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In the present work the 100-ns molecular dynamics simulations (MD) were performed in the CHARMM36m force field using the 
GROMACS package to estimate the bilayer location and mechanisms of the interaction between the novel phosphonium dye TDV 
and the model lipid membranes composed of the phosphatidylcholine (PC) and its mixtures with cholesterol (Chol) or/and anionic 
phospholipid cardiolipin (CL). Varying the dye initial position relative to the membrane midplane, the dye relative orientation and 
the charge state of the TDV molecule it was found that the one charge form of TDV, which was initially translated to a distance of 20 
Å from the membrane midplane along the bilayer normal, readily penetrates deeper into the membrane interior and remains within 
the lipid bilayer during the entire simulation time. It was revealed that the probe partitioning into the model membranes was 
accompanied by the reorientation of TDV molecule from perpendicular to nearly parallel to the membrane surface. The analysis of 
the MD simulation results showed that the lipid bilayer partitioning and location of the one charge form of TDV depend on the 
membrane composition. The dye binds more rapidly to the neat PC bilayer than to CL- and Chol-containing model membranes. It 
was found that in the neat PC and CL-containing membranes the one charge TDV resides at the level of carbonyl groups of lipids 
(the distances ~ 1.1 nm, 1.2 nm and 1.3 nm from the bilayer center for the PC, CL10 and CL20 lipid membranes, respectively), 
whereas in the Chol-containing membranes the probe is located at the level of glycerol moiety (~ 1.5 nm and 1.6 nm for the Chol30 
and CL10/Chol30 lipid membranes, respectively). It was demonstrated that the dye partitioning into the lipid bilayer does not affect 
the membrane structural properties. 
Keywords: Phosphonium dye, lipid bilayer, molecular dynamics simulation. 
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In recent years, molecular dynamics simulation has emerged as a powerful computation tool for investigating a 
wide variety of biological systems [1-27]. Specifically, MD simulations have been used i) to characterize the structure 
of the lipid membranes [1-4], proteins [5-8] or nucleic acids [9-12]; ii) to study the physicochemical properties of the 
isolated virus proteins or capsids [13-16]; iii) to elucidate the nature of the energy transport in the light-harvesting 
complexes [17,18]; iv) to ascertain the binding mode of a therapeutic agent to a given biological target in the drug 
design strategies [19-22]; v) to identify antiviral inhibitors [23-25], to name only a few. Likewise, MD simulation 
appeared to be especially useful in examining the structural, physicochemical and thermodynamic properties of the 
ligand-macromolecule systems [26-30]. In particular, MD simulation has provided a unique framework for the atomic-
level characterization of interactions between ligands and membranes [30-39]. A good deal of studies indicate that MD 
simulations can be used to achieve a fundamental understanding of the mechanisms underlying the interaction of 
proteins [31,32], peptides [33, 34] and drugs [35, 36] with lipid membranes. Notably, MD approaches appeared to be 
highly efficient in exploring the behavior of fluorescent membrane probes, that is of great importance for their 
biomedical application and synthesis of new fluorescent reporter molecules with improved properties [37-46]. To 
exemplify, the molecular dynamics simulation was used to develop a molecular design strategy of AIE-based 
fluorescent probes for selective targeting of mitochondrial membrane [37]; to characterize the partitioning and 
membrane disposition of the diphenylhexatriene probes [38], to characterize the solvation behavior of phthalocyanines 
[39], to explore the dynamical behavior of the DiI carbocyanine derivative in a lipid bilayer [40], to estimate the 
membrane location of ESIPT fluorophores [41], coumarin derivatives [42], benzanthrone dye [43] and membrane 
polarity probes Prodan and Laurdan [44,45], to investigate the interactions of methylene blue with oxidized and non-
oxidized lipid bilayers [46], to name only a few. 

The aim of the present study was to explore the interaction of the novel phosphonium dye TDV (Fig. 1) with the 
model lipid membranes of different composition using the molecular dynamics simulation. To this end, the 100 ns MD 
simulations were carried out for TDV with the neat phosphatidylcholine bilayer (PC) and bilayers from PC mixtures 
with: i) anionic lipid cardiolipin (CL) with the PC:CL molar ratio 9:1 and 4:1 (denoted here as CL10 and CL20, 
respectively); ii) sterol cholesterol (Chol) with the PC:Chol ratio 7:3 (Chol30); iii) both CL and Chol lipids with the 
PC:CL:Chol ratio 6:1:3 (CL10/Chol30). To obtain the optimal conditions for the TDV-membrane simulations and an 
atomistically detailed picture of the TDV binding to the lipid bilayers, the MD calculations were performed at varying 
initial positions of the dye and its orientation relative to the bilayer normal. Moreover, to estimate the role of 
electrostatic interactions in the TDV membrane partitioning, two dye forms were considered for the simulation. The 
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first form of the TDV molecule possessed two positive charges (on the P atom of the phosphonium group and the N 
atom of the pyridine ring), while in the second one the charge on the P atom of the phosphonium group was neutralized 
by the iodine ion (one charge dye form). 

