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                              Preface  

 

This thesis deals with the studies on the interaction of antimicrobial peptides/protein with 

phospholipid membranes. Antimicrobial peptides (AMPs) are promising novel antibiotics due to 

their antimicrobial activity against invading pathogens, such as viruses, fungi, bacteria etc. These 

molecules have been found in organisms ranging from prokaryotes to human innate immune 

system. The overuse of antibiotics promotes antibiotic resistance which is a serious threat to the 

mankind. The resistance to conventional antibiotics have led to a new possibility in the 

development of AMP as human therapeutics. Today we need a proper understanding of the 

complex interaction between antimicrobial peptides and biological membranes for the 

development of suitable antimicrobial peptide for clinical use. Biological membranes are complex, 

regulated by various membrane components. Therefore, it is often useful to study model 

membranes to understand more complex lipid-peptide interactions and hence to get some insight 

into the structure and functions of the membranes induced by AMP. 

We have studied the interaction of various antimicrobial peptides/protein with unilamellar vesicles 

using a variety of experimental techniques, such as, dynamic light scattering, zeta potential, 

isothermal titration calorimetry (ITC), fluorescence spectroscopy and phase contrast microscopy.  

In contrast to classical antibiotics, antimicrobial peptides target bacterial membranes and 

disintegrate the membrane. The major constituents of bacterial membranes are 

phosphatidylethanolamine (PE) and phosphatidyl-glycerol (PG) (∼4:1). Therefore, in our present 

study, we have chosen model systems, composed of dioleoyl phosphatidylglycerol (DOPG) and 

mixtures of DOPG with dioleoyl phosphatidylethanolamine (DOPE) and dioleoyl 

phosphatidylcholine (DOPC). These lipids also show fluid phase at room temperature (250 C). The 

electrostatic behavior as well as the size distribution of the membranes in the presence of 

antimicrobial peptide was systematically characterized using ζ potential and DLS, respectively. 

Thermodynamics of the interaction of this system have been thoroughly investigated using ITC 

study. We have determined the binding affinity of antimicrobial peptide with negatively charged 

phospholipid membranes. Binding free energy and other interaction parameter have been 

delineated using theoretical ansatz. Giant unilamellar vesicles (GUVs) made from binary lipid–

cholesterol mixtures were also studied using phase contrast microscopy. We have estimated the 

value of rate constant obtained from the fit to exponential decay function. The membrane sensitive 
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lipophilic fluorescence probe, nile red, was used to study how physico-chemical properties of lipid 

bilayer get altered due to interaction of AMP. We have also measured the lifetime and steady state 

anisotropy of the nile red in order to get some insight into the nature of peptide-lipid membrane 

interactions. 

 

In chapter 1, we give a brief introduction to lipids and to the various lamellar phases exhibited by 

them in aqueous solutions. A summary of earlier studies on the influence of cholesterol on lipid 

membranes and a brief introduction to membrane rafts are also given. Also we provide a brief 

introduction of antimicrobial peptide and their classification on the basis of their charge, 

hydrophobicity and amphiphaticity. Mechanism of the antimicrobial peptide on the lipid 

membrane also described here. 

Amphiphiles in aqueous solution form a variety of self-assembled structures. Lipid bilayer is the 

basic building block of all biological membranes. In general, lipids are amphiphilic molecules, 

consisting of two parts; a polar hydrophilic head and a nonpolar hydrophobic hydrocarbon chains. 

All lipids have a transition temperature (𝑇𝑚) above which they undergo a transition from gel phase 

to liquid phase. As model membrane, unilamellar vesicles are classified into three categories 

according to their average size range. They are small unilamellar vesicles (SUV), large unilamellar 

vesicles (LUV) and giant unilamellar vesicles (GUV). Cholesterol is also an essential constituent 

of plasma membranes. cholesterol enhances the rigidity of the plasma membranes. Incorporation 

of cholesterol into lipid membranes leads to the progressive decrease in main- and pre-transition 

temperatures. It indicates that cholesterol transforms the gel phase into a fluid phase.  

Antimicrobial peptides (AMPs) are the unique and diverse group of molecules which are part of 

innate immune response found in all animal and human body. They are the host defense peptides 

and works against invading pathogens, such as viruses, fungi, bacteria etc. Peptide charge, 

hydrophobic residue and amphipathicity play an important role on the antimicrobial activity. There 

are four categories of antimicrobial peptides based on their structural characteristics including 

linear α-helical peptides, β-sheet peptides, linear extension structure, and both α-helix and β-sheet 

peptides. Due to intermolecular disulfide bonds, β-sheet peptides are more rigid structures than α-

helical peptides. AMPs commonly possess amphipathic structures and cationic in nature which 

strongly bind to the bacterial membranes via electrostatic interactions. An important property of 

AMP is the specificity of bacterial targets and excludes the killing of most eukaryotic cells. They 



iii 
 

create defects, such as trans-membrane pores which eventually rupture the essential cellular 

contents by disintegrating lipid organization. There are several proposed mechanisms that AMP 

uses to destroy the cellular membrane reported in literatures such as toroidal pore model, barrel-

stave pore model and carpet model. The essential and common feature of these mechanisms is the 

formation of trans-membrane pores.  

 

In chapter 2, we describe experimental techniques employed by us for studying peptide-

membrane interaction. The basic principles of experimental techniques and detailed methodology 

are also discussed. 

We have prepared large unilamellar vesicles (LUV) from extrusion method. The size distribution 

of the LUVs was confirmed by dynamic light scattering measurement. The zeta potential is used 

to estimate the surface charge, surface potential of the vesicles. The fluorescence spectroscopy 

technique is widely used to determine the structure and dynamics of the lipid membrane. We have 

also measured fluorescence anisotropy and lifetime to investigate the local environment in which 

a fluorophore is localized. The thermodynamics of lipid-peptide interaction and binding kinetics 

of peptide have been investigated using ITC. The nature of interaction in terms of exothermic or 

endothermic can directly be envisaged from ITC heat flow. Now the integrated heat flow at 

injection provides the isotherm which can be fitted to an appropriate model in order to obtained 

binding parameters, such as 𝑘, ∆𝐻, ∆𝑆 etc. One site binding model provided by microcal origin 

does not fit well the experimental binding curve. Therefore, we adopt a partition model to fit the 

data. 

In this chapter we also describe electroformation of giant unilamellar vesicles (GUVs) made from 

lipid–cholesterol mixtures. Electroformation is a protocol to prepare GUVs of 10-100 μm size, 

which can be easily observed under a phase contrast or fluorescence microscope. Vesicles form 

when the lipid is in the fluid (𝐿𝛼) phase. 

 

In chapter 3, We have systematically studied the interaction of NK-2 with phospholipid 

membranes to obtain insights into the antimicrobial activity. As bacteria mimicking membranes, 

we have chosen large unilamellar vesicles (LUVs) composed of negatively charged phospholipid 

and neutral phospholipids. The binding affinity of NK-2 to the negatively charged membranes, 

PG, as well as the neutral phospholipids PC and PE was determined using ITC and ζ potential. 
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ITC and ζ potential results show the stronger binding affinity of NK-2 to negatively charged 

membranes than to neutral membranes. We compare binding affinity of NK-2 to PG, PE, and PC 

as PG ≫PE > PC. 

 

 

 

 

 

 

 

 

(a)                                                                        

(b) 

 

Figure 1: (a) ζ Potential of phospholipid LUV at various NK-2 to lipid molar ratios. Solid lines are 

intended only as guides to the points. Error bars indicate the width of the distribution profile of ζ 

potential. (b) Size distribution of LUV composed of DOPG in the presence of NK-2. Error bar is 

the standard deviation and was obtained from the width of the distribution. 

 

The size distribution of negatively charged LUV in the presence of NK-2 was found to increase 

drastically, indicating the presence of large aggregates. Such a large aggregate has not been 

observed in neutral membranes, which supports the ITC and ζ potential results. The binding free 

energy, effective surface charge due to release of counter ion have been estimated from the 

minimal and maximal zeta potential. We have also determined the intrinsic binding constant from 

ITC Experiment Using the Surface Partition Model. Phase contrast optical microscopy experiment 

on GUV reveals the formation of trans-membrane pores which implies antimicrobial activity of 

NK-2. We compare pore formation in negatively charged membrane with neutral membrane. 

 

In chapter 4, We have studied the interaction of magainin 2 with various phospholipid membranes 

to obtain insights into the antimicrobial activity. The size distribution of LUV composed of 

different phospholipid and lipid mixture increases with increasing concentration of magainin 2. 
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Results on zeta potential of LUV clearly infer that the presence of magainin 2, charge 

neutralization happens at much higher value for negatively charged membrane than neutral 

membrane. These differences are due to the fact that charge compensation occurs with respect to 

charge lipids. The thermodynamics of binding of the antibacterial peptide magainin 2 to 

phospholipid membrane has been studied with isothermal titration calorimetry (ITC). The binding 

of magainin 2 is caused essentially by electrostatic forces. We have also determined the binding 

constant and other thermodynamic parameters from ITC experiment using the one site binding 

model. Phase contrast microscopy on GUV has been performed in order to visualize directly the 

antimicrobial activity of Magainin 2.  

 

 

 

 

 

 

 

 

 

Figure 2: Phase contrast images of GUVs composed of DOPC−DOPG (4:1), exposed to 4.16 μM 

Magainin 2. The diameter of the vesicle is ∼35 μm. 

 

Change in the difference of the gray value (𝐼𝑝𝑡𝑝) in the halo region with time DOPC-DOPG (4:1) 

GUV, as shown in Figs. 3 indicate leakage of internal fluid, leading to the loss of contrast. 

𝐼𝑝𝑡𝑝 decreases until GUV completely loses its contrast in the halo region. We have determined the 

value of rate constant for different concentration of peptide.  
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Figure 3: (a) shows profile of contrast decay of GUV made from DOPC: DOPG (4:1) with 

increasing concentration of magainin 2. (b)  shows decay constant vs concentration of magainin 2. 

 

However, we did not observe any significant decrease of  𝐼𝑝𝑡𝑝 of vesicle made of DOPC when 

exposed to magainin 2. We also explored the pore-forming activity of magainin 2 on the membrane 

containing cholesterol. The fluorescence leakage experiment showing the leakage of entrapped 

calcein from the LUV composed of DOPC: DOPG (4:1) indicating the formation of 

transmembrane pores. We have observed the fluorescence intensity of nile red in presence of 

phospholipid membrane with increasing peptide concentration. We also measured the anisotropy 

value of the bacterial membrane which increases with the increasing peptide concentration but 

remain same for neutral membrane. 

 

In chapter 5, A systematic investigation on the interaction of KMP-11 with anionic phospholipid 

membranes reveals, for the first time, that KMP-11 is able to induce pores in the anionic 

phospholipid membrane. KMP-11 is a small protein which is considered a potential candidate for 

leishmaniasis vaccine. KMP-11 is found on the membrane surface of the parasite. Although the 

biological function of KMP-11 is unknown, we hypothesize from its sequence analysis that it may 

interact with the macrophage membrane and may influence the entry process of the parasite into 

the host cell. To validate this hypothesis, we have investigated the interaction of KMP-11 with 

unilamellar anionic phospholipid vesicles and explored its pore-forming activity. The decrease in 

negative ζ-potential of the vesicles and reduction in the fluorescence intensity of membrane-bound 
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dye DiI C-18 suggest a strong association of KMP-11 with the membrane. Both the calcein release 

fluorescence assay of large unilamellar vesicles and phase contrast microscopy of giant unilamellar 

vesicles have been employed to show the leakage of internal fluid and exchange of fluids, 

suggesting the formation of transmembrane pores in an anionic membrane. 

 

                                 (a)                                                                             (b) 

 

Figure 4: (a) Calcein release assay showing the leakage of entrapped calcein from the LUV 

composed of PC:PG (4:1). (b) The decay of (peak to peak intensity) with time for DOPC-DOPG 

GUVs. The solid line represents the fit, which was obtained from a single exponential decay. The 

decay rate constant (τ) was found to be (0.7 ± 0.06) × 10-3 sec-1. 

 

Incorporation of cholesterol into the membrane has been found to inhibit pore formation induced 

by KMP-11, suggesting an important role of cholesterol in leishmaniasis. Interestingly, vesicles 

containing only neutral phospholipid do not exhibit any tendency toward pore formation. 

 

In chapter 6, We have discussed the importance to study how physico-chemical properties of lipid 

bilayer get altered due to interaction of AMP. Nile red is environment sensitive lipophilic dye. Its 

spectroscopy properties can be used to probe the change in the properties of lipid bilayer. We have 

studied the effect of composition and the phase state of phospholipid membranes on the emission 

spectrum, anisotropy and lifetime of a lipophilic fluorescence probe nile red. Fluorescence 

spectrum of nile red in membranes containing cholesterol has also been investigated in order to 
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get insights into the influence of cholesterol on the phospholipid membranes. Maximum emission 

wavelength (𝜆𝑒𝑚) of nile red in the fluid phase of saturated and unsaturated phospholipids was 

found to differ by ~10 nm. The 𝜆𝑒𝑚 was also found to be independent of chain length and charge 

of the membrane. However, the 𝜆𝑒𝑚 is strongly dependent on the temperature in the gel phase.  

 

(a)                                                               (b) 

 

Figure 5: (a) Variation of maximum emission peak of nile red obtained from different 

phospholipids at 250 C for different cholesterol concentration. (b) Rotational rate of nile red in the 

presence of three different lipid vesicles. 

 

The 𝜆𝑒𝑚 and rotational diffusion rate decrease, whereas the anisotropy and lifetime increase 

markedly with increasing cholesterol concentration for saturated phospholipids, such as, 

dimyristoyl phosphatidylcholine (DMPC) in the liquid ordered phase. However, these 

spectroscopic properties do not alter significantly in case of unsaturated phospholipids, such as, 

dioleoyl phosphatidylcholine (DOPC) in liquid disordered phase. Interestingly, red edge excitation 

shift (REES) in the presence of lipid-cholesterol membranes is the direct consequences of change 

in rotational diffusion due to motional restriction of lipids in the presence of cholesterol. This study 

provides correlations between the membrane compositions and fluorescence spectral features 

which can be utilized in a wide range of biophysical fields as well the cell biology. 

 

 



1 
 

Chapter 1 
 

Introduction 

Lipid bilayer is the basic building block of all biological membranes in which cholesterol, proteins 

and other bio-active molecules are embedded in it (1). Asymmetric distributions of lipids between 

outer and inner leaflets of the membrane plays an important role in many cellular functions such 

as cell signaling (2). Phosphatidylcholine (PCs) lipids are the major constituent in the outer leaflet, 

while the inner leaflet is mostly composed of phosphatidylethanolamines (PEs). Prokaryotic 

membranes contain negatively charged lipids namely phosphatidylglycerol, cardiolipin and 

phosphatidylserine while the eukaryotic membranes are rich in zwitterionic or neutral 

sphingomyelin and phosphatidylcholine. 

Biological membranes are complex and regulated by various proteins and cholesterol. Therefore, 

it is often useful to study the artificial lipid bilayer as bio-mimetic system in order to gain insights 

into the structure and functions of the membranes. The interaction between antimicrobial peptide 

and phospholipid membrane were investigated in terms of lipid head group variation and role of 

cholesterol as well as peptide composition and structure. The interactions were studied on the 

model membranes in the form of liposomes through a combination of dynamic light scattering, 

zeta potential, fluorescence spectroscopy, phase contrast microscopy, isothermal titration 

calorimetry experiments. The precise sequence and mechanism of action of these peptides is still 

under investigation due to their potential significance in food, health and agriculture applications. 

One focus of the present work is further investigation the mechanism on the different lipid phase. 

 

1.1   Motivation  

The introduction of antibiotics into clinical use to fight against infectious diseases was 

revolutionary in the 20th century. Antimicrobial peptides (AMPs) are promising novel antibiotics 

which works against invading pathogens, such as viruses, fungi, bacteria etc. (3,4). They are the 

unique and diverse group of molecules which are part of innate immune response found in all 
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animal and human body. There are diverse applications of AMP include as anti-infective agents, 

anticancer agents, drug delivery and nonviral gene transfer (2,5). A major problem that has 

impeded in the development of drug design is the toxicity. The overuse of antibiotics leads 

antibiotic resistance which is a serious threat to the mankind. The resistance to conventional 

antibiotics have led to a new possibility in the development of AMP as human therapeutics. 

Therefore, there is a need of developing alternative antibiotics which will act directly to the 

bacterial membrane without interacting with the specific receptor. Antimicrobial peptide can be 

an emerging material to use as a therapeutics drug, such as peptide antibiotics. Therefore, studies 

on the interaction of AMP with lipid membranes have drawn a lot of attention due to their potential 

biomedical applications. Our aim is to understand their mechanism of action, membrane selectivity 

and to promote the reduction of the cellular toxicity, make them more stable. 

 

1.2    Amphiphilic molecules and their basic properties 

Amphiphilic molecules, such as surfactants, consist of a polar head group attached to a nonpolar 

part consisting of one or more hydrocarbon (saturated or unsaturated) chains. Polar head group 

possesses a high affinity to polar solvent such as water, and nonpolar part shows a strong affinity 

to nonpolar solvent such as ethers, hydrocarbons and esters. Polar head group usually called 

hydrophilic head group can be either ionic or nonionic. Due to surface activity, when amphiphilic 

molecules interact with water, its hydrophobic part try to minimize contact with water whereas 

hydrophilic part try to separate from each other as far as possible. Amphiphilic molecules are 

called surface active agents (i.e. surfactant) due to their ability to reduce the interfacial tension.  

These surfactant molecules are extensively used as emulsifiers, detergents, cleaning products, 

food, cosmetics etc. (6,7). 

Many biological compounds are amphiphilic in nature such as phospholipids, cholesterol, 

glycolipids, fatty acid, proteins etc. An example of an artificial double chain cationic surfactant is 

Didodecyldimethylammonium bromide (DDAB) and dipalmitoyl phosphatidylcholine (DPPC) is 

a lipid found in biomembranes. 
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                           Figure 1.1: Chemical structure of DPPC (R= (CH2)14—CH3) 

 

1.3 Lipids 

Lipids are amphiphilic molecules of biological origin. Lipids tend to be hydrophobic, nonpolar, 

and made up mostly of hydrocarbon chains. Lipids are fatty acid (consists of a long hydrocarbon 

chain attached to a carboxyl group) and their derivatives that are the essential building block of all 

biological membrane. Fatty acid chains may differ in length and most fatty acid contains carbon 

atoms from 4 to 28. There are two different type of fatty acids, saturated and unsaturated. If there 

are only single bonds between neighboring carbons in the hydrocarbon chain, a fatty acid is said 

to be saturated (Fig. 1.2 a) and when the hydrocarbon chain has a double bond, the fatty acid is 

said to be unsaturated. If there is just one double bond in a fatty acid, it is monounsaturated, while 

if there are multiple double bonds, it is polyunsaturated. The double bond in unsaturated fatty acid 

can exist in either a cis or a trans configuration. In the cis configuration (Fig. 1.2 b), the two 

hydrogens associated with the bond are on the same side and generates a kink or bend in the fatty 

acid. In the trans configuration (Fig. 1.2 c), hydrogens are on opposite sides. 
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                      Figure 1.2: Structure of saturated and unsaturated lipid. 

 

Saturated fatty acids tails are straight, so fat molecules with fully saturated tails can pack tightly 

against one another. This tight packing results in fats that are solid at room temperature. The tails 

of the unsaturated fatty acid in cis configuration are bent due to the cis double bond. This makes 

it hard for fat molecules with one or more cis-unsaturated fatty acid tails to pack tightly. So, fats 

with unsaturated tails tend to be liquid at room temperature. 

The different varieties of lipids have different structures, and correspondingly diverse roles in 

organisms. The functions of lipids include storing energy, signaling and acting as structural 

components of cell membrane (8). Lipids have applications in the cosmetic and food industries as 

well as in nanotechnology. Cells are surrounded by a structure called the plasma membrane, which 

serves as a barrier between the inside of the cell and its surroundings. Phospholipids are major 

components of the plasma membrane. They are composed of fatty acid chains attached to a 

backbone of glycerol. Instead having three fatty acid tails, however, phospholipids generally have 

just two, and the third carbon of the glycerol backbone is occupied by a modified phosphate group. 
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Different phospholipids have different modifiers on the phosphate group, with choline (a nitrogen-

containing compound) and serine (an amino acid) being common examples. Different modifiers 

give phospholipids different properties and roles in a cell. 

Phospholipids are classified into several groups depending on the chemical structure of the head 

group. Phosphatidylcholines (PCs), phosphatidylethanolamines (PEs) and phosphatidylserines 

(PSs) are common phospholipids found in the plasma membranes. Among sphingolipids, 

sphingomyelin, sphingosine and gangliosides are the major classes. These lipids may be charged 

or neutral. Neutral lipids which possess dipole moments in aqueous solution are known as 

zwitterionic. 

