria. In the
latter, the plasma membrane is also called the inner membrane, since the cell wall of these
bacteria includes an additional outer asymmetric membrane, the inner leaflet of which is
built with phospholipids, and the outer leaflet is mainly formed by lipopolysaccharides [1].

Bacterial phospholipids are mainly represented by glycerophospholipids, the molecules
of which contain two fatty acid residues, a glycerol moiety, a phosphate group, and a vari-
able head group [2]. The ratio of individual lipids in the plasma membranes of different
types of bacteria varies greatly, in particular, lipids can differ in the length and number
of acyl chains, bond geometry, and polarity. These variations provide a difference in the

Molecules 2023, 28, 1929. https://doi.org/10.3390/molecules28041929 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules28041929
https://doi.org/10.3390/molecules28041929
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-5918-5084
https://orcid.org/0000-0002-4949-6591
https://orcid.org/0000-0002-4571-0431
https://doi.org/10.3390/molecules28041929
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules28041929?type=check_update&version=2


Molecules 2023, 28, 1929 2 of 13

biophysical parameters of bacterial membranes, such as fluidity and permeability [3]. In
bacterial plasma membranes, the most common glycerophospholipids are zwitterionic
phosphatidylethanolamine (PE), which predominates in most Gram-negative bacteria, as
well as anionic phosphatidylglycerol (PG) and cardiolipin (CL) [2,4–6]. A typical phospho-
lipid composition of Gram-negative Escherichia coli from exponential growth phase cultures
is described as 75% PE, 20% PG, and 5% CL [7].

Among bacterial phospholipids, CL, which is a derivative of tetraacylated diphos-
phatidylglycerol with four unsaturated acyl chains and a polar head bearing two negatively
charged phosphate groups, is of the greatest interest. Depending on the length and degree
of unsaturation of fatty acyl chains, the CL family provides a high potential for adaptation
reactions and responses to stress [8]. Depending on the growth phase and cultivation
conditions, the relative content of CL among E. coli phospholipids can vary within 5–15%,
increasing sharply upon transition to the stationary phase of culture growth [9]. In E. coli,
the products of three genes (clsA, clsB, and clsC) are involved in the CL synthesis [10].
Various abiotic stresses induce transcription of the clsA gene, the product of which is the
major cardiolipin synthase. Increased osmolality causes excessive accumulation of CL [11],
which colocalizes the ProP osmosensory transporter at the poles and near the septa of
dividing E. coli cells [11,12].

Elevated levels of cardiolipin in the bacterial membrane can mediate resistance to
certain antibiotics, such as the lipopeptide daptomycin, by inhibiting octameric pore
formation and membrane permeabilization induced by this antibiotic [13]. On the other
hand, CL, through electrostatic interactions, can serve as a target for cationic antimicrobials.
Thus, the bactericidal activity of the amino-alcohol sphingosine, which is present in the
epithelial cells of the nose, trachea, and bronchi, promotes permeabilization of the plasma
membrane and death of bacterial cells due to the binding to CL and clustering of CL
molecules [14].

The organization of bacterial plasma membranes is characterized by a heterogeneous
lateral distribution of phospholipids [6,15]. PE and PG tend to localize in the cylindric re-
gions of the membrane of rod-shaped bacteria, but segregate into different domains [16]. CL
molecules having a conical shape tend to form domains at the poles and the septa [17,18],
regions with the largest negative membrane curvature, ∼2 µm−1 and ∼10 µm−1, respec-
tively [19]. In the simulated bilayers, CL also strongly favors membrane regions with
negative curvature, while PG favors regions with positive curvature [20].

CL domains play an important role in organizing the spatial distribution and function-
ing of proteins of the bacterial division machinery [18] and the positioning of the site of cell
division [21]. Staining of CL in E. coli with the probe erylysin A-EGFP inhibited cytokinesis
and caused abnormal distribution of the cytoskeletal protein RodZ. It also revealed CL
localization in the inner leaflet of the plasma membrane at cell poles and the outer leaflet
at division sites [22]. Interestingly, CL is synthesized at the inner (plasma) membrane of
Gram-negative bacteria, but it is also localized in the inner leaflet of the outer membrane,
where it is transported by the PbgA protein [23].

The fluorophore 10-N-nonyl-3,6-bis(dimethylamino)acridine (10-N-nonyl acridine
orange, NAO) has been widely used as the specific fluorescent CL probe to observe local
concentration of CL in bacteria and mitochondria of eukaryotic cells. In NAO, the NH
group in position 10 of acridine orange is replaced by the N-nonyl group resulting in the
insertion into the lipid bilayer [17]. Due to the positive charge on the acridine ring NAO
has the ability to bind electrostatically to the phosphate groups of anionic phospholipids.
Even more significant may be a hydrophobic interaction between the nonyl chain of NAO
and fatty acid chains of phospholipids [24]. However, only the interaction of NAO with CL,
which carry two phosphate groups, was believed to form a complex of CL with two closely
located NAO molecules. Such complexes can be detected by the unique red Stokes shift of
fluorescence maximum from a green (524 nm) to red (640 nm) spectral region [25]. NAO
was also expected to aggregate at hydrophobic domains exposed on the bilayer surface by
CL [26]. Later, it was shown that the spectral properties of NAO change in a similar way
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when bound to other anionic phospholipids [25]. In the absence of CL, in bacteria lacking
CL synthases, NAO can also indicate PG localization in the sites typical for CL [27].

Another fluorescent sensor developed for CL quantification was a positively charged
1,1,2,2-tetrakis [4-(2-trimethylammonioethoxy)phenyl]ethene tetrabromide (TTAPE-Me)
with aggregation-induced emission [28]. However, it turned out that TTAPE-Me is also not
specific for CL and detects PGs with the same efficiency [29].

Thus, although fluorescent probes are of interest for determining the localization of
individual phospholipids in biological membranes, their sensitivity and selectivity are far
from satisfactory. Understanding the detailed molecular mechanism of dye interactions
with membrane phospholipids is important both for interpreting experimental results
and the design of more lipid-specific fluorescent probes. Studying the interaction of
various dyes with microbial cell wall components at the molecular level is a complex task,
which, nevertheless, can be solved using computer simulation, which makes it possible to
characterize the details of intermolecular interactions and achieve high efficiency in the
study of biological processes.

In this work, we developed a CG model of NAO and used MD to study its interaction
with phospholipids in a model CL-containing bacterial membrane. The use of CG modeling
made it possible to characterize in the microsecond range the process of NAO binding
to a bilayer that mimics the plasma membrane of Gram-negative bacteria. Herein, for
the first time, in the computational simulation, we were able to detect the formation of
NAO–lipid complexes, which should undoubtedly affect the spectral characteristics of the
fluorescent probe.

2. Results
2.1. Electrostatic Charactersitcs of Coarse-Grained Model Components

The CG model of the membrane probe NAO was developed in the MARTINI force
field, and the chemical structure of NAO with the all-atom (AA) to CG mapping is depicted
in Figure 1. The positive equipotential surface of the NAO CG model with one positively
charged C11 bead is shown in Figure 2A. The procedure of CG model development is
described in the Material and Methods section.
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Figure 2. CG spatial structures of NAO and phospholipid components of the model membrane and
their equipotential electrostatic surfaces +7 mV (blue), –7 mV (red): NAO (A), PE (B), CL (C), PG (D).
Colors of CG beads correspond to molecular surface electrostatic potential.

In our MD simulations, the CG model of the bacterial plasma membrane was com-
posed of 384 neutrally charged PE lipids, 48 PG, and 48 CL anionic lipids. Equipotential
surfaces of phospholipids (Figure 2B–D) demonstrate the zwitterionic nature of PE, while
PG and CL lipids in the MARTINI force field generate a strong negative electric field.

The model membrane, which includes anionic PG and CL lipids, has a strong negative
charge of 144 elementary charges. A predominantly negative electrostatic potential is
generated on its surface, with small positive regions arising from the polar heads of the PE,
and few hydrophobic regions, which are probably formed due to the exposure of lipid acyl
chains (Figure 3).
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Figure 3. Equilibrated model membrane (A) and its surface electrostatic potential (B). The molecular
surface of bilayer on the panel A is colored according to lipid type (PE—in white, PG—in salmon,
CL—in dark ruby); the molecular surface of bilayer on the panel B is colored according to surface
electrostatic potential from −100 mV (red) to +100 mV (blue).
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2.2. Insertion of NAO Molecules into the Model Bilayer

To study the interaction with the model plasma bacterial membrane, NAO was added
in the box with the equilibrated model bilayer at the ratio of 1:60 or 1:6 NAO:lipid. Each
MD simulation was carried out for 7 µs. In less than half a microsecond, all NAO molecules
inserted into the lipid bilayer (Figure 4A). The NAO hydrophobic acyl tail penetrated into
the region of the lipid fatty acid chains. The terminal C9 bead of the NAO model molecules
located at a distance of 1 nm from the bilayer center, while the positively charged C11 bead
colocalized with the lipid phosphate groups (Figure 4B,C).

Molecules 2023, 28, x FOR PEER REVIEW 5 of 13 
 

 

2.2. Insertion of NAO Molecules into the Model Bilayer 
To study the interaction with the model plasma bacterial membrane, NAO was 

added in the box with the equilibrated model bilayer at the ratio of 1:60 or 1:6 NAO:lipid. 
Each MD simulation was carried out for 7 μs. In less than half a microsecond, all NAO 
molecules inserted into the lipid bilayer (Figure 4A). The NAO hydrophobic acyl tail pen-
etrated into the region of the lipid fatty acid chains. The terminal C9 bead of the NAO 
model molecules located at a distance of 1 nm from the bilayer center, while the positively 
charged C11 bead colocalized with the lipid phosphate groups (Figure 4B,C). 

 
Figure 4. Insertion of NAO into the model bilayer. Distance between the center of mass of modeled 
bilayer and NAO shown in different colors for individual NAO molecules (A). Representative con-
formation of inserted NAO molecule (charged bead of NAO is shown as yellow sphere; terminal 
bead of NAO is pink; other NAO beads are shown as orange sticks; the acyl chains of lipids are 
shown as cyan sticks; lipid phosphates are shown as blue sticks) (B). The density profiles of key 
chemical moieties of NAO and lipids along the membrane normal. Blue dashed lines correspond to 
the average position of lipid phosphates (C). 

As a result of NAO insertion into the lipid bilayer at a low concentration (NAO:lipid 
1:60), the lateral diffusion coefficient of neutral lipid PE decreased to a lesser extent, while 
the greatest change was observed for CL (Figure 5A). At the increased NAO concentration 
(NAO:lipid 1:6), the lateral diffusion coefficients decreased further only for PE and PG. 
As a result, the decrease of lateral diffusion coefficients of all membrane lipids was within 
30 percent. The NAO insertion into the model bilayer did not influence the order param-
eters of lipid acyl chains (Figure 5B) and had little effect on the area per lipid and the 
average bilayer thickness (Figure 5C,D). 

Figure 4. Insertion of NAO into the model bilayer. Distance between the center of mass of modeled
bilayer and NAO shown in different colors for individual NAO molecules (A). Representative
conformation of inserted NAO molecule (charged bead of NAO is shown as yellow sphere; terminal
bead of NAO is pink; other NAO beads are shown as orange sticks; the acyl chains of lipids are
shown as cyan sticks; lipid phosphates are shown as blue sticks) (B). The density profiles of key
chemical moieties of NAO and lipids along the membrane normal. Blue dashed lines correspond to
the average position of lipid phosphates (C).

As a result of NAO insertion into the lipid bilayer at a low concentration (NAO:lipid
1:60), the lateral diffusion coefficient of neutral lipid PE decreased to a lesser extent, while
the greatest change was observed for CL (Figure 5A). At the increased NAO concentra-
tion (NAO:lipid 1:6), the lateral diffusion coefficients decreased further only for PE and
PG. As a result, the decrease of lateral diffusion coefficients of all membrane lipids was
within 30 percent. The NAO insertion into the model bilayer did not influence the order
parameters of lipid acyl chains (Figure 5B) and had little effect on the area per lipid and the
average bilayer thickness (Figure 5C,D).



Molecules 2023, 28, 1929 6 of 13
Molecules 2023, 28, x FOR PEER REVIEW 6 of 13 
 

 

 
Figure 5. Lateral diffusion coefficients of lipids (A), order parameters of lipid acyl chains (B), area 
per lipid (C), and average bilayer thickness (D) of model membrane at different NAO concentra-
tions. 

2.3. Interaction of NAO with Lipids Lead to the Formation of Complexes with Different 
Composition 

After NAO insertion into the bilayer (NAO:lipid 1:60), NAO molecules exist as mon-
omers or form complexes with anionic PG and CL lipids. During MD simulation, we ob-
served formation of complexes consisting of two NAO molecules and one CL molecule 
(Figure 6A,B). In some cases, heterogeneous stacks composed of a few NAO and CL mol-
ecules took place (Figure 6C). 

Figure 5. Lateral diffusion coefficients of lipids (A), order parameters of lipid acyl chains (B), area
per lipid (C), and average bilayer thickness (D) of model membrane at different NAO concentrations.

2.3. Interaction of NAO with Lipids Lead to the Formation of Complexes with
Different Composition

After NAO insertion into the bilayer (NAO:lipid 1:60), NAO molecules exist as
monomers or form complexes with anionic PG and CL lipids. During MD simulation, we
observed formation of complexes consisting of two NAO molecules and one CL molecule
(Figure 6A,B). In some cases, heterogeneous stacks composed of a few NAO and CL
molecules took place (Figure 6C).
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Figure 6. Formation of complexes of NAO with anionic lipids at 1:60 NAO:lipid ratio. PE is colored in
white, PG—in salmon, CL—in dark ruby, NAO—in orange (A). Enlarged view of complex consisting
of two NAO molecules and one CL molecule (B). Formation of heterogeneous stack composed of NAO
and CL molecules (C). Black circles highlight sandwich-like complexes of NAO with anionic lipids.

The existence of NAO in complexes of two NAO molecules and one CL, or in stacks, in
which NAO molecules are layered with CL, was confirmed by radial distribution function
(RDF) analysis. On RDF, the peak at about 9.4 Å (Figure 7A) corresponds to the distance
between the NAO C11-charged beads colocalized with the CL molecule in the sandwich-
like structure. RDF analysis shows that NAO binds preferentially to CL. This is evident
from the larger CL peak magnitude (at 5 Å), which corresponds to a distance between the
C11 NAO bead and phosphate groups of different lipids (Figure 7B).
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beads and phosphates of different lipids (B) calculated for the ratio 1:6 NAO:lipid.

The probability of stack formation between NAO and anionic lipids increased in
the computational experiment with a higher concentration of NAO (NAO:lipid 1:6). We
observed heterogeneous stacks composed of a few NAO and anionic lipids, in which NAO
interacted mainly with CL, but PG could also be present in such stacks (Figure 8). The
simplest stacks with a size of about 9.4 Å contained two NAO molecules and one CL
molecule. The size of more complex stacks formed by three NAO and two CL molecules
was of about 18 Å (Figure 8C). We have also observed more complex stacks that result from
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combining such aggregates. The stacks had a sandwich-like structure in which NAO and
CL molecules were interlayered.
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3. Discussion

Selective fluorescent probes, especially those with red and green light, are widely used
to visualize biomolecules, organelles, whole cells, and tissues. Among these dyes, one of
the most studied is acridine orange (AO). This basic acridine dye intercalates into double-
stranded DNA in a monomeric form with green fluorescence, but forms red fluorescent
aggregates when it is coordinated with single-stranded nucleic acids [30,31]. In aqueous
solutions at concentrations below 10 µM, AO is present predominantly in the monomeric
form with an absorption maximum at 490 nm and the shoulder at 468–470 nm. The
absorption intensity at 468 nm increases at higher AO concentrations compared to that at
490 nm due to the formation of AO dimers and high-order aggregates. The fluorescence
maxima of AO monomers and aggregates are at 529 and 634 nm, respectively [32,33].

N-alkyl acridine orange derivatives are formed by replacing the NH group in position
10 of acridine orange by the N-alkyl group. This leads to the loss of the ability to interact
with nucleic acids and the appearance of the ability to interact with negatively charged
phospholipids [17]. The best-known compound of this type used for CL imaging is NAO,
but other N-alkyl derivatives have been synthesized and tested with some success for this
purpose [34,35].

According to [17], during the incubation of E. coli bacteria with NAO, a fluorescent
signal was observed in the green and red regions of the spectrum, which may indicate
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both the binding of NAO in the monomeric form to CL as well as the binding to PG.
The high ability of NAO to bind to CL with a stoichiometry of 2 mol NAO/mol CL has
been explained [24,26,36] by electrostatic interactions between the quaternary ammonium
of NAO and two ionized phosphate groups of CL, as well as hydrophobic interactions
between neighboring chromophores and NAO alkyl chain with fatty acids of CL.

One of the most popular methods for studying biological systems with molecular
modeling is MD. Using MD, it is possible to obtain a set of frames corresponding to a
specific modeling step and follow the changes in the positions of particles in the process of
system evolution. In our MD simulations, we observed the process of NAO insertion in
the bilayer as the following: electrostatic attraction of positively charged acridine moiety
of NAO to bilayer with negative surface potential, rotation of NAO molecule so that its
hydrophobic tail becomes parallel to the plane of the model membrane, insertion of the
tail between the acyl chains of lipids. Being inserted in the bilayer with its N-alkyl chain
(Figure 4B), the positively charged NAO head group (bead C11 in Figure 1) is able to form
electrostatic encounter complexes with negatively charged phosphate groups of lipids. In
such complexes, the distance between NAO C11 and phosphate is about of 5 Å (Figure 7B).
The probability to find NAO C11 beads at the distance of 5 Å from the phosphate groups
depends on the lipid type; it decreases in the row CL, PG, PE (Figure 7B), which corresponds
to the electrostatic potential properties of these phospholipids (Figure 2).

In addition to complexes of NAO:CL and NAO:PG in a stoichiometric ratio of 1:1, MD
shows the formation of 2NAO:1CL complexes with the central CL molecule in a sandwich-
like structure (Figure 6A,B), according to the proposed structural mode of interaction
between AO-type dyes and CL [24]. Even at a low concentration of NAO (NAO:lipid 1:60),
one could observe the formation of higher-order complexes in the form of stacks, in which
NAO molecules are interlayered by CL molecules (Figure 6C). Obviously, the formation
of complexes 2NAO:1CL and higher-order stacks of NAO and CL is reflected in the 9.4 Å
RDF peak for the distance between C11 beads of two NAO molecules (Figure 7A). Both
lower-order complexes and stacks are dynamic structures that quickly transform and break
down.

With an increase in the concentration of NAO by an order of magnitude (NAO:lipids
1:6), the stacks become common, complex, and highly heterogeneous in composition
(Figure 8). Despite the fact that the vast majority of NAO molecules are found precisely
in such complex stacks, predominantly with CL, NAO can be found both in complexes
with PG and in the form of monomers (Figure 8). The results of our simulations confirm
the ability of NAO to bind to both major negatively charged lipids, CL and PG, which was
previously observed in the experiments [17,25,27,37]. Nevertheless, it should be noted that,
according to our data, the probability to find NAO in a complex with CL is much higher
than that with PG (Figure 7B). Thus, with the help of CG modeling and MD, we have
shown the existence of all forms of NAO in complexes with CL and PG predicted from the
results of experimental studies. Such a complex system of NAO interactions with various
anionic lipids should undoubtedly affect the spectral properties of this biological stain.

The lipid content of our model bilayer reflects the real ratio of lipids at the poles of
Gram-negative rod-shaped E. coli cells with almost the same relative abundance of CL
and PG [38]. When choosing NAO concentrations for computational experiments, it was
taken into account that NAO is used for staining bacterial cells at concentrations of about
2 µM [25], and that the phospholipid concentration in biological samples is no more than
8 µM [24]. When NAO interacts with CL and PG, its red fluorescence is at a maximum and
the green fluorescence is at a minimum at a stoichiometry of 2:1 for NAO-CL and 1:1 for
NAO-PG [25]. In our simulations, the maximal ratio was 1:6 in relation of NAO to the total
number of lipid molecules, and NAO was approximately equal to the anionic lipid content
(CL + PG). We did not further increase the amount of NAO, since, at such concentrations,
there was already a noticeable effect of NAO on the characteristics of the model bilayer.
Using plausible model systems mimicking bacterial membranes and their staining with
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NAO, allowed us to obtain characteristics of intermolecular interactions that are in good
agreement with the experimental data.

Finally, in this study, we characterized the molecular interactions between the organic
cation NAO and membrane composed of zwitterionic and anionic phospholipids, and
described different types of NAO complexes with individual lipids. Our study shows that,
despite the simplification used in the CG approach, the model membrane systems obtained
by this method reflect the real processes of interaction between membranotropic com-
pounds and bilayers and, thus, can be extremely useful for the development of membrane
probes, improving their sensitivity and lipid specificity.

4. Materials and Methods

The CG approach deals with simplified molecular models as compared to the AA
modeling. The most popular MARTINI force field [39] is based on the assumption that
groups of several heavy atoms of certain chemical groups can be combined to represent
one CG particle. This force field appeared to be an effective approach in studying various
biomolecular systems. In this study, the MARTINI force field was used to develop the
CG NAO model. The CG beads were mapped onto the AA chemical structure, and their
types were chosen by analogy with the already parametrized methylene blue molecule [40]
and lipid acyl chains [39]. The mapping scheme is shown in Figure 1. The CG model
of NAO consists of 11 beads for which 12 bonds, 19 bond angles, and 4 dihedral angles
have been described. Only the central C11 bead corresponding to acyl tail attachment
site was modeled charged (+1). The model bonded term parameters were iteratively
optimized based on the all-atom (AA) MD simulation according to the procedure we
used previously [41]. Since the acridine ring structure is very rigid and highly packed, it
experiences a heightened strain. To reduce this strain, we use the nonbonded exclusions
between all of the CG beads forming the acridine orange ring. We also replaced almost all
bonded terms with the constraints to achieve convergence between AA- and CG-bonded
terms distribution.

The AA topology of NAO was created using the ATB web-service [42] and GRO-
MOS9654a7 [43]. A single NAO molecule was added into the box with the dimensions
of 5.55 nm × 4.92 nm × 4.35 nm and an appropriate number of SPC water molecules
and Na+/Cl− ions, resulting in the ionic strength of 150 mM and zero total charge. The
auxiliary AA simulation was run in the NPT ensemble for 400 ns (T = 303.15 K maintained
by the V-rescale algorithm, P = 1 bar controlled by the Parrinello-Rahman barostat; the
integration time step was set to 2 fs). Figures S1–S3 demonstrate satisfactory agreement
between AA and CG models. Topology and structure files are available in the Supporting
Information (Text S1).

In this study, we used the CG model of the plasma membrane of bacteria, consisting
of PE, PG, and CL at a ratio of 8:1:1. The ratio of lipids in the model bilayer was close to
the lipid composition of bacterial plasma membranes in the poles of the Gram-negative
rod-shaped E. coli [25,38]. The model bilayer was assembled in a CHARMM-GUI Martini
Maker [44]. The electrostatic potential fields of NAO, phospholipids, and equilibrated
bilayer were calculated using Poisson–Boltzmann formalism in ProKSim software at ionic
strength 100 mM [45]. On the basis of these calculations, we created the equipotential
surfaces of individual molecules of +/−7 mV. The CG spheres of individual molecules and
the surface of the equilibrated bilayer were colored according to the surface electrostatic
potential from −100 mV (red) to +100 mV.

NAO molecules were added to the model equilibrated membrane at two different
concentrations, 1:60 and 1:6 NAO:lipid ratio. Each production MD simulation was prefaced
by the steepest descent minimization. The details of the production CG simulations are
provided in Table S1. The simulation parameters were chosen according to recommenda-
tions [46]. The MD simulations were run in the NPT ensemble using the V-rescale thermo-
stat (T = 320 K, τt = 1.0 ps) and the Parrinello-Rahman barostat (time constant = 12.0 ps,
compressibility = 3 × 10−4 bar−1, applied semi-isotropically). CG simulations were per-
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formed with the polarizable water (PW) model (εr = 2.5) with the addition of the appropriate
number of Na+/Cl− ions to achieve ionic strength of 150 mM [47]. The integration time
step was 20 fs. MD simulations were performed using Gromacs 2019.4 [48]. The parameters
of the modeled membrane (area per lipid, average membrane thickness, lipid diffusion
coefficients, order parameter of lipid acyl chains, and RDF) in the absence and presence of
NAO were calculated as previously described [49].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28041929/s1, Figure S1: Distribution of the bond terms
from AA (blue) and CG (red) simulations for NAO. The numbers of CG bead IDs for which the bond
is described are given on each panel according to the attached topology; Figure S2: Distribution of
the angle terms from AA (blue) and CG (red) simulations for NAO. The numbers of CG bead IDs for
which the angle is described are given on each panel according to the attached topology; Figure S3:
Distribution of the dihedral terms from AA (blue) and CG (red) simulations for NAO. The numbers
of CG bead IDs for which the dihedral is described are given on each panel according to the attached
topology. Table S1: Molecular composition of simulated systems.; Text S1: CG structure (PDB format)
and topology (Gromacs ITP files) of NAO.

Author Contributions: Conceptualization, I.K., A.R. and M.S.; methodology, E.K. and I.K.; inves-
tigation, E.K., I.K. and M.S.; writing—original draft preparation, all authors; writing—review and
editing, all authors; supervision, A.R. and M.S.; project administration, M.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This research has been supported by the Interdisciplinary Scientific and Educational School
of Moscow University «Fundamental and Applied Space Research» (M.S., I.K., A.R.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Silhavy, T.J.; Kahne, D.; Walker, S. The bacterial cell envelope. Cold Spring Harb Perspect Biol. 2010, 2, a000414. [CrossRef]

[PubMed]
2. Sohlenkamp, C.; Geiger, O. Bacterial membrane lipids: Diversity in structuRes. and pathways. FEMS MicroBiol. Rev. 2016, 40,

133–159. [CrossRef] [PubMed]
3. Zhang, Y.-M.; Rock, C.O. Membrane lipid homeostasis in bacteria. Nat. Rev. Microbiol. 2008, 6, 222–233. [CrossRef]
4. Strahl, H.; Errington, J. Bacterial Membranes: Structure, Domains, and Function. Annu. Rev. Microbiol. 2017, 71, 519–538.

[CrossRef] [PubMed]
5. López-Lara, I.M.; Geiger, O. Bacterial lipid diversity. Biochim. Biophys. Acta Mol. Cell Biol. Lipids. 2017, 1862, 1287–1299. [CrossRef]

[PubMed]
6. Lin, T.-Y.; Weibel, D.B. Organization and function of anionic phospholipids in bacteria. Appl. MicroBiol. Biotechnol. 2016, 100,

4255–4267. [CrossRef] [PubMed]
7. Cronan, J.E. Bacterial membrane lipids: Where do we stand? Annu. Rev. Microbiol. 2003, 57, 203–224. [CrossRef]
8. Dezanet, C.; Kempf, J.; Mingeot-Leclercq, M.-P.; Décout, J.-L. Amphiphilic Aminoglycosides as Medicinal Agents. Int. J. Mol. Sci.

2020, 21 Pt 19, 7411. [CrossRef]
9. Tan, B.K.; Bogdanov, M.; Zhao, J.; Dowhan, W.; Raetz, C.R.H.; Guan, Z. Discovery of a cardiolipin synthase utilizing phos-

phatidylethanolamine and phosphatidylglycerol as substrates. Proc. Nat. Acad. Sci. USA 2012, 109, 16504–16509. [CrossRef]
10. Romantsov, T.; Gonzalez, K.; Sahtout, N.; Culham, D.E.; Coumoundouros, C.; Garner, J.; Kerr, C.H.; Chang, L.; Turner, R.J.; Wood,

J.M. Cardiolipin synthase A colocalizes with cardiolipin and osmosensing transporter ProP at the poles of Escherichia coli cells.
Mol. Microbiol. 2018, 107, 623–638. [CrossRef]

11. Romantsov, T.; Stalker, L.; Culham, D.E.; Wood, J.M. Cardiolipin controls the osmotic stress response and the subcellular location
of transporter ProP in Escherichia coli. J. Biol. Chem. 2008, 283, 12314–12323. [CrossRef] [PubMed]

12. Romantsov, T.; Battle, A.R.; Hendel, J.L.; Martinac, B.; Wood, J.M. Protein localization in Escherichia coli cells: Comparison of the
cytoplasmic membrane proteins ProP, LacY, ProW, AqpZ, MscS, and MscL. J. Bacteriol. 2010, 192, 912–924. [CrossRef] [PubMed]

13. Zhang, T.; Muraih, J.K.; Tishbi, N.; Herskowitz, J.; Victor, R.L.; Silverman, J.; Uwumarenogie, S.; Taylor, S.D.; Palmer, M.; Mintzer,
E. Cardiolipin prevents membrane translocation and permeabilization by daptomycin. J. Biol. Chem. 2014, 289, 11584–11591.
[CrossRef]

https://www.mdpi.com/article/10.3390/molecules28041929/s1
https://www.mdpi.com/article/10.3390/molecules28041929/s1
http://doi.org/10.1101/cshperspect.a000414
http://www.ncbi.nlm.nih.gov/pubmed/20452953
http://doi.org/10.1093/femsre/fuv008
http://www.ncbi.nlm.nih.gov/pubmed/25862689
http://doi.org/10.1038/nrmicro1839
http://doi.org/10.1146/annurev-micro-102215-095630
http://www.ncbi.nlm.nih.gov/pubmed/28697671
http://doi.org/10.1016/j.bbalip.2016.10.007
http://www.ncbi.nlm.nih.gov/pubmed/27760387
http://doi.org/10.1007/s00253-016-7468-x
http://www.ncbi.nlm.nih.gov/pubmed/27026177
http://doi.org/10.1146/annurev.micro.57.030502.090851
http://doi.org/10.3390/ijms21197411
http://doi.org/10.1073/pnas.1212797109
http://doi.org/10.1111/mmi.13904
http://doi.org/10.1074/jbc.M709871200
http://www.ncbi.nlm.nih.gov/pubmed/18326496
http://doi.org/10.1128/JB.00967-09
http://www.ncbi.nlm.nih.gov/pubmed/20008071
http://doi.org/10.1074/jbc.M114.554444


Molecules 2023, 28, 1929 12 of 13

14. Verhaegh, R.; Becker, K.A.; Edwards, M.J.; Gulbins, E. Sphingosine kills bacteria by binding to cardiolipin. J. Biol. Chem. 2020, 295,
7686–7696. [CrossRef] [PubMed]

15. Matsumoto, K.; Kusaka, J.; Nishibori, A.; Hara, H. Lipid domains in bacterial membranes. Mol. Microbiol. 2006, 61, 1110–1117.
[CrossRef] [PubMed]

16. Vanounou, S.; Parola, A.H.; Fishov, I. Phosphatidylethanolamine and phosphatidylglycerol are segregated into different domains
in bacterial membrane. A study with pyrene-labelled phospholipids. Mol. Microbiol. 2003, 49, 1067–1079. [CrossRef] [PubMed]

17. Mileykovskaya, E.; Dowhan, W. Visualization of phospholipid domains in Escherichia coli by using the cardiolipin-specific
fluorescent dye 10-N-nonyl acridine orange. J. Bacteriol. 2000, 182, 1172–1175. [CrossRef] [PubMed]

18. Mileykovskaya, E.; Dowhan, W. Role of membrane lipids in bacterial division-site selection. Curr. Opin. Microbiol. 2005, 8,
135–142. [CrossRef]

19. Renner, L.D.; Weibel, D.B. Cardiolipin microdomains localize to negatively curved regions of Escherichia coli membranes. Proc.
Nat. Acad. Sci. USA 2011, 108, 6264–6269. [CrossRef]

20. Elías-Wolff, F.; Lindén, M.; Lyubartsev, A.P.; Brandt, E.G. Curvature sensing by cardiolipin in simulated buckled membranes. Soft
Matter. 2019, 15, 792–802. [CrossRef]

21. Norris, V.; Woldringh, C.; Mileykovskaya, E. A hypothesis to explain division site selection in Escherichia coli by combining
nucleoid occlusion and Min. FEBS Lett. 2004, 561, 3–10. [CrossRef] [PubMed]

22. Sakihara, T.; Takiguchi, N.; Uzawa, H.; Serizawa, R.; Kobayashi, T. Erylysin A inhibits cytokinesis in Escherichia coli by binding
with cardiolipin. J. Biochem. 2021, 170, 369–377. [CrossRef] [PubMed]

23. Dong, H.; Zhang, Z.; Tang, X.; Huang, S.; Li, H.; Peng, B.; Dong, C. Structural insights into cardiolipin transfer from the Inner
membrane to the outer membrane by PbgA in Gram-negative bacteria. Sci. Rep. 2016, 6, 30815. [CrossRef]

24. Kaewsuya, P.; Danielson, N.D.; Ekhterae, D. Fluorescent determination of cardiolipin using 10-N-nonyl acridine orange. Anal.
BioAnal. Chem. 2007, 387, 2775–2782. [CrossRef]

25. Oliver, P.M.; Crooks, J.A.; Leidl, M.; Yoon, E.J.; Saghatelian, A.; Weibel, D.B. Localization of anionic phospholipids in Escherichia
coli cells. J. Bacteriol. 2014, 196, 3386–3398. [CrossRef] [PubMed]

26. Mileykovskaya, E.; Dowhan, W.; Birke, R.L.; Zheng, D.; Lutterodt, L.; Haines, T.H. Cardiolipin binds nonyl acridine orange by
aggregating the dye at exposed hydrophobic domains on bilayer surfaces. FEBS Lett. 2001, 507, 187–190. [CrossRef]

27. Wood, J.M. Perspective: Challenges and opportunities for the study of cardiolipin, a key player in bacterial cell structure and
function. Curr. Genet. 2018, 64, 795–798. [CrossRef]

28. Leung, C.W.T.; Hong, Y.; Hanske, J.; Zhao, E.; Chen, S.; Pletneva, E.V.; Tang, B.Z. Superior fluorescent probe for detection of
cardiolipin. Anal. Chem. 2014, 86, 1263–1268. [CrossRef]

29. Pyrshev, K.; Yesylevskyy, S.; Bogdanov, M. TTAPE-Me dye is not selective to cardiolipin and binds to common anionic phospho-
lipids nonspecifically. Biophys. J. 2021, 120, 3776–3786. [CrossRef]

30. Rigler, R. Fluorescence and single molecule analysis in cell biology. Biochem. Biophys. Res. Commun. 2010, 396, 170–175. [CrossRef]
31. Oliveira, E.; Bértolo, E.; Núñez, C.; Pilla, V.; Santos, H.M.; Fernández-Lodeiro, J.; Fernández-Lodeiro, A.; Djafari, J.; Capelo, J.L.;

Lodeiro, C. Green and Red Fluorescent Dyes for Translational Applications in Imaging and Sensing Analytes: A Dual-Color Flag.
ChemistryOpen 2018, 7, 9–52. [CrossRef]

32. Amado, A.M.; Ramos, A.P.; Silva, E.R.; Borissevitch, I.E. Quenching of acridine orange fluorescence by salts in aqueous solutions:
Effects of aggregation and charge transfer. J. Lumin. 2016, 178, 288–294. [CrossRef]

33. Shenderovich, I.G. The Partner Does Matter: The Structure of Heteroaggregates of Acridine Orange in Water. Molecules 2019, 24
Pt 15, 2816. [CrossRef] [PubMed]

34. Kaewsuya, P.; Miller, J.D.; Danielson, N.D.; Sanjeevi, J.; James, P.F. Comparison of N-alkyl acridine orange dyes as fluorescence
probes for the determination of cardiolipin. Anal. Chim. Acta. 2008, 626, 111–118. [CrossRef] [PubMed]

35. Rodriguez, M.E.; Azizuddin, K.; Zhang, P.; Chiu, S.-M.; Lam, M.; Kenney, M.E.; Burda, C.; Oleinick, N.L. Targeting of mitochondria
by 10-N-alkyl acridine orange analogues: Role of alkyl chain length in determining cellular uptake and localization. Mitochondrion
2008, 8, 237–246. [CrossRef] [PubMed]

36. Petit, J.M.; Maftah, A.; Ratinaud, M.H.; Julien, R. 10-N-nonyl acridine orange interacts with cardiolipin and allows the quantifica-
tion of this phospholipid in isolated mitochondria. Eur. J. Biochem. 1992, 209, 267–273. [CrossRef] [PubMed]

37. Lobasso, S.; Saponetti, M.S.; Polidoro, F.; Lopalco, P.; Urbanija, J.; Kralj-Iglic, V.; Corcelli, A. Archaebacterial lipid membranes
as models to study the interaction of 10-N-nonyl acridine orange with phospholipids. Chem. Phys. Lipids. 2009, 157, 12–20.
[CrossRef]

38. Epand, R.M.; Epand, R.F. Bacterial membrane lipids in the action of antimicrobial agents. J. Pept Sci. 2011, 17, 298–305. [CrossRef]
39. Marrink, S.J.; Risselada, H.J.; Yefimov, S.; Tieleman, D.P.; de Vries, A.H. The MARTINI force field: Coarse grained model for

biomolecular simulations. J. Phys. Chem. B 2007, 111, 7812–7824. [CrossRef]
40. Ileri Ercan, N.; Stroeve, P.; Tringe, J.W.; Faller, R. Molecular Dynamics Modeling of Methylene Blue-DOPC Lipid Bilayer

Interactions. Langmuir 2018, 34, 4314–4323. [CrossRef]
41. Orekhov, P.S.; Kholina, E.G.; Bozdaganyan, M.E.; Nesterenko, A.M.; Kovalenko, I.B.; Strakhovskaya, M.G. Molecular Mecha-

nism of Uptake of Cationic Photoantimicrobial Phthalocyanine across Bacterial Membranes Revealed by Molecular Dynamics
Simulations. J. Phys. Chem. B. 2018, 122, 3711–3722. [CrossRef]

http://doi.org/10.1074/jbc.RA119.012325
http://www.ncbi.nlm.nih.gov/pubmed/32327486
http://doi.org/10.1111/j.1365-2958.2006.05317.x
http://www.ncbi.nlm.nih.gov/pubmed/16925550
http://doi.org/10.1046/j.1365-2958.2003.03614.x
http://www.ncbi.nlm.nih.gov/pubmed/12890029
http://doi.org/10.1128/JB.182.4.1172-1175.2000
http://www.ncbi.nlm.nih.gov/pubmed/10648548
http://doi.org/10.1016/j.mib.2005.02.012
http://doi.org/10.1073/pnas.1015757108
http://doi.org/10.1039/C8SM02133C
http://doi.org/10.1016/S0014-5793(04)00135-8
http://www.ncbi.nlm.nih.gov/pubmed/15013745
http://doi.org/10.1093/jb/mvab052
http://www.ncbi.nlm.nih.gov/pubmed/34424293
http://doi.org/10.1038/srep30815
http://doi.org/10.1007/s00216-007-1135-0
http://doi.org/10.1128/JB.01877-14
http://www.ncbi.nlm.nih.gov/pubmed/25002539
http://doi.org/10.1016/S0014-5793(01)02948-9
http://doi.org/10.1007/s00294-018-0811-2
http://doi.org/10.1021/ac403616c
http://doi.org/10.1016/j.bpj.2021.06.039
http://doi.org/10.1016/j.bbrc.2010.04.070
http://doi.org/10.1002/open.201700135
http://doi.org/10.1016/j.jlumin.2016.06.006
http://doi.org/10.3390/molecules24152816
http://www.ncbi.nlm.nih.gov/pubmed/31382361
http://doi.org/10.1016/j.aca.2008.08.002
http://www.ncbi.nlm.nih.gov/pubmed/18790112
http://doi.org/10.1016/j.mito.2008.04.003
http://www.ncbi.nlm.nih.gov/pubmed/18514589
http://doi.org/10.1111/j.1432-1033.1992.tb17285.x
http://www.ncbi.nlm.nih.gov/pubmed/1396703
http://doi.org/10.1016/j.chemphyslip.2008.09.002
http://doi.org/10.1002/psc.1319
http://doi.org/10.1021/jp071097f
http://doi.org/10.1021/acs.langmuir.8b00372
http://doi.org/10.1021/acs.jpcb.7b11707


Molecules 2023, 28, 1929 13 of 13

42. Malde, A.K.; Zuo, L.; Breeze, M.; Stroet, M.; Poger, D.; Nair, P.C.; Oostenbrink, C.; Mark, A.E. An automated force field topology
builder (ATB) and repository: Version 1.0. J. Chem. Theory Comput. 2011, 7 Pt 12, 4026–4037. [CrossRef] [PubMed]

43. Schmid, N.; Eichenberger, A.P.; Choutko, A.; Riniker, S.; Winger, M.; Mark, A.E.; van Gunsteren, W.F. Definition and Testing of the
GROMOS Force-Field Versions 54A7 and 54B7. Eur. Biophys. J. 2011, 40, 843–856. [CrossRef] [PubMed]

44. Qi, Y.; Ingólfsson, H.I.; Cheng, X.; Lee, J.; Marrink, S.J.; Im, W. CHARMM-GUI Martini Maker for Coarse-Grained Simulations
with the Martini Force Field. J. Chem. Theory Comput. 2015, 11, 4486–4494. [CrossRef] [PubMed]

45. Kovalenko, I.B.; Khrushchev, S.S.; Fedorov, V.A.; Riznichenko, G.Y.; Rubin, A.B. The role of electrostatic interactions in the process
of diffusional encounter and docking of electron transport proteins. Dokl. Biochem. Biophys. 2016, 468, 183–186. [CrossRef]
[PubMed]

46. de Jong, D.H.; Baoukina, S.; Ingólfsson, H.I.; Marrink, S.J. Martini straight: Boosting performance using a shorter cutoff and
GPUs. Comput. Phys. Commun. 2016, 199, 1–7. [CrossRef]

47. Yesylevskyy, S.O.; Schäfer, L.V.; Sengupta, D.; Marrink, S.J. Polarizable water model for the coarse-grained MARTINI force field.
PLoS Comput. Biol. 2010, 6, e1000810. [CrossRef]

48. Abraham, M.J.; Murtola, T.; Schulz, R.; Páll, S.; Smith, J.C.; Hess, B.; Lindahl, E. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to supercomputers. SoftwareX 2015, 1 Pt 2, 19–25. [CrossRef]

49. Kholina, E.G.; Kovalenko, I.B.; Bozdaganyan, M.E.; Strakhovskaya, M.G.; Orekhov, P.S. Cationic Antiseptics Facilitate Pore
Formation in Model Bacterial Membranes. J. Phys. Chem. B 2020, 124, 8593–8600. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1021/ct200196m
http://www.ncbi.nlm.nih.gov/pubmed/26598349
http://doi.org/10.1007/s00249-011-0700-9
http://www.ncbi.nlm.nih.gov/pubmed/21533652
http://doi.org/10.1021/acs.jctc.5b00513
http://www.ncbi.nlm.nih.gov/pubmed/26575938
http://doi.org/10.1134/S1607672916030066
http://www.ncbi.nlm.nih.gov/pubmed/27417715
http://doi.org/10.1016/j.cpc.2015.09.014
http://doi.org/10.1371/journal.pcbi.1000810
http://doi.org/10.1016/j.softx.2015.06.001
http://doi.org/10.1021/acs.jpcb.0c07212

	Introduction 
	Results 
	Electrostatic Charactersitcs of Coarse-Grained Model Components 
	Insertion of NAO Molecules into the Model Bilayer 
	Interaction of NAO with Lipids Lead to the Formation of Complexes with Different Composition 

	Discussion 
	Materials and Methods 
	References