 

Figure 1. The structural formula of TDV
 

EXPERIMENTAL SECTION 
System description 

The input files of TDV-membrane systems for MD calculations were prepared using the web-based graphical 
interface CHARMM-GUI [47]. The .pdb-file of TDV was generated in OpenBabelGUI 2.4.1, using the structure drawn 
in MarvinSketch (mrv format). Two different dye structures were created for MD simulations, with total charges +2 and 
+1, respectively. In both cases the atomic charges of TDV were corrected using the RESP ESP charge Derive Server. 
The topology of TDV was generated using the CHARMM-GUI Ligand Reader and Modeler [48]. The obtained files 
were further used to generate the dye-lipid systems using the Membrane Builder option [49]. MD simulations were 
carried out for TDV with five different membrane systems with a nearly identical number of lipids. The first one was 
composed of TDV and 94 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) molecules in each 
monolayer. Hereafter, the neat POPC bilayer is referred to as PC. Two systems were represented by TDV and bilayers 
from POPC mixtures with anionic lipid cardiolipin (LOCCL2 lipid component in the CHARMM-GUI lipid bank) with 
the POPC:LOCCL2 ratios 9:1 and 4:2, referred to here as CL10 and CL20, respectively. The fourth type of the lipid 
bilayer (Chol30) was composed from TDV, 77 POPC and 33 cholesterol molecules in each monolayer (POPC:Chol 
ratio 7:3). The last type of lipid bilayers was composed from PC mixture with both CL and Chol lipids with the 
POPC:LOCCL2:Chol ratio 6:1:3 (CL10/Chol30). The initial distance of the TDV translation from the membrane 
midplane along the bilayer normal was varied from 0 to 30 Å. To obtain a neutral total charge of the system a necessary 
number of counterions was added. 

 
Molecular dynamics simulation and data analysis 

Molecular dynamics simulations and analysis of the trajectories were carried out using the GROMACS software 
(version 5.1) with the CHARMM36m force field in the NPT ensemble with the time step for MD simulations 2 fs. 
Calculations were performed at a temperature of 310 K. The Particle Mesh Ewald method was utilized for correct 
treatment of the long-range electrostatic interactions [50]. The bond lengths were constrained using the LINC algorithm 
[51]. The pressure and temperature controls were performed using the Berendsen thermostat [52]. MD simulations were 
performed with minimization of 50000 steps and equilibration of 12500000 steps. The whole time interval for MD 
calculations was 100 ns. The GROMACS command gmx density was used to calculate the mass density distribution for 
various components of the lipid bilayer and density distribution of TDV across a lipid bilayer. The analyses of the 
membrane thickness, membrane area and area per lipid were conducted using the FATSLiM package [53]. The 
molecular graphics and visualization of the simulation evolution over time were performed using the Visual Molecular 
Dynamics VMD software. 

 
RESULTS AND DISCUSSION 

TDV, a phosphonium-based water-soluble fluorescent dye, has been reported to have a marked ability to 
biomolecular interactions. Specifically, it was demonstrated that TDV can be effectively used for optical detection of 
disease-related protein aggregates [54,55] and for elucidating the mechanisms of DNA interactions with amyloid fibrils 
[56]. Moreover, it was shown previously that TDV is highly suitable for membrane studies since it possesses a 
pronounced lipid-associating ability and high sensitivity to physicochemical properties of the model lipid bilayers [57]. 
In the present study the molecular dynamics simulation was used to explore the interaction between TDV and the model 
lipid membranes with the main emphasis on determining the depth of the probe location in a lipid bilayer. Besides, it 
was assumed previously that membrane electrostatics plays an important role in the membrane association of TDV [57]. 
Therefore, it was also interesting to assess the role of TDV charge in the dye membrane partitioning. 

At the first step of study, the MD calculations were performed for the TDV molecule bearing two positive charges 
(on the P atom of the phosphonium group and on the N atom of the pyridine ring). Specifically, the TDV molecule was 
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initially translated to a distance of 30 Å from the membrane midplane along the bilayer normal. The phosphonium 
group of the TDV molecule was directed from the membrane center. In this case the TDV molecule did not show 
affinity to the PC bilayer during the entire simulation time (Fig.2 B). Probably, the formation of the hydration shell 
around the water-soluble dye hinders its penetration in the lipid bilayer. Similar behavior was observed for the 
phthalocyanine dye in the POPC bilayers [39]. The simulation was performed also for the mixed bilayers containing 
negatively charged cardiolipin and sterol cholesterol, but in both these cases the TDV-lipid binding did not occur (data 
not shown). Therefore, the MD calculations were carried out at varying the dye initial position from the membrane 
midplane along the bilayer normal. Moreover, initial location of the dye in the region of lipid headgroups at a distance 
20 Å from the membrane center or at the bilayer midplane (Fig. 2 C) didn’t change the final result, since to the end of 
the 100 ns simulation the TDV molecule left the membrane interior (Fig. 2 B,D. The MD simulations were also 
performed for the systems where the phosphonium group of the TDV molecule was oriented toward the membrane 
center, but the no TDV-membrane binding was found (data not shown). These MD data are in controversy with the 
experimental studies [57] providing evidence for strong partitioning of TDV into lipid bilayers of different composition. 
The most probable reason for the observed inconsistences between the experimental data and modeling is the charge 
distribution over the dye molecule, rendering the penetration into membrane interior energetically unfavorable. Another 
possible reason is the short simulation period. 
 

Initial step of simulation (0 ns) 
A B 

  
After 100 ns of simulation 

C D 

 
Figure 2. Snapshots of TDV in the PC lipid bilayer at the initial step (A, C) and after 100 ns (B, D) of simulation. The TDV 
molecule was translated perpendicular to the lipid bilayer to a distance of 30 Å (panel A) from the membrane midplane along the 
bilayer normal. Panel C represents transmembrane location of the TDV (0 Å). The TDV molecule is depicted in blue using the 
VDW drawing method. The lipid tails are represented as sticks in cyan, the phosphorus and nitrogen atoms of the lipid 
headgroups are shown by orange and blue, respectively. For clarity, water molecules and ions are not shown 

 
The numerous studies indicate that the charge of fluorescent dye exerts significant influence on the probe 

affinity to the lipid membranes and its bilayer location [37, 40, 46]. Specifically, it was shown previously that the 
cationic and neutral forms of methylene blue display different affinities to the oxidized and non-oxidized lipid bilayers 
[46]. Specifically, the comparison of the results of molecular dynamics modelling of methylene blue interaction with 
the control and peroxidized DOPC lipid bilayers for the cationic dye form, neutral MB (reduced dye form) and neutral 
MB in the form of the undissociated salt indicates the stronger dye-lipid interaction of the cationic MB with the 
peroxidized lipids [46]. Moreover, the cationic MB exerts significant impact on the membrane area and the later 
diffusion of the peroxidized lipid bilayer [46]. The charge on the dye headgroups was shown to play a significant role in 
the bilayer translocation of the AIEgen fluorescent dyes [37]. Moreover, the MD simulation of the uncharged and 
charged carbocyanine dyes revealed the effect of headgroup charge on the dye orientation and bilayer location [40]. 
Therefore, at the next step of study it was interesting to ascertain how the charge on phosphonium head of the TDV 
molecule affects the dye- membrane partitioning. To this end, the 100 ns MD simulations were carried out for the TDV 
cationic form (the charge on the P atom of the phosphonium group was neutralized by the iodine ion) with the neat 
phosphatidylcholine bilayer and PC mixtures with cholesterol or/and anionic phospholipid cardiolipin. Fig. 3 illustrates 
the disposition of the one charge form of TDV with respect to lipid/water interface at different simulation times for the 
PC, CL10 and CL20 lipid bilayers. 
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PC 

CL10 

CL20 

0.1 ns 20 ns 50 ns 80 ns 100 ns 

Figure 3. The snapshots of the partitioning of the one charge TDV into PC, CL10 and CL20 bilayers at different simulation time 
points. The TDV molecule is depicted in blue using the VDW drawing method. The lipid tails are represented as sticks in cyan, the 
phosphorus and nitrogen atoms of the lipid headgroups are shown by orange and blue, respectively. For clarity, water molecules and 
ions are not shown.  

As can be seen from a simple visual inspection of simulation snapshots, the dye molecule which was initially 
translated to a distance of 20 Å from the membrane midplane along the bilayer normal moved deeper to the membrane 
interior and remained within the lipid bilayer for the rest of simulation time. The cationic form of TDV appeared to be 
sensitive to the changes in physicochemical properties of the lipid bilayers. More specifically, MD simulation 
demonstrated that the probe binds more rapidly to the neat PC bilayers than to CL-containing model membranes, 
penetrating deeper into bilayer interior after ~ 20 ns of simulation. Meanwhile, after 20 ns of MD calculation, the 
phosphonium group of the one chargeTDV is positioned in the hydrophobic tail region, while the positively charged 
pyridine ring is localized at the level of the carbonyl groups of the polar/nonpolar interface. The partitioning of the one 
charge TDV into CL-containing membranes was accompanied only by a slight probe reorientation during the first 20 ns 
of simulations. Thereafter, the dye orientation changed from the perpendicular to the parallel (PC, CL10) or nearly 
parallel (CL20) to the membrane surface. The above effect was followed by the deeper penetration of the one charge 
TDV to the CL-containing lipid membranes, while in the neat PC bilayer the dye molecule became less buried due to 
the phosphonium group relocation to the same level as the rest of the molecule.  

Fig.4 shows the snapshots of the partitioning of the one charge TDV into the Chol30 and CL10/Chol30 bilayers. 
During the first 20 ns of the simulations the reorientation of the probe was observed coupled with a slight penetration of 
the dye molecule to the membrane interior. Likewise, during the following period of time the position of the dye 
phosphoniun head remained virtually unchanged while the positively charged tail tended to reside in the proximity to 
glycerol moiety of the lipid bilayers. Interestingly, the analysis of the positions occupied by the one charge TDV over the 
MD trajectory in the case of neat PC, CL or Chol containing membranes indicates that this probe prefers the orientation 
parallel to the membrane surface. Moreover, in the presence of cholesterol TDV tends to occupy more polar membrane 
binding sites. Fig.5 shows the time evolution of the separation between the dye center of mass and the bilayer center. 
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Chol30 

CL10/Chol30 

0.1 ns 20 ns 50 ns 80 ns 100 ns 

Figure 4. The snapshots of the partitioning of the one charge TDV into Chol30 and CL10/Chol30 bilayers at different simulation 
time points. The TDV molecule is depicted in blue using the VDW drawing method. The lipid tails are represented as sticks in 
cyan, the phosphorus and nitrogen atoms of the lipid headgroups are shown by orange and blue, respectively. For clarity, water 
molecules and ions are not shown. 

 

Figure 5. Time evolution of the TDV distance from the bilayer center 

In order to determine the precise TDV location, the mass density distribution profiles of the dye, water and the 
molecular groups of lipids were plotted with respect to the bilayer normal (Fig. 6). As can be seen, the peak of the one 
charge TDV mass distribution in the PC (Fig. 6A), CL10 (Fig. 6B) and CL20 (Fig.6 C) bilayers is observed at the 
distances ~ 1.1 nm, 1.2 nm and 1.3 nm from the bilayer center. According to the partial density profile of the lipid 
membrane proposed by Marrink and Berendsen [58], a lipid bilayer can be divided into four regions: 1) the region of 
the hydrophobic lipid tails (0-8 Å from the membrane center); 2) the interfacial region between the upper carbons of 
hydrophobic tails and hydrophilic headgroups (8-16 Å from the membrane center); 3) the interfacial area containing 
negatively charged phosphate groups, positively charged choline groups and (16-25 Å) from the membrane center); 4) 
the region of the bulk water (>25 Å). 

Therefore, in the PC and CL-containing membranes TDV resides in the region of carbonyl groups. In the Chol30 
(Fig. 6 D) and CL10/Chol20 (Fig. 6 E) lipid membranes the peak of the dye distribution is observed at 1.5 nm and 1.6 
nm, respectively, assuming the probe location at the level of glycerol moiety. 
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A 

 

B 

C D 

E 

Figure 6. Mass density distribution of the TDV probe (pink 
solid) across the PC (A), Chol30 (B), CL20 (C), CL10 (D) 
and CL10/Chol30 (E) lipid bilayers. The density 
distribution of water (green), acyl chains (black), glycerols 
(red) and polar heads (blue) are plotted with respect to the 
bilayer center. To improve the visualization, the mass 
density of TDV was scaled by a factor of 20. 

Table 1. Average properties of lipid bilayers in the presence of the one charge TDV 

 Control bilayers In the presence of the dye  

System Membrane thickness 
(nm) 

Area per lipid head 
group (nm2)

Membrane thickness 
(nm)

Area per lipid head 
group (nm2)

PC 3.886±0.06 0.656±0.012 3.895±0.058 0.652±0.012
CL10 4.438±0.056 0.695±0.012 4.448±0.072 0.689±0.014
CL20 3.951±0.066 0.971±0.022 3.946±0.065 0.967±0.022

Chol30 3.960±0.059 0.785±0.013 3.903±0.056 0.792±0.013
CL10/Chol30 4.370±0.062 0.938±0.027 4.345±0.057 0.929±0.022



83
Interactions of Novel Phosphonium Dye with Lipid Bilayers: A Molecular Dynamics Study          EEJP. 1 (2022)

To investigate the influence of the TDV one charge form on the structural properties of lipid bilayers, the average 
area per lipid head group and the membrane thickness were calculated for the dye-free PC, CL10, CL20, Chol30 and 
CL10/Chol30 bilayers and for the systems with one charge TDV. As seen in Table 1, the TDV does not significantly 
perturb the lipid bilayer structure. 

CONCLUSIONS 
To summarize, in the present study a 100 ns molecular dynamics simulation was performed to explore the interaction 

of the novel phosphonium dye TDV with the model lipid membranes composed of phosphatidylcholine and its mixtures 
with cholesterol or/and anionic phospholipid cardiolipin with the main emphasis on the determination of the probe bilayer 
location. It was found that the one charge form of TDV, which was initially translated to a distance of 20 Å from the 
membrane midplane along the bilayer normal, readily incorporates deeper into the membrane interior and remains within 
the lipid bilayer during the entire simulation time. The probe partitioning into the model membranes was accompanied by 
the TDV molecule reorientation from perpendicular to nearly parallel to the membrane surface. It was shown that the 
charge on the phosphonium group of the TDV molecule plays a significant role in the dye membrane partitioning. 
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ВЗАЄМОДІЯ НОВОГО ФОСФОНІЄВОГО ЗОНДУ З ЛІПІДНИМИ МЕМБРАНАМИ: 

МОЛЕКУЛЯРНО-ДИНАМІЧНЕ ДОСЛІДЖЕННЯ 
О. Житняківська 

Кафедра медичної фізики та біомедичних нанотехнологій, Харківський національний університет імені В.Н. Каразіна 
м. Свободи 4, Харків, 61022, Україна 

У даній роботі з використанням 100-нс молекулярно-динамічного моделювання (MD) у силовому полі CHARMM36m 
пакету GROMACS досліджено локалізацію в ліпідному бішарі та механізми взаємодії між новим фосфонієвим барвником 
TDV та модельними ліпідними мембранами, що складались із фосфатидилхоліну. (ФC) та його сумішей з холестерином 
(Холl) та/або аніонним фосфоліпідом кардіоліпіном (КЛ). При варіюванні початкового положення та орієнтації барвника 
було виявлено, що однозарядна форма TDV, яка спочатку була розташована на відстані 20 Å від центру бішару, проникає 
глибше у внутрішню частину мембрани і залишається всередині ліпідного бішару протягом усього часу моделювання. 
Виявлено, що вбудовування зонду в модельні мембрани супроводжується переорієнтацією молекули TDV з 
перпендикулярної на паралельну до поверхні мембрани. Результати молекулярно-динамічного дослідження свідчать про те, 
що розподіл в ліпідну фазу та локалізація однозарядної форми TDV в ліпідному бішарі в значній мірі залежать від складу 
мембрани. Барвник швидше зв’язується з ФХ-бішаром, у порівнянні з модельними мембранами, що містять КЛ та Хол. 
Продемонстровано, що у ФХ бішарі та мембранах, що містять КЛ, однозарядна форма TDV локалізується на рівні 
карбонільних груп ліпідів (на відстані ~ 1.1 нм, 1.2 нм і 1.3 нм від центру бішару для  ФХ, КЛ10 і КЛ20 ліпідних мембран, 
відповідно), тоді як у бішарах, що містили Хол, зонд розташовується на рівні гліцеринів (~ 1,5 нм та 1,6 нм для  Хол30 та 
КЛ10/Хол30 ліпідних мембран, відповідно). Виявлено, що взаємодія барвника з ліпідним бішаром не впливає на структурні 
властивості мембрани. 
Ключові слова: фосфонієвий барвник, ліпідний бішар, молекулярно-динамічне моделювання. 