 

1.4   Self-assembly of amphiphilic molecules 

Amphiphilic molecules can associate into a variety of structure (micelles and bilayers) in aqueous 

solution by spontaneous self-association. The main forces behind the self-association are hydrogen 

bonding, hydrophobic effects, electrostatic interaction, and van der Waals forces. The strength of 

total forces (5 kJ/mole to 120 kJ/mole) are much less than that of the covalent or ionic bonds (400 

kJ/mole) but strong enough to maintain the stability of amphiphiles into solution (9,10). When 

amphiphilic molecules self-aggregate there is an enthalpic gain in solvation due to formation of 

hydrogen bond and entropic gain of the bulk water due to hydrophobic effect. Hydrogen bonds are 

critical for the structure and interaction of biological macromolecules. Together with the hydrogen 

bonds, the hydrophobic effect leads to the self-assembly of amphiphiles which plays an important 

role in many biological phenomena such as formation of lipid membrane, protein folding etc.  

Unlike hydrophobic part of the amphiphilic molecules does not form hydrogen bond with water 

molecule whereas the hydrophilic part forms hydrogen bond. Therefore, due to strong hydrophobic 

interaction the hydrophobic parts leads to minimize the contact area with water molecule by self-

assemble.   

The aggregates of various structure can transform from one to another by changing the solution 

conditions such as electrolyte or lipid concentration, pH or temperature. At very low concentration, 

amphiphilic molecules form a monolayer at air water interface. Above a certain concentration, 
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called critical micellar concentration (CMC), amphiphilic molecules are aggregate into a variety 

of structures like rods, disc, spherical, cylindrical, bilayers and vesicle shown in table 1.1 

Table 1.1 summary of the aggregate structures that can be predicted from the critical packing 

parameter. 

 

The different aggregates of amphiphilic molecules are in thermodynamical equilibrium. This 

equilibrium claims that the chemical potential (μ) of all identical amphiphiles have to be same in 

all aggregates, i.e 𝜇1 = 𝜇2 = ⋯ … … … … = 𝜇𝑁. This may be written as 

𝜇 = 𝜇1
0 + 𝑘𝑇𝑙𝑜𝑔𝑋1 = 𝜇2

0 +
𝑘𝑇

2
𝑙𝑜𝑔

𝑋2

2
= 𝜇3

0 +
𝑘𝑇

3
𝑙𝑜𝑔

𝑋3

3
                                             

𝜇𝑁 = 𝜇𝑁
0 +

𝑘𝑇

𝑁
𝑙𝑜𝑔 (

𝑋𝑁

𝑁
) = Constant                                                                   

where, 𝑁 = 1,2,3 … …  represent monomers, dimers and trimers and so on. 𝜇𝑁 is the mean chemical 

potential of a molecule in an aggregate of aggregation number 𝑁, 𝜇𝑁
0  is the standard chemical 

potential corresponding to the interaction free energy per molecule in aggregates of aggregation 

number 𝑁, 𝑋𝑁 is the total concentration of amphiphile in aggregate of size N. The second term in 

Packing parameter                Structure name                                      Structure

• <1/3                               spherical micelles                  

• 1/3-1/2 cylindrical micelles      

• 1/2-1 vesicles

• 1/3-1/2 hexagonal phase             

• ~1                                   lamellar phase 
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the equation 1.2 arises from entropy of mixing. The total concentration (𝑋) of the system 

considered to be small, i.e. 

                                                    𝑋 = ∑ 𝑋𝑁
𝛼
𝑁=1 << 1 

From 𝜇𝑁 = 𝜇1, we get 

𝑋𝑁 = 𝑁[𝑋1exp {(𝜇1
0 − 𝜇𝑁

0 )/𝐾𝑇}]𝑁 = 𝑁(𝑋1𝑒𝛼)𝑁 

Where 𝛼 =
𝜇1

0−𝜇𝑁
0

𝐾𝑇
. The essential condition for the formation of aggregates of size 𝑁 is 𝜇𝑁

0 <𝜇1
0. 

When 𝑋1 << 1, 𝑋1𝑒𝛼 < 1 and we must have 𝑋𝑁 << 𝑋1 for sufficiently low monomer 

concentrations. Therefore, 𝑋 ≈ 𝑋1 and the isolated monomers in solution will be the favoured 

state. As 𝑋1 is increased 𝑋1𝑒𝛼 approaches unity. Since 𝑋1 < 1, 𝑋1 never exceed a value of the 

order of 𝑒−𝛼. Therefore, the monomer concentration should not increase the value of the order of 

𝑒−𝛼, beyond this concentration aggregation starts. This concentration is known as the critical 

micellar concentration (CMC). It is given by  

𝐶𝑀𝐶 = (𝑋)𝐶 ≈ (𝑋)1 ≈ 𝑒−(𝜇1
0−𝜇𝑁

0 )/𝐾𝑇 

The CMC is measured experimentally by many microscopic and macroscopic techniques such as 

conductivity and surface tension. The typical value of CMC of CTAB surfactant is ~10-3 M and 

for DPPC lipid, it is ~10-12 M. usually the CMC decreases with increasing length of the 

hydrocarbon chain (11). 

     According to Israelachvili (9) the structure of the aggregate can be predicted from the critical 

packing parameter (𝑝). The dimensionless parameter (𝑝) is defined as  

                                         𝑝 =
𝑣

𝑎0𝑙𝑐
 

where v is the effective volume occupied by hydrophobic chains in the aggregate core, 𝑙c is the 

critical acyl chain length and 𝑎0 is the effective hydrophilic head group surface area at the 

aggregate-solution interface. 
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1.5   Phase behavior of lipid bilayer (Lipid +water) 

Phospholipids are the main constituents of plasma membranes and they form the structural basis 

of these membranes. Phospholipid molecules spontaneously form bilayers when placed in water. 

Due to hydrophobic effect, phospholipid molecule reorients in such a way that their head groups 

towards water and shield their fatty acid tails from water. Fluidity i.e. relative mobility of 

individual lipid molecules is important property for lipid bilayers. This relative mobility is greatly 

influenced by the temperature. As the temperature changes mobility of the lipid molecule also 

changes. This response is known as the phase behavior of the lipid bilayer. Self-assembly of lipids 

in an aqueous solution above critical micellar concentration leads to the formation of lamellar 

phases, consisting of a stack of bilayers separated by water. Depending upon the nature of the head 

group and temperature they exhibit a variety of lamellar phases (12). The lipid bilayer is a 

thermodynamic system. Like other thermodynamic systems, the lipid bilayer exists in phases. 

Lipid bilayer are usually in fluid phase at high temperatures, whose structure is shown in Fig. 1.3 

In this phase, known as 𝐿𝛼 phase,  the hydrocarbon chains are completely molten and disordered. 

Head groups of lipid molecule in the liquid phase are loosely packed with rotational freedom and 

the acyl chain tails are not rigid. 

 

 

 

                           

                  Figure 1.3: Schematic representation of the fluid phase of lipid bilayer 

Typical lateral diffusion constant and bilayer bending modulus in this phase are ~10-11m2s-1 and 

~10-19 J (~10-20 kT), respectively. Water can penetrate deep into the membranes due to the flexible 

bilayer in this phase.  

The temperature (𝑇𝑚) above which the fluid phase occurs in the membrane is known as the main 

transition temperature and is different for different lipids. 𝑇𝑚 is dependent on the number of carbon 

atoms, number of double bonds in the hydrocarbon chain, and also on the nature of the head group. 

The position of the double bond and its conformational (cis/trans) state in the hydrocarbon chain 
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change the transition temperature drastically. For example, in the case of DOPC, 𝑇𝑚 reduces from 

410C to -18.30C as the position of the double bond changes from the 2nd to the 9th carbon atom 

(starting from the ester group) in the chain. At a given position of the double bond, cis 

configuration has a considerably lower transition temperature compared to trans. Typical enthalpy 

change during the main transition is about 5-10 kcal/mole for phospholipids (13). 𝑇𝑚 of a few 

lipids are listed in table 1.2 (13). 

Table 1.2   List of lipids used in the studies presented in this thesis. All these lipids have two 

identical chains. The numbers of carbon atoms in the chains and the number of double bonds 

are also given. The position of the double bond along the chain (starting from the ester group) 

and its conformation are indicated in the bracket. Tm is the main transition temperature. 

Lipids Abbreviation Charge Lipid chains Tm 

(0C) 

1,2-dioleoyl-sn-glycero-3-

phosphocholine 

DOPC Zwitterionic 18:1(cis-9) -18.3 

1,2-dioleoyl-sn-glycero-3-

phospho-(1ʹ-rac-glycerol)  

DOPG Negative 18:1(cis-9) -18 

1,2-dioleoyl-3-

trimethylammoniun-propane 

DOTAP Positive 18:1(cis-9) -11.9 

1,2-dimyristoyl-sn-glycero-3-

phosphocholine 

DMPC Zwitterionic 14:0 24 

1,2-dipalmitoyl-sn-glycero-3-

phosphocholine 

DPPC Zwitterionic 16:0 42 

 

At temperatures below 𝑇𝑚, the lipid bilayer enters from the relatively disordered liquid phase to 

the relatively ordered gel phase where hydrocarbon chains are predominantly in the fully stretched 

all trans conformation. In this phase, the lipid head groups and the lipid acyl chain tails become 

more tightly packed. There are two types of gel phases found in lipids. The 𝐿𝛽 phase is exhibited 

by lipids, such as PE, where hydrocarbon chains are parallel to the bilayer normal (zero tilt). Some 

lipids with larger head groups, such as PC, exhibit the 𝐿𝛽′ phase where chains are tilted with respect 

to bilayer normal as shown in Fig. 1.4 
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                          Figure 1.4: Schematic representation of the  𝐿𝛽′ phase. 

Ripple phase 𝑃𝛽′ (fig 1.5) is formed in between 𝐿𝛼 and 𝐿𝛽′ at high hydration. The 𝑃𝛽′→ 𝐿𝛽′ 

transition is known as pre-transition. This transition is absent for lipids such as PE. 

 

  

 

 

                  

                   Figure 1.5: Schematic representation of the 𝑃𝛽′ phase. 

Apart from these three phases, lipids exhibit another phase, known as the 𝐿𝐶 phase, at temperatures 

below the gel phase. In general, the 𝐿𝐶 phase occurs after long incubation at low temperatures, 

typically 40C. 𝐿𝐶 is a highly ordered phase where hydrocarbon chains as well as head groups are 

ordered. 

 

1.6   Lipid bilayer as model system of biological membranes 

Biological membrane is very complex due to many active process occurring on the membrane 

surface. So lipid bilayer can be used as model system of all biological membranes. Therefore, it is 

often useful to study the artificial lipid bilayer as bio-mimetic system in order to gain insights into 

the structure and functions of the membranes. Lipid bilayer can be made with mixtures of several 

synthetic or natural lipids. There are many different types of lipid bilayers such as black lipid 

membranes (BLM), supported lipid bilayers (SLB), tethered bilayer lipid membranes (t-BLM), 

unilamellar vesicles, droplet interface bilayers, micelles etc. Each lipid bilayers have some 

experimental advantages and disadvantages. In our study we use unilamellar vesicles to investigate 
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the fundamental properties of biological membrane at physiological condition. Besides the model 

system of biological membranes, these vesicles can be used as micro reactors for enzymatic RNA 

synthesis (14) and also to form Nano particle of control size distributions (15). Vesicles are also 

extensively used as carriers of bioactive agents, including drugs, vaccines and cosmetics (16). 

When a small amount of dehydrated lipid is dissolved into water and vortex then multilamellar 

vesicles are formed. To make unilamellar vesicle there are so many methods such as sonication, 

extrusion through a membrane and electro formation. Depending to their average size, unilamellar 

vesicles are classified into three categories. Vesicles have diameter between 10-100 nm called 

small unilamellar vesicle (SUV), between 100-250 nm called large unilamellar vesicle (LUV) and 

between 5-50 μm called giant unilamellar vesicle (GUV). SUV can usually be prepared by high 

energy (power >150 watt) probe sonication method and LUV are made by the extrusion method 

which are discussed in chapter 2. Both the size of SUV and LUV are confirmed by dynamic light 

scattering measurement. GUVs are prepared from the electro formation first described by 

Angelova et al (17). Owing to their large size these vesicles can be observed under phase contrast 

or fluorescence microscopy. Therefore, any morphological change of GUV can directly be 

envisaged using optical microscopy. Figure 1.6 represents different forms of bilayers depending 

on their environment. 

 

 

 

 

 

 

 

                     Figure 1.6: (a) Planar lipid bilayer on a glass support.  

(b) Spherical closed lipid bilayer in aqueous environment. 
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1.7   Influence of cholesterol on lipid membrane and membrane raft  

Cholesterol is an essential and major sterol component of all animal cell membranes. The structure 

of cholesterol is shown in Fig 1.7. It plays an important role in maintaining the membrane structure 

and physical–chemical properties necessary for correct cell functioning. Cholesterol is 

an amphipathic molecule like phospholipids and form a hydrogen bond with neighbouring lipid 

molecule especially with sphingomyelin. Cholesterol provides rigidity and integrity to the plasma 

membrane and helps to maintain its fluidity. The presence of cholesterol is believed to be 

responsible for lateral organization of lipids in the membranes in sub-micrometer domains, called 

rafts, and is known to regulate the activities of certain membrane proteins (18). Lipid rafts 

influences membrane fluidity, membrane protein trafficking and signal transduction, especially in 

hematopoietic cells. 

 

 

 

 

 

                                

                                       Figure 1.7: Structure of cholesterol 

 

Cholesterol is present in bio membranes of all animal cells, but its content varies in different parts 

of organisms. In particular, a high content of cholesterol can be found in the brain, which contains 

about 25% of the whole cholesterol of a human body (1). 

Cholesterol influences the main transition temperature (𝑇𝑚) and the pre transition temperature 

(𝑇𝑝) of lipid bilayer. These temperatures (𝑇𝑚, 𝑇𝑝) of lipid bilayers has been determined by DSC 

experiments. The main transition temperature decreases with increasing concentration of 

cholesterol indicating that cholesterol transforms the gel phase into a fluid phase (19,20). In the 

cholesterol containing membrane, bilayer thickness depends only on the chain length and phase 

state of the lipid. Bilayer thickness is increased in the gel phase of PC bilayers for chain length 
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from 12 to 16 carbons, as cholesterol is known to remove the chain tilt. However, for longer chain 

lengths, the bilayer thickness is decreased in the gel phase (21). Bilayer thickness of fluid phase 

of cholesterol containing membrane also increases but at low cholesterol concentration this effect 

is not significant (22). Cholesterol induces non-lamellar phases in lipids, such as PEs and 

unsaturated PCs (23,24). Cholesterol also facilitates the formation of the 𝐿𝐶 phase in PE bilayers 

(25) which in general occurs after long incubation at 40 C. At a particular concentration of 

cholesterol (~ 20 mole %) below 𝑇𝑚, liquid ordered phase (𝐿𝑂) is formed which indicates that 

coexistence of the gel (𝐿𝛽′/𝐿𝛽) with a cholesterol-rich phase (26). Above 𝑇𝑚 it transform into the 

coexistence of with another fluid phase, known as liquid disordered phase (𝐿𝑑) (27). At higher 

cholesterol concentration typically > 20 mole %, the main transition completely disappears and 

the gel phase replaced by the 𝐿𝑂 phase. Lipid diffusion or mobility is decreased in the fluid phase 

and increased in the gel phase, as cholesterol concentration is increased (28). In general, 

cholesterol has greater affinity for saturated lipids than for unsaturated ones. This is due to the fact 

that cholesterol cannot pack efficiently in the lipid bilayers if the molecules possess a cis-double 

bond, creating a kink in the chain. Among phospholipids, affinity for cholesterol increases in order 

of PC > PS >PE (19). However, sphingomyelin has more affinity for cholesterol than PC (29). 

This could be due to the ability of the -OH group of cholesterol to form hydrogen bond with the 

neighbouring sphingomyelin molecules. Rafts probably exist in membrane in the liquid order (𝐿𝑂) 

phase. The coexistence of the cholesterol-rich liquid-ordered (𝐿𝑂) phase and cholesterol-poor 

liquid-disordered (𝐿𝑑)  phase below the transition temperature (𝑇𝑚)  of the saturated lipid, is 

believed to be relevant for the formation of rafts in plasma membranes. 

 

1.8    Antimicrobial peptides and their classifications 

Antimicrobial peptides (AMPs) are the unique and diverse group of molecules which are part of 

innate immune response found in all animal and human body (3). They are the host defense 

peptides and works against invading pathogens, such as viruses, fungi, bacteria etc. (30,31). The 

number of amino acid residues of antimicrobial peptide is between 10 and 60. Antimicrobial 

peptides are classified on the basis of source, activity, structural characteristics and amino acid 

composition. Source based AMPs are found in mammals (human, cattle, sheep), amphibians, 

microorganism and insects. Cathelicidins and defensins are the main families of mammalian 
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antimicrobial peptides. Human host defense peptides (HDPs) can protect human from microbial 

infections. Antimicrobial peptides derived from amphibians play an important role in the 

protection of amphibians from the pathogens. Frogs are the main source of amphibian AMPs and 

the most famous AMP from frogs is magainin; the skin secretions of frogs from genera Xenopus. 

Cecropin is the most famous family of AMPs from insects, and it can be found in guppy silkworm, 

bees, drosophila. Cecropin A shows activity against different inflammatory diseases and cancers. 

The activity of AMPs can be divided into several categories such as antibacterial, antiviral, 

antifungal, antiparasitic, anti-human immunodeficiency virus (HIV), and anti-tumor peptides. 

According to their different amino acid rich, antimicrobial peptides are classified into four 

categories: proline-rich antimicrobial peptides, Tryptophan- and Arginine-Rich Antimicrobial 

Peptides and Histidine-Rich antimicrobial peptides, Glycine-Rich Antimicrobial Peptides. Proline 

is a non-polar amino acid. They enter bacterial cytoplasm by the inner membrane transporter 

SbmA instead of killing bacteria through membrane destruction. Proline rich antimicrobial 

peptides mainly kill Gram-positive bacteria. Example of proline rich antimicrobial peptide is pPR- 

AMP1, which is identified from crab, exhibits antimicrobial activity against Gram-positive and 

Gram-negative bacteria. Tryptophan (Trp) also a non-polar amino acid which plays a remarkable 

role on the interface region of lipid bilayer. Indolicidin and Triptrpticin are famous antimicrobial 

peptides that rich in Arg and Trp residues. Octa 2 (RRWWRWWR) is a Trp- and Arg-rich AMP 

that prevents the growth of microorganisms. Histidine is a common basic amino acid. HV2 is an 

example of histidine-rich AMP which increases the permeability of bacterial cell membranes to 

cause cell membrane rupture and death. Glycine-Rich Antimicrobial Peptides contain 14% to 22% 

glycine residues which have an important effect on the tertiary structure of the peptide. There are 

four categories of antimicrobial peptides based on their structural characteristics including linear 

α-helical peptides, β-sheet peptides, linear extension structure, and both α-helix and β-sheet 

peptides. Among these, α-helical peptides are well studied group of antimicrobial peptides (32). 

These peptides are usually unstructured in aqueous solution and only fold into helical conformation 

upon partitioning into phospholipid bilayers. The prominent example of the α-helical antimicrobial 

peptides are mellitin, magainin 2, human antimicrobial peptide LL 37. β-sheet antimicrobial 

peptides represent another large conformational group. Due to intermolecular disulfide bonds the 

β-sheet peptides are more rigid structures than α-helical peptides (33).  
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1.9   Physico-chemical properties of antimicrobial peptides 

Physico-chemical properties are the intrinsic physical and chemical characteristics of the peptide. 

These include charge, hydrophobicity and amphipathicity etc. If one of these parameter has 

changed, antimicrobial activity of the peptide also affected.  

The net charge of most antimicrobial peptides are between +2 to +9 (34). Many reports suggest 

that net peptide charge plays an important role on the antimicrobial activity. If hydrophobicity, 

helicity and amphipathicity were kept constant then increasing the net charge of magainin 2 amide 

analogues from +3 to +5 lead to an increase in antibacterial activity against Escherichia coli and 

Bacillus subtilis (35). It should be noted that cationicity do not always affect antimicrobial activity. 

For example, if four lysine residues added to the N-terminal of the magainin 2 then its activity will 

decrease against bacteria Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus 

(36). Increasing the net charge of the peptide will often not only change the antimicrobial activity 

of a given peptide but also the selectivity of that peptide. So there is an optimum net charge at 

which antimicrobial selectivity is maximal. However anionic antimicrobial peptides with a charge 

of -1 to -7 do also exist (37). These peptides are rich in glutamic and aspartic acids. 

The hydrophobic residues of antimicrobial peptide play an important role for antimicrobial activity 

when peptide interacts with biological membrane. Actually hydrophobicity is the measurement of 

the percentage of the hydrophobic residues in a peptide. About 50 % hydrophobic amino acid 

residues are present in naturally occurring antimicrobial peptides (34). These hydrophobic residues 

can often be seen to appear in a pattern of 1-2 every 3-4 residues. Many experiments suggest that 

hydrophobicity is an important parameter for hemolytic activity (37). Hemolytic and antimicrobial 

activity of AMP can be affected if threshold value of hydrophobicity changing. Higher 

hydrophobicity was correlated with stronger hemolytic activity.  Both hemolytic and antimicrobial 

activity of four different magainin 2 analogues increasing as a function of hydrophobicity against 

Escherichia coli when other physicochemical parameters were kept constant (38). Peptide with 

higher hydrophobicity have the tendency of stronger self-association and aggregation compared to 

those with lower hydrophobicity (39).  

The distribution of hydrophobic and hydrophilic residues in AMPs is usually called amphipathicity 

which is measured by the sum of hydrophobic moment of individual amino acid. Several in vitro 

experiments have also found amphipathicity to be an important parameter for antimicrobial 
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activity and cell toxicity. If charge and hydrophobicity were kept constant, then antimicrobial 

activity and hemolytic activity as a function of increasing hydrophobic moment (40). 

Apart from these characteristic, antimicrobial activity of the peptide depends on the length of 

amino acids of the antimicrobial peptide. Disruption of bacterial membrane in barrel stave model, 

minimum 22 amino acids required for an AMP to form an α-helical structure and 8 amino acids to 

form a β-sheet (41). The hemolytic and antimicrobial activities of the peptides also increased with 

increasing chain length. Primary sequence of the AMPs also has the influence on the antimicrobial 

activity. Glycine (Gly) residue is the most favoured in position 1 in the N-terminal region of α-

helical AMPs (42). The presence of positively charged residues in AMPs are responsible for 

electrostatic interactions between the cationic AMPs and negatively charged bacterial membrane. 

Tryptophan (Trp) residue plays a vital role on the interaction between the peptide and the bacterial 

membrane (43). 

 

1.10    Mechanism of antimicrobial activity on lipid membrane 

The antimicrobial mechanisms of AMPs on lipid bilayer are very diverse and complex. 

Understanding the peptide activity on the membrane surface, a details studies on the interactions 

between peptide and membrane are needed. To elucidate how the peptide interacts with lipid 

membranes, a lot of parameters are responsible for which antimicrobial peptides prefer to bind 

with bacterial membrane but not to eukaryotic membrane. Bacterial membranes are usually 

negatively charged due to presence of anionic lipid phosphatidylglycerol (DOPG). Therefore, it is 

believed that interaction of positively charged AMP with the bacterial membranes initiates with 

the electrostatic attraction (44,45). Membrane potential is also an important parameter that differs 

between bacterial membrane and eukaryotic membrane. Membrane potential for bacterial 

membrane is -130 mV to -150 mV whereas for eukaryotic membrane it is -90 mV to -110 mV 

(46). This potential difference might promote the activity of antimicrobial peptide to bacterial 

membrane (47). Previous studies have shown that the membrane bound peptide concentration is 

supposed to be activated above a threshold peptide to lipid molar ratio (it varies from 0.05 to 0.1) 

(48). This threshold seems to be different for different peptide. 
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Different AMP uses a different mechanism to disrupt the bacterial membranes (49), which indeed 

depend on effective charge, hydrophobicity and length of the AMP. Due to the high level of 

complexity of the biological membrane, it is often useful to study model membranes in order to 

understand the mechanism of cellular damage induced by AMP (50). As model membranes, large 

unilamellar vesicles (LUV) and giant unilamellar vesicles (GUV) are an excellent model system 

to study the membrane-AMP interaction (51,52). The pore forming ability of AMP is determined 

by measuring the fluorescence intensity of calcein-loaded LUV with time (52). Valuable insights 

into antimicrobial peptide-induced membrane permeabilization of GUV have been visualize by 

phase contrast microscopy. Antimicrobial peptides can permeabilize lipid bilayers by formation of 

transmembrane pore. Peptides accumulate and orientate in a parallel manner onto the lipid bilayer 

at very low peptide/lipid ratios (53). When this ratio increased, the peptides start to re-orientate 

perpendicularly, insert into the bilayer and form trans-membrane pores. There are several proposed 

mechanisms of antimicrobial action reported in literatures. Three such major models are 

summarised below:  

1.10.1   Toroidal pore model: 

Matsuzaki et al. first proposed this model for magainin (54). This model is also known as the 

wormhole model. In this model, peptides are inserted vertically into the lipid head group region 

and to form a ring hole with diameter of 1-2 nm by simultaneously increasing membrane tension 

(55). Magainin 2 and melittin can induce this type of pore (56). 

 1.10.2     Barrel-stave pore model: 

This mechanism describes the formation of transmembrane pores by antimicrobial peptides such 

that their hydrophobic surfaces interact with the lipid core of the membrane and their hydrophilic 

surfaces form the interior region of the pore. Alamethicin performs its pore-forming activity by 

using this model (53,57). 
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1.10.3     carpet model: 

Pouny et al. proposed this model for describing the interaction of dermaseptin peptide with 

phospholipid membranes. In the carpet model, antimicrobial peptides accumulate on the bilayer 

surface in a carpet-like manner (58). The hydrophilic domain of the peptides is facing the 

phospholipid head groups or water molecules and hydrophobic domains are oriented towards the 

acyl chain core of the bilayers. For this pore forming mechanism, the required concentration of 

antimicrobial peptides should be high. Antimicrobial peptides such as dermaseptin, cecropin, 

caerin and Human cathelicidin LL-37 exhibit its activity through this mechanism. 
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Chapter 2  

 

Experimental Techniques 

 

2.1 Introduction: 

In this chapter, we have described briefly the experimental techniques which are used to study the 

interaction of antimicrobial peptide with phospholipid membrane. Section 2.2 describes the 

extrusion technique used to prepare to large unilamellar vesicle. In section 2.3 we have discussed 

the electroformation method for preparation of giant unilamellar vesicles. The preparation of small 

unilamellar vesicles using sonication method is described in section 2.4. The average size of the 

lipid vesicles was confirmed by dynamic light scattering measurement and principle of zeta 

potential are discussed in section 2.5. Section 2.6 describes the fluorescence spectroscopy 

techniques, including fluorescence lifetime and fluorescence anisotropy. In this section we discuss 

the Perrin’s equation and rotational diffusion rate. We discuss isothermal titration calorimetry and 

surface partition model with electrostatic contribution in section 2.7. Phase contrast microscopy 

was used to observe morphological changes in giant unilamellar vesicles (GUVs). Basic principles 

of phase contrast microscopy are illustrated in section 2.8. 

 

2.2    Preparation of large unilamellar vesicle (LUV): 

The most convenient and widely used method for preparation of large unilamellar vesicle is 

extrusion method. During the preparation of vesicles, it is important to keep the temperature above 

the chain melting transition temperature (𝑇𝑚) of lipid i.e. vesicles form only in the fluid lamellar 

phase of the hydrated lipid film. In the gel phase, the membranes are rigid and stiff. It cost more 

energy to bend the bilayer and hence it prevents the formation of vesicles. Large unilamellar 

vesicles were prepared using an extrusion technique as described by Hope et al (1). Various 
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phospholipids and phospholipid-cholesterol mixtures have been used for vesicle preparation. An 

appropriate amount of lipid or lipid-cholesterol mixture in chloroform was transferred to a 5 ml 

glass vial. Chloroform solvent was removed by gently passing dry nitrogen gas. The traces of the 

solvent were then removed by keeping the sample in a vacuum desiccator for a couple of hours. 

Milli Q water was added to the dried lipid film so that the final desired concentration (1mM) was 

obtained. Vortexing of hydrated lipid film for about 30min produces multilamellar vesicles 

(MLV). MLV suspensions were extruded through polycarbonate membranes of pore diameters 

100 nm. This results in a formation of fairly monodispersed LUV (average diameter ~100 nm). 

 

 

Figure 2.1: Schematic diagram of extruder which showing the formation of MLV to LUV. 

 

Size distribution and the Polydispersity index were measured using, dynamic light scattering. LUV 

solution was degassed prior to all measurements to eliminate the artifacts caused by the air bubble 

formation. 

 

2.3    Preparation of giant unilamellar vesicle (GUV): 

GUVs were prepared in 0.1 M sucrose in 1 mM N-(2-hydroxyethyl) piperazine-N-ethanesulfonic 

acid (HEPES) (pH 7.4) buffer using electro formation, as described by Pott et al (2). Briefly, 20 

μL of a 1 mM lipid solution in chloroform was spread onto the surfaces of two conductive indium 
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tin oxide (ITO) glasses. The coated lipid solutions were then allowed to dry overnight in a closed 

chamber containing saturated solution of NaCl. This is to avoid complete drying of the droplets. 

The hydration of these droplets facilitates the electro formation process. The electro formation 

chamber was prepared using a Teflon spacer of ∼2 mm thickness. This electro swelling chamber 

was filled with 0.1 M sucrose solution, and an alternating voltage of 1.5 V and frequency of 15 Hz 

were applied for 2 h at room temperature (22−25 °C). 

                            

 

  

 

 

 

 

             Figure 2.2: Schematic diagram of electroformation chamber. 

 

The vesicle solution was then carefully transferred to an Eppendorf vial and kept at rest at 4 °C 

before use. The average diameter of the GUV obtained was 10−100 μm. GUVs were diluted in 

0.1 M glucose, prepared in 1 mM HEPES (pH 7.4), for observation. A typical observation 

experiment, using an inverted microscope, was made in an observation chamber by mixing 30 μL 

of the GUV solution with 100 μL of a 0.1 M glucose solution. The slight density difference 

between the inner and outer solutions drives the vesicles to settle at the bottom of the slide and 

provides better contrast while observing under phase contrast. 
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2.4      Preparation of small unilamellar vesicle (SUV): 

Small unilamellar vesicles can be prepared by two ways. One of them is extrusion method and 

another way is sonication method. Extrusion technique is same as the LUV preparation which 

described in previous section 2.2. In this case, the pore diameter of the polycarbonate membrane 

was taken as 50 nm. MLV suspension successively was extruded through polycarbonate membrane 

of 50 nm pore diameter and the mean size of the SUVs obtained less than 100 nm which was 

confirmed by DLS experiment. The size of the SUV was around 60 nm. In this method we could 

not reduce the size below 60 nm. Sonication method is a useful technique for the preparation of 

different sizes of SUV (3). Same procedure was followed to prepare MLV as discussed for LUV. 

For the formation of SUV, the MLV was sonicated gently using probe tip sonicator, QSONICA-

SONICATORS (125W, 20 kHz). Probe tip sonicator deliver high energy into the lipid suspension. 

Power delivery was controlled as percentage amplitude (20%, 30% & 40%). After the sonication 

at 300C (above the chain melting transition temperature of the lipid) for 30 min, a clear suspension 

of SUVs was obtained. We extruded the sonicated vesicles one-time through 100 nm 

polycarbonate membrane as a filtration step. Also, due to the high degree of curvature of these 

membranes, SUV are inherently unstable and will spontaneously fuse to form larger vesicles when 

stored below their phase transition temperature. 

 

2.5    Characterization of Vesicles 

2.5.1 Size Measurement using Dynamic Light Scattering 

The method of dynamic light scattering (DLS) is the most common measurement technique for 

particle size analysis in the nanometer range. To determine the average size of the LUV/SUV, DLS 

technique is very useful (4-6). Dynamic light scattering (DLS) is based on the Brownian motion 

of dispersed particles. When particles are dispersed in a liquid they move randomly in all 

directions. The principle of Brownian motion is that particles are constantly colliding with solvent 

molecules. These collisions cause a certain amount of energy to be transferred, which induces 

particle movement. The energy transfer is more or less constant and therefore has a greater effect 

on smaller particles. As a result, smaller particles are moving at higher speeds than larger particles. 

If all other parameters are known which have an influence on particle movement, we can determine 
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the hydrodynamic diameter by measuring the speed of the particles. In a typical experimental 

setup, scattered light can be detected at both 90⁰ as well as 173⁰ scattering angle. The backscattered 

light intensity (173⁰) is better than 90⁰ scattered for more accuracy of size measurement. This is 

because the scattered light from unwanted big particles or dust particles in the solution can be 

minimized by the backscattered mechanism since there are known to scattered by the dust particle 

in forward direction (7). It is also important that the rotational diffusion coefficient can be ignored 

when the scattered light is detected at 173⁰ compared to the detection at 90⁰. Therefore, by 

detecting the back scattered light, the translational diffusion D can be obtained. The back scattered 

light is detected and sent to digital signal processing correlator. The scattering wave vector (�⃗�)  is 

defined as 

                             |�⃗�| = |𝑘𝑠
⃗⃗ ⃗⃗ − 𝑘𝑙

⃗⃗⃗⃗ | =
4𝜋 sin 2⁄

𝜆
                                                                   (2.1) 

where 𝑘𝑙
⃗⃗⃗⃗  and 𝑘𝑠

⃗⃗ ⃗⃗  are the incident and scattering vector respectively. 

The intensity fluctuations measured at two different time t and t + τ, where τ is the correlation time 

of the measured intensities that time is much smaller than the characteristic time of fluctuation. 

The correlation function is defined as 

𝐺(𝜏) =< 𝐼(𝑡) 𝐼(𝑡 + 𝜏)˃ = lim
𝑇→𝛼

{
1

𝑇
∫ 𝐼(𝑡) 𝐼(𝑡 + 𝜏) 𝑑𝑡

𝑇

0
}                                                   (2.2) 

The translational diffusion coefficient (𝐷) of the particles can be determined from autocorrelation 

by fitting the equation 

                           𝐺(𝜏)~𝑒−𝑞2𝐷𝜏                                                                                          (2.3) 

The hydrodynamic radius (𝑅𝐻) of the vesicles can be determined from the diffusion coefficient 

using the Stokes-Einstein relation.  

                             𝑅𝐻 =
𝑘𝐵𝑇

6𝜋 𝐷
                                                                                            (2.4) 

 

Where 𝑘𝐵 is Boltzmann constant, T is absolute temperature, η is the viscosity of the medium in 

which LUV are dispersed D is the diffