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Abstract

Multidrug resistance against the existing antibiotics is one of the most challenging threats across 

the globe. Antimicrobial peptides (AMPs), in this regard, are considered to be one of the effective 

alternatives that can overcome bacterial resistance. MSI-594, a 24-residue linear alpha-helical 

cationic AMP, has been shown to function via carpet mechanism to disrupt the bacterial membrane 

systems. To better understand the role of lipid composition on the function of MSI-594, in the 

present study, eight different model membrane systems have been studied using accelerated 

molecular dynamics (aMD) simulation. The simulated results are helpful in discriminating the 

particular effects of cationic MSI-594 against zwitterionic POPC, anionic POPG and POPS, and 

neutral POPE lipid moieties. Additionally, the effects of various heterogeneous POPC/POPG 

(7:3), POPC/POPS (7:3), and POPG/POPE (1:3 and 3:1) bilayer systems on the dynamic 

interaction of MSI-594 have also been investigated. The effect on the lipid bilayer due to 

interaction with the peptide is characterized by lipid acyl-chain order, membrane thickness, as well 

as acyl-chain dynamics. Our simulation results show that the lipid composition affects the 

membrane interaction of MSI-594 suggesting that membrane selectivity is crucial to its 

mechanism of action. The resullts reported in this study are helpful to obtain accurate atomistic-

level information governing MSI-594 and its membrane disruptive antimicrobial mechanism of 

action, as well as to design next generation potent antimicrobial peptides.
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Introduction

The evolution of multidrug-resistant bacteria is one of the most challenging issues in the 

medical sciences that render the modern antibiotics ineffective at a global level. 

Additionally, the scarcity of antibiotics that can combat infectious diseases is also 

acknowledged publicly with increased incidence of untreatable infections. As an alternative, 

the use of antimicrobial peptides (AMPs) as therapeutic agents could potentially bridge the 

gap between small molecules and natural antibiotics. Therefore, AMPs can cover the 

immediate need for potential alternatives for effective treatment of infections. AMPs are 

small peptide fragments that are present in organisms as part of their natural defence 

mechanism. The mechanism of action of antibiotics includes their interaction with different 

protein receptors, whereas AMPs mainly interact with the membrane lipids and are 

responsible for causing disruption in membrane integrity.1 The lipid bilayer is the 

fundamental constituent of all natural cell membranes. It has been hypothesized that the 

mode of action of antimicrobial peptides possesses minimal possibility of triggering the 

evolution of new resistance, as changing the cell membrane composition and topology is an 

energetically expensive event.2 Notably, AMPs have the ability to incisively interact with the 

lipid components in the bacterial membrane with various established models like barrel-

stave, toroidal pore, and carpet model.3, 4 Both hydrophobic and cationic residues are 

present in typical AMPs, which supports the interaction with the inner cell membrane 

architecture, and further leads to disruption of the cell membrane.5

MSI-5946 is an amphipathic α-helical peptide comprising of 24 amino acids that was 

originally designed and synthesized by Genaera Corporation. It is a hybrid of MSI-78, an 

analogue of magainin-2 and melittin. Magainin is a naturally occurring AMP found in the 

African clawed frog,7 and melittin is a haemolytic peptide from bee venom8 that stimulates 

phospholipase A2. These peptide fragments are mainly rich in lysine residues, which 

facilitate the cell lysing mechanism. Typically, different physicochemical properties such as 

the net charge,9 hydrophobic moments,10 helical content,11, 12 and the angle delimited by the 

polar/apolar faces,13 play a significant role in the interaction of AMPs with the membrane. 
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These properties are mainly taken into consideration in the design of antimicrobial peptides 

for the purpose of improving their efficacy. For example, according to Hodges et al.,14 an 

increase in hydrophobicity may lead to a gain in the haemolytic activity of the peptide.

MSI-594 has been previously reported as a potent antimicrobial peptide with a higher degree 

of membrane interaction.15 Through solid-state nuclear magnetic resonance (NMR) 

spectroscopy,16 differential scanning calorimetry (DSC),17 and 31P NMR spectroscopy,18 it 

was elucidated that MSI-594 adopts α-helical conformation and aligns itself into a parallel 

orientation in the lipid bilayer. For a better understanding of its interaction with Gram-

negative bacteria, NMR spectroscopy was carried out in the presence of lipopolysaccharide 

(LPS) micelles.15 It is worth mentioning that LPS is the major component of the outer 

membrane of Gram-negative bacteria. Interestingly, MSI-594 adopts a helical hairpin or 

helix-loop-helix conformation in LPS micelles. It was determined that the hydrophobic hub, 

consisting of Phe5, Ile2, Ile13, Leu17, and Leu20, was mainly responsible for the 

conformational stability of peptide, thereby causing perturbation to the bacterial outer 

membrane.16 It has also been reported that there exists a close contact between the LPS and 

the aromatic ring of Phe5 and the side-chain methyl groups of Ile and Leu residues, which 

governs the interaction phenomenon. Owing to the contribution of these amino acids, 

MSI-594 interacts with the lipid tails in the hydrophobic core of the bilayer and perturbs the 

membrane integrity. Importantly, experiments with these inferences have shown that 

MSI-594 employs a detergent-type mechanism for membrane fragmentation followed by 

cell death.6

Since the inception of AMPs, research efforts have focused on biophysical studies that can 

elucidate the mechanism of interaction between the antimicrobial peptide and bacterial 

membrane. As the AMPs specifically interact with lipid components of the membrane, it 

becomes inevitable to understand the exact mechanism behind the interaction at the atomic 

level. However, despite the efforts made to date, structural insights into the antimicrobial 

activity of MSI-594 are still far from being sufficient. In an attempt to gain better insights, 

we have explored in this study the interaction of MSI-594 with different lipid systems to 

trace their probable influence towards membrane fluidity. We also have attempted to 

elucidate the dynamic behavior of each lipid membrane. Notably, we have modelled 

zwitterionic POPC, anionic POPG and POPS, and neutral POPE lipid moieties in various 

ratios to mimic biological membrane systems. We explicate the molecular mechanism 

behind the interaction between MSI-594 and different membrane systems by emulating the 

Gram-negative, Gram-positive, and mammalian membrane (Table 1) through accelerated 

molecular dynamics (aMD) simulations. Our study elucidates that the helical structure of the 

MSI-594 peptide plays a significant role in translocating through the LPS layer in Gram-

negative bacteria.19 As this AMP acts by membrane-lytic activity, there is a high probability 

of disrupting the host cell membrane as well. Hence, studying the interaction of MSI-594 

with the particular lipid species is imperative, as the lipid composition is not the same for 

eukaryotic and prokaryotic cells. Thus, we have focused on mimicking the bacterial 

membrane along with the mammalian cell membrane to compare the lipid-peptide 

interactions. We have also carried out MD simulations for each lipid bilayer without the 

peptide as a control for a comparative analysis. Furthermore, with this information, the next 
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generation antimicrobial peptides can be designed to be less effective toward mammalian 

membrane, while affecting the bacterial membrane with higher specificity.

Experimental

Peptide and Model Membrane Selection

The lysine-rich 24-amino acid antimicrobial MSI-594 peptide 

(GIGKFLKKAKKGIGAVLKVLTTG), which is derived from magainin and melittin, has 

been adopted for computational studies.20 MSI-594 is a cationic antimicrobial peptide 

showing a high degree of activity against bacteria, fungi, and viruses. Herpes simplex virus 

plaque forming units get significantly reduced by the application of this peptide.21 MSI-594 

adopts a helical hairpin structure in LPS environment,22 and Phe5 residue of MSI-594 plays 

an important role in inter-helical interactions.23

We have constructed a total of eight lipid bilayer systems for our theoretical study. 

Zwitterionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipids were used to 

model the outer leaflet of the mammalian membrane.24 Anionic 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoserine (POPS) lipids were also used to model the inner leaflet of the 

mammalian membrane, as the negatively charged phosphatidylserine (PS) lipid molecule 

contributes almost 96% of the lipid composition in the inner leaflet of mammalian cell 

membranes.25 A mixture with a 7:3 molar ratio of zwitterionic POPC to anionic 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) lipids mimicking the bacterial 

inner membrane26 and a combination with a 7:3 molar ratio of zwitterionic POPC to anionic 

POPS lipids were used to model the bacterial membranes.26 To model the membranes of the 

Gram-positive bacterial membrane, such as Bacillus subtilis, we simulated a 3:1 ratio of 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG)/1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoethanolamine (POPE), while a 1:3 ratio of POPG/POPE was used to 

model the inner membranes of Gram-negative bacteria, such as Escherichia coli.27

Construction of Membrane Systems

Membrane Builder module of CHARMM-GUI28 server was utilized for the preparation of 

peptide-embedded membrane system in the present work. The coordinates of MSI-594 were 

adopted from the work of Porcelli et al.23 The initial orientation of the peptide in the 

membrane system was analyzed based on OPM server prediction.29 Orientations of different 

peptides in membrane models using OPM server have been explicitly described in previous 

studies.30 The membrane normal is assumed to be parallel to the Z-axis, and its center is 

located at Z = 0. The initial positioning of the peptide in the membrane system was made 

along the Z-axis by a 16 Å translation. The membrane geometry was fixed to 20 Å and 40 Å 

along the X-axis and Y-axis, respectively. Water thickness of 20 Å is maintained on both 

sides of lipid bilayer leaflet in rectangular box type arrangement for all systems. System 

neutralisation was dictated with the addition of counter sodium ions (Na+) or chloride ions 

(Cl−), in which the positional arrangement was determined based on the Monte Carlo 

method. The input geometry for the heterogeneous membrane system was specified with 

lipid moieties as per the membrane system ratio in both upper and lower leaflets. The system 

temperature was maintained at 300 K in all model membranes. The input files generated 
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were further processed in NAMD31 for energy minimization and production run. All 

simulations were performed using Charmm36 force field.32

Computational Methodology

The three-dimensional structure of MSI-594 utilized for the molecular dynamics simulation 

was determined in detergent micelles using solution state NMR spectroscopy and its 

orientation was determined in lipid bilayers using solid-state NMR spectroscopy.23 The 

atomic-resolution three-dimensional structure determined in a lipid environment is well 

suited for the simulation study. In particular, we have evaluated the dynamicity of different 

lipid bilayers in the presence of antimicrobial peptide through eight independent 50 ns long 

accelerated molecular dynamics (aMD) simulations using NAMD program with the 

CHARMM36 force field. Initially, we have carried out eight 10 ns unbiased all-atom 

simulations to calculate the average potential energy threshold and the inverse strength boost 

factor for the dihedral energy, which is required to execute the accelerated simulation. 

Detailed values of potential energy threshold and dihedral boost used for each system are 

given in Supporting Information Table S1. The simulation study also highlights the change 

in peptide kinetics in different lipid environments. For simulating water, the TIP3P model 

has been used.33 Details of the eight systems are given in Table 1. Of note, the membrane 

geometry has been kept constant in all the membrane systems by constructing the models 

with fixed lengths of 20 Å and 40 Å along the x- and y-axes, respectively. The peptide has 

been placed in the bilayer using replacement method, which also affects the number of lipids 

in each system owing to the difference among the individual lipid moieties. The odd 

numbers of lipid moieties are thus attributed to this methodological implication in system 

setup. Furthermore, it is also noteworthy to mention that the primary objective of the study is 

to shed light on the difference in nature of the interaction between peptide and model 

membrane systems. Thus, the representative models are framed to explore such biophysical 

details.

The isobaric-isothermal (NPT) and periodic boundary conditions were maintained 

throughout all aMD simulations. Integration time step was fixed to 2 fs for all simulations. 

Langevin dynamics and Nose-Hoover-Langevin piston were used to retain the temperature at 

300 K and the pressure at 1 bar, respectively.37 The cut-off value was set at 10 Å for the 

calculation of all short-range interactions, while long-range interactions were measured 

using particle mesh Ewald method.38 RATTLE39 and SETTLE40 algorithms were used to 

restrain all bond lengths that involve hydrogen atoms.

Accelerated Molecular Dynamics (aMD)

We have used accelerated molecular dynamics (aMD) for all simulations in this study. 

Accelerated molecular dynamics (aMD) helps to improve sampling by decreasing the energy 

barrier between two high-energy states, and thereby renders robust conformational sampling 

with comparatively less CPU time than that of conventional molecular dynamics protocols. 

Also, aMD provides a boost of potential energy to the system when the potential energy 

reaches the threshold level. The relation between the modified potential and the real 

potential is defined according to Equations (1) and (2):
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(1)

Where V*(r) is the modified potential and ΔV(r) is the boost potential.

(2)

Analysis

In the present study, 50 ns all-atom aMD simulation was carried out for eight different 

model membrane systems in the presence of MSI-594. The simulation data mainly 

elucidates the dynamics of MSI-594 in heterogeneous membrane systems, which was also 

compared to previously published reports as well as to control homogeneous membrane 

systems. To analyse the membrane dynamics in the presence of MSI-594, we have used the 

membrane plugin analysis tool MEMPLUG in VMD (http://www.ks.uiuc.edu/Research/

vmd/).

Area per Lipid

The area per lipid tool analyses the membrane under consideration and calculates the total 

area per lipid as well as the area per lipid moieties in the modelled membrane systems. This 

tool examines the membrane as single continuous plane and does not take membrane pore or 

any other significant empty spaces under consideration. The simulation trajectory assumes to 

be aligned to the Z-axis. Residue names are defined according to the lipid species present in 

the membrane. In particular, one lipid, as well as a triad of lipid species, can be calculated 

simultaneously. In bilayer simulation, both leaflets are analysed and denoted as “0” and “1” 

for upper and bottom leaflets, respectively. Both leaflets are selected, and the average value 

is plotted. In our study, 50 frames are analysed per iteration. At constant temperature, the 

fluctuations in area per lipid are associated with isothermal area compressibility modulus, 

KA, according to Equation (3):

(3)

where kB is Boltzmann’s constant, σ2 is the variance associated with AL, NL is the number 

of lipids, and the angle brackets denote time and ensemble averages.

Membrane Thickness

The membrane thickness tool measures the distance between two phosphate atoms of two 

lipid moieties in opposite leaflets considering the middle point between them. The central 

point is normalised based on the mass density of the selected atom along the normal of the 
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membrane. Variation in membrane thickness gives insights into the membrane perturbation 

in the presence of the antimicrobial peptide.

SCD Order Parameter

The order parameter analysed the mobility of the C-H bond of the aliphatic lipid tails based 

on the bond orientation. The value of order parameter (-SCD) reflects on the membrane 

fluidity and is calculated using Equation (4):

(4)

Where θ is the angle between the C-H bond and the bilayer normal. Atom names are 

selected for the calculations of order parameter for that particular lipid. As the lipids under 

consideration have different chain assignments, therefore the specific lipid chains are 

selected for the order parameter calculation. Leaflets are designated as “0” and “1” for an 

upper and bottom leaflet, respectively.

Root-Mean-Squared Fluctuation (RMSF)

The root-mean-square fluctuation (RMSF) is vital to delineate the local changes that occur 

in the protein chain due to the change in atomic mobility of its residues. The RMSF for 

residue i of a protein can be represented according to Equation (5):

(5)

Where T is the trajectory time, tref is the reference time, ri is the position of the residue, r′ is 

the position of atoms in residue i after superposition on the reference, and the average of the 

square distance of atoms in the residue are designated by the angle brackets.

Results and Discussion

Dynamics of Membrane Models in the presence of MSI-594

The primary interest of this study is based on the motivational work of previous studies that 

have suggested that the MSI variants exhibit fragmentation of membrane in a detergent-like 

mechanism.6 In the present study, we focus on the changes in membrane integrity and the 

conformational changes in the antimicrobial MSI-594 peptide using all-atom accelerated 

MD simulation studies. The initial stage of the simulation provides information about the 

changes in orientation of the lipid moieties in the presence of the peptide. The 

conformational sampling of MSI-594 was processed using conventional MD simulation 

method for a period of 10 ns, which in turn provides potential energy term of the system 

(Supporting Information Table S1). Following this, accelerated MD simulations for a period 

of 50 ns, which are known to provide an accelerated sampling of conformations,41 were 

performed.
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Area per lipid and the membrane thickness are two important parameters that provide 

structural insights of membrane perturbation with reference to the absence and presence of 

MSI-594. In this context, we have found that the area per lipid for different membrane 

model systems increases in the presence of the antimicrobial peptide MSI-594, which is 

attributed to the steric hindrance caused by the presence of MSI-594 in the bilayer, and the 

extent is indicative of the influence of this AMP in various bilayer systems (Supporting 

Information Table S3). It has been previously observed, both experimentally and 

theoretically, that the area per lipid is much lower for homogeneous lipid bilayer systems in 

the absence of any peptide.42, 43 Experimental studies have suggested an average value of 

63.6 Å for the area per lipid of POPC/POPG (7:3) bilayer.44 Our control simulation in the 

absence of peptide also shows an average value of 62.74 ± 1.20 Å. However, our simulations 

show that this value increases up to 72.96 ± 2.67 Å in the presence of MSI-594, indicating 

that MSI-594 substantially facilitates the dynamicity of individual lipid moieties in this 

heterogeneous system (Supporting Information Table S3). Comparing POPC and POPG 

systems, POPC shows relative larger area per lipid with a value of 74.34 ± 2.14 Å compared 

to 73.72 ± 2.18 Å for POPG. Likewise, for the POPC/POPS (7:3) system, the increase in 

area per lipid value was up to 71.05 ± 1.89 Å (Supporting Information Table S3). This result 

shows more perturbation in the membrane in the presence of MSI-594, which is responsible 

for more fluctuations in lipid acyl chain. In the POPG/POPE (3:1) system, the area per lipid 

value of 65.22 ± 1.99 Å and 71.65 ± 1.81 Å was obtained in the absence and presence of 

MSI-594, respectively (Supporting Information Table S3). In contrast, the area per lipid was 

found to be 67.84 ± 1.72 Å in the case of POPG/POPE (1:3), which indicates that this 

system is relatively less perturbed compared to POPG/POPE (3:1). Note that POPG/POPE 

(3:1) and POPG/POPE (1:3) represent the Gram-positive and Gram-negative bacterial 

membranes, respectively. This behaviour of MSI-594, which shows relative perturbations in 

different bacterial membranes, also correlates well with previously reported studies.9, 45, 46

To better understand the behaviour of MSI-594 in membrane systems, we have also 

investigated homogeneous lipid bilayer systems as a control. In single lipid bilayer systems, 

the area per lipid also changes in the presence of MSI-594, which reflects that the change in 

area per lipid is maximum in the case of anionic POPG. The reported area per lipid was 56.1 

Å under experimental conditions, while it increases up to 73.72 Å in the presence of 

MSI-594.44 In the case of POPC, POPE, and POPS, the change in area per lipid value is in 

the range of 5–10 Å. The values reported for POPC, POPE and POPS are 68.4 Å, 64.8 Å 

and 56 Å, respectively,44 while our simulation infers that the area per lipid increases up to 

74.34 Å, 66.92 Å, and 68.71 Å, respectively in the presence of MSI-594 (Supporting 

Information Figure S2). A graphical plot indicating the fluctuation of area per lipid in the 

presence of MSI-594 is shown in Figure 1. The changes in the area per lipid throughout the 

simulation time span are mainly observed for POPG/POPE (1:3) and POPG/POPE (3:1) 

(Figure 1C, 1D). Importantly, when POPG is present in a lower concentration within the 

heterogeneous lipid bilayer, the fluctuations in simulation time course is higher. Note that 

lipid electrostatics and head group size are contributing factors in bilayer property. 

Generally, area per lipid decreases when acyl chain length of the lipid increases, indicating 

an increase of van der Waals attraction at a fixed temperature. However, area per lipid differs 

among the phosphatidylcholine (PC) series and phosphatidylethanolamines (PE) at the same 
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temperature as the head group methylation plays a greater role than acyl chain length.47 The 

zwitterionic lipid (phosphatidylcholine) has a comparatively larger head group with three 

methyl groups attached to the N atom. This is further ascribed to the fact that larger head 

groups tend to stabilise the membrane integrity mediated through electrostatic interaction. 

According to the results reported by Ramamoorthy and co-workers,48 the cationic AMP 

interacts more with the anionic lipid POPG compared to zwitterionic or neutral lipid 

moieties. This is also evident from our simulation, as the interaction between anionic POPG 

and MSI-594 leads to higher degree of fluctuation of average area per lipid in the bilayer. 

Overall, these changes in the average area per lipid shed light on the increased permeability 

of the membrane, which is attributed to the presence of the antimicrobial peptide.

Membrane Deformation Due to the Presence of MSI-594

The orientation and mobility of the C-H bond can be measured by characterising the lipid 

order.49 Biological membranes do not consistently remain in a single homogeneous fluid 

phase, as they are extremely heterogeneous and display phase transition.50 The parameters 

such as “lateral” and “orientational” order, and more specifically the trans-gauche 

isomerization that occurs in the liquid state of the membrane, tend to affect the 

conformational order of the membrane. Notably, the bilayers display phase transition 

between the gel-like liquid crystalline state and the highly disordered liquid state.50 These 

two different phases affect the fluidity and permeability of the membrane, thereby affecting 

the membrane functions. Thus, order parameter helps to gain insights into the state of the 

system, which correlates with its function.51 The substantial distortion in lipid bilayer 

induced by the peptide has a significant impact in its biological function.52

In the completely ordered state, the acyl chain of lipid moieties is aligned at a right angle 

with the bilayer (modelled system before equilibration state) and have an all-atom extended 

configuration with -SCD = 0.5. However, upon the successive progression of the simulation, 

the value becomes -SCD = 0 in the completely disordered state, which will be governed by 

molecular mechanics in the all-atom simulation.53 Therefore, the higher value of -SCD 

shows enhanced lipid order. The order parameter also varies depending on the amount of 

chain deflection during simulation.54 With a view to gain similar acyl chain deflection, SCD 

values have been calculated for all the lipid species present in different membrane models 

(Figure 2). The order parameter values show a decaying pattern in the presence of MSI-594. 

The upper portion of the lipid chain, attached to the phosphate head group, shows an ordered 

orientation according to the -SCD values of the carbon atoms present in that region. On the 

other hand, the relative order of head group size follows the order POPC>POPG>POPS> 

POPE.55

Likewise, the lower part exhibits a greater extent of disorientation owing to its –SCD (Figure 

2). As shown in the figure, the carbon atoms close to the head group of POPG show more 

ordered orientation in a PG/PE 3:1 mixed bilayer compared to the control POPG bilayer 

(Figure 2C and 2D; Supporting Information Figure S2). Notably, the anionic lipid 

(phosphatidylglycerol) also has a larger head group compared to neutral lipid (POPE), 

owing to the presence of the glycerol group. On the contrary, POPG shows similarly ordered 

state in PC/PG 7:3 bilayer systems relative to the control system (Figure 2A). Also, the 

Mukherjee et al. Page 9

Phys Chem Chem Phys. Author manuscript; available in PMC 2018 July 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neutral lipid (phosphatidylethanolamine) has only three hydrogens attached to its N atom 

resulting in the formation of a comparatively smaller head group. This fact aligns with the 

observation that infers the carbon atoms close to the phosphate head groups in POPG remain 

ordered in the presence of POPE lipid, thereby rendering more stability to the bilayer. In 

contrast, the presence of POPC does not impart any change in the order parameter of POPG. 

It has been previously reported that higher concentration of the lipid moieties with a larger 

head group brings instability into the bilayer due to electrostatic interactions.56 In contrast, 

POPE shows a more disordered orientation when present in POPG/POPE (3:1) 

heterogeneous system. The carbon atoms close to the phosphate head groups of POPE 

become more disoriented, owing to the presence of POPG lipid, as evident from –SCD values 

obtained from the POPE control system (Supporting Information Figure S2).

The C10, C16 and C18 carbon atoms show more flexibility in POPS, POPG and POPE acyl 

chains, respectively. The flexibility of acyl chain of POPC lipid moieties remains almost 

similar in both the control and mixed bilayer systems. Notably, POPS show a slightly 

elevated level of ordered state in the presence of POPC in heterogeneous systems. The 

carbon numbers C9–C11, C16 and C18 are more fluctuating in the case of zwitterionic 

POPC moieties.

MSI-594 perturbs Membrane Thickness

The composition and distribution of lipid moieties are critical in biological membranes. The 

presence of hydrophobic tail (acyl chain length), a hydrophilic head group of lipid, and 

extent of unsaturation in acyl chain are the key players in determining the membrane 

perturbation in the presence of AMPs.57 This dynamicity of the membrane can be well 

characterized by evaluating the membrane thickness over the course of the simulation. This 

interaction between the hydrophobic lipid tail and the protein leads to an alteration in the 

membrane structure, which results in a vacillating membrane thickness.

The computed membrane thickness varies in accordance with the modification of lipid 

composition of the studied model systems (Supporting Information Table S3). The 

heterogeneous bilayer composed of POPG/POPE (1:3) shows a 38.11 Å average membrane 

thickness in the presence of MSI-594, which is the largest among the heterogeneous 

membrane model systems under consideration (Figure 3C and Supporting Information Table 

S3). According to our simulation study, the estimated membrane thickness of POPG/POPE 

(1:3) is 41.65 Å in the absence of any peptide fragment.20 On the other hand, the PG/PE 3:1 

membrane shows a 36.11 Å average thickness over the course of simulation in the presence 

of MSI-594 (Supporting Information Table S3). Further, it is noteworthy to mention that 

Gram-negative bacterial membrane is modelled by PG/PE 1:3 lipid composition. Thus, this 

observation supports the experimentally proved antimicrobial activity of MSI-594.58, 59 

Similarly, in the other two heterogeneous bilayer systems, PC/PG 7:3 and PC/PS 7:3, 

membrane thickness was found to be 36.04 Å and 37.01 Å, respectively (Figure 3A, B), 

which indicates no significant difference between the two systems.

A significant difference in membrane thickness is observed upon the alteration of anionic 

lipid POPG to POPS in the model systems (Figure 3B). This result supports the lipid-

specific action in the membrane-lytic activity of MSI-594. In homogeneous POPC 
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membrane model, previously reported as well as our simulation study shows the membrane 

thickness 39.46 Å in the absence of any peptide.20 In our case, the estimated average 

membrane thickness for the control POPC homogeneous system appears to be 36.48 Å in 

the presence of MSI-594, which correlates with previous reports. More importantly, POPC is 

one of the essential lipid moieties present in the outer leaflet of the mammalian membrane. 

Hence, the comparative lower activity of MSI-594 in POPC bilayer suggests that MSI-594 

shows selective activity against bacterial membrane systems. The average calculated 

membrane thickness for POPG, POPE, and POPS single lipid bilayer systems is 36.25 Å, 

38.31 Å and 37.99 Å, respectively (Supporting Information Table S3 and Figure S3). Based 

on these results, it can be recognized that MSI-594 is more active in POPE and POPS 

bilayer systems compared to POPG. In other words, the interaction between cationic AMP 

and anionic POPG might be responsible for stabilizing the membrane integrity. The plots in 

Figure 3 show that the fluctuation in membrane thickness was reflective up to 11 ns, 

following which the thickness appears to be converged in the remaining simulation time. 

Similar convergence is also reflective in the final 10 ns timescales for other systems 

(Supporting Information Figure S3).

Behaviour of MSI-594 in Different Lipid Environments

The interaction between the AMP and the lipid molecules is crucial to study the dynamicity 

of the peptide within the membrane. Additionally, understanding the mechanism responsible 

for the interaction may lead to better insights into the application of MSI-594 as an 

antimicrobial drug. To characterize the interaction between MSI-594 and the lipid moieties, 

we have calculated the center of mass (CoM) keeping Gly12 as the key residue. According 

to a previous report by Porcelli et al.,23 it was highlighted that Gly12-Gly14 segment of 

MSI-594 is responsible for additional dynamicity in the zwitterionic DPC micelle, thereby 

increasing the overall flexibility. In order to calculate the CoM, we have focused on the 

distance-drift between the center of the bilayer membrane and Cα of Gly12 and Cα of the 

residue that has acquired a maximum bend in the course of simulation time. The increased 

CoM distance is indicative of peptide drift towards the interface between the aqueous solvent 

and the phosphate head groups. This observation further renders the hydrophilic or 

hydrophobic interaction between the peptide and membrane moieties. In other words, the 

above observation divides the total interaction energy into two parts, viz. electrostatic and 

van der Waals interactions.

Figure 4 shows the probability histograms for the CoM distances. The CoMs measured for 

the Cα of Gly12 residue in POPC/POPG (7:3) and POPC/POPS (7:3) heterogeneous 

bilayers appear to be 34.5 Å and 37 Å, respectively. In both the POPC/POPG (7:3) and 

POPC/POPS (7:3) bi-layers the maximum bend is observed in Gly15. The COM calculated 

for the Gly15 residue has got a maximum count for 37 Å and 39 Å in POPC/POPG and 

POPC/POPS system, respectively. On the other hand, for the homogeneous bilayer systems 

(POPC, POPG, and POPS), the CoMs calculated for Gly12 residue are 10, 39, and 39 Å, 

respectively (Supporting Information Figure S4). Notably, a significant change in CoM 

calculated for Lys8 is observed in POPC homogeneous system, which is near 43 Å. This 

marked difference between POPC (zwitterionic) and PG/PS (anionic) could be attributed to 

the physical nature of lipid moieties, which also governs the pattern of interaction between 
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MSI-594 and corresponding lipid moieties. The relative decrease in CoM for heterogeneous 

bilayers is indicative of membrane stability that is achieved by mixing different lipid 

moieties. Also, the contribution of the electrostatic interaction mediated through phosphate 

head groups is contributing to these stability criteria. The marked difference be-tween 

POPC/POPG (7:3) and POPC/POPS (7:3) further indicates that the hydrophilic interaction 

mediated by phosphate head groups and dynamic water molecules dominates in the case of 

POPC/POPS compared to POPC/POPG (Figure 4A, B). With regard to homogeneous 

systems like zwitterionic system (POPC), the interaction is driven mainly by the 

hydrophobic interaction between MSI-594 and acyl chain. The other three control bilayers 

POPE, POPG and POPS, show maximum conformations at 41 Å, 39 Å and 39 Å distances, 

respectively, which dictates significant hydrophilic interaction between MSI-594 and 

phosphate head groups as well as contribution from dynamic water molecules. The CoM for 

POPG/POPE (1:3 and 3:1) shows values of 36.5 Å and 35 Å, thereby dictating nearly similar 

interaction pattern (Figure 4C, D). In the case of POPG-POPE (1:3) and POPG-POPE (3:1) 

systems, which mimic Gram-negative and Gram-positive bacterial membrane, respectively, 

the maximum bend angle is observed for Lys7 residue. The calculated CoM for Lys7 residue 

for both the system shows maximum count in 40 Å and 39 Å respectively.

The calculated residue-wise root mean square fluctuations (RMSF) of MSI-594 in the 

presence of membrane moieties are shown in Figure 5. The significance of this data is that it 

gives the amplitude of atomic fluctuation of the Cα carbon atoms that corresponds to 

relative dynamicity of peptide segment in conjunction to the corresponding inter-action 

phenomenon. In particular, the highest degree of variation is observed for POPC/POPG (7:3) 

compared to other heterogeneous systems, which suggests that relative dynamicity of 

MSI-594 is greater in this system (Figure 5A). Residue-wise, the fluctuations are more 

significant in C-terminal (C-ter) and N-terminal (N-ter) residues compared to the residues 

present in the central region of MSI-594. This observation is consistent in all model systems 

(Figure 5A). The dynamicity of MSI-594 is found to be relatively rigid in POPG/POPE 

(1:3), which corresponds to Gram-negative bacterial membrane systems. This result 

correlates well with the results of area per lipid (Figure 1), which indicates that membrane 

perturbation induced by MSI-594 in POPG/POPE (1:3) is less compared to Gram-positive 

bacterial membrane mimicking system POPG/POPE (3:1). A close trajectory analysis 

reveals that the relative dynamicity of positively charged amino acids is found to be 

significant, as indicated in Figure 5B–E and Figure S5 (Supporting Information).

Helix Bending

To obtain further understanding of the secondary structure of the MSI-594, detailed analysis 

for the structural and positional changes of the residues have been calculated. The structural 

bending or distortion in the helical structure of transient ensemble of MSI-594 in the 

presence of membrane models was analyzed using Bendix program.60 This program 

evaluates the structure of the helix based on local structural changes. Figure 6 shows the 

maximum bend angle observed in MSI-594 that accounts for the effect of different lipid 

environments. In POPC/POPS (7:3) heterogeneous system, helix bend angle of 8.8° is 

observed formed by residues Gly14, Leu17, and Leu20. This suggests that the structural 

stability is mediated mainly via hydrophobic interactions. In POPC/POPG (7:3) the bend 
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angle is 14.6° and the residues involved are Gly14, Leu17, and Leu20, which is indicative of 

hydrophobic association. Notably, these residues also take part in bend formation in POPS 

control system (Supporting Information Figure S6). Comparing the helix bending of POPG/

POPE membrane systems, the helix bend is observed to be 13.8° in both 1:3 and 3:1 molar-

ratio systems. Importantly, the residues involved in both systems are Lys4, Lys7, and Lys10, 

which are the N-terminal region of MSI-594, responsible for inducing the helix bend. Based 

on these observations, the electro-static interactions tend to stabilize the interaction between 

MSI-594 and lipid moieties in 3:1 and 1:3 POPG/POPE systems.

Conclusions

The present study elucidates the atomistic information for the mechanism of action of 

MSI-594 in different membrane model systems. Notably, the use of dual boost accelerated 

molecular dynamics simulation helps in obtaining enhanced conformational sampling that in 

turn reveals the driving force responsible for the AMP-membrane interaction. The study 

comprises of heterogeneous membrane systems like POPC/POPG (7:3) and POPC/POPS 

(7:3) that correspond to previously reported experimental studies, as well as POPG/POPE 

(1:3), POPG/POPE (3:1) that mimic Gram-negative and Gram-positive bacterial outer 

membrane, respectively. The results obtained are helpful in differentiating the level of 

activity of MSI-594 in the presence of different lipid species in the membrane models. In 

particular, we have observed that MSI-594 exhibit significant perturbation in a homogeneous 

zwitterionic POPC bilayer and least disruption in a neutral POPE bilayer system, as 

reflected by the area per lipid calculations (Supporting information Figure S7). Similarly, it 

was also observed that anionic POPG renders maximum fluctuations when present in lower 

concentrations, such as in POPG/POPE (1:3) and POPC/POPG (7:3) bilayers (Figure 7). 

The selectivity of MSI-594 is found to be against bacterial membrane systems, as reflective 

of lower activity in POPC system. Our simulations also dictate that in POPC/POPS (7:3) 

system, the interaction is hydrophilic in nature, whereas the interaction is found to be 

hydrophobic against POPC system. Overall, this information is helpful in dictating the 

mechanism of action and membrane selectivity of MSI-594, as well as that it may lead to the 

design of MSI variants as active AMPs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Area per lipid is estimated for heterogeneous bilayer systems. The average value (black line) 

is also plotted against simulation time. (A) POPC/POPG 7:3, (B) POPC/POPS 7:3, (C) 

POPG/POPE 1:3 and (D) POPG/POPE 3:1. POPC, POPS, POPG and POPE are represented 

by red, purple, green and blue colour, respectively.
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Figure 2. 
Lipid order parameter (-SCD) is measured on the basis of POPC, POPS, POPG and POPE 

lipid fragments in (A) POPC/POPG 7:3, (B) POPC/POPS 7:3, (C) POPG/POPE 1:3 and (D) 

POPG-POPE 3:1 heterogeneous systems. POPC, POPS, POPG and POPE are represented 

with red, purple, green and blue respectively.
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Figure 3. 
Average membrane thickness is computed with respect to simulation time for (A) POPC/

POPG 7:3, (B) POPC/POPS 7:3, (C) POPG/POPE 1:3 and (D) POPG/POPE 3:1 bilayer 

systems.
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Figure 4. 
The maximum number of MSI-594 configurations present at a particular distance from the 

center of bilayer is plotted by histogram analysis and representative snapshots are given 

from simulation trajectory for (A) POPC/POPG 7:3, (B) POPC/POPS 7:3, (C) POPG/POPE 

1:3 and (D) POPG/POPE 3:1 bilayer systems. [Blue represents the distance between center 

of bilayer and the residue with maximum bend angle; Red represents the distance between 

center of bilayer and Gly12 residue.]

Mukherjee et al. Page 19

Phys Chem Chem Phys. Author manuscript; available in PMC 2018 July 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
(A) RMSF plots for the Cα carbon atoms of MSI-594 in heterogeneous lipid environments 

and (B–E) superimposition of MSI-594 conformations from starting and end-point 

simulation timescale. The side chain of residues that shows significant difference are 

highlighted in stick representations. Figures were generated using PyMol visualization tool.
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Figure 6. 
Heat map for the helix bend angle and the residues involved along with the degree of angle 

plot against the residue (E, F) are shown for (A) POPC/POPG 7:3, (B) POPC/POPS 7:3, (D) 

POPG/POPE 1:3 and (E) POPG/POPE 3:1 heterogeneous lipid systems.
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Figure 7. 
Structural models indicating the relative dynamicity of MSI-594 (in green acyl chain) and 

membrane system (in yellow acyl chain). The structural drift for C-ter, G-I-G middle 

section, and N-ter is shown with a curved arrow, which corresponds to relative dynamicity of 

MSI-594 from aMD. The membrane thickness (vertical arrows) and the average change in 

area (horizontal arrows) reflect the perturbation of membrane system. The thickness of 

arrow is indicative of their extent of perturbation. The model summarizes perturbation effect 

over (A) POPC/POPG 7:3, (B) POPC/POPS 7:3, (C) POPG/POPE 1:3, and (D) POPG/

POPE 3:1 systems due to the presence of MSI-594.
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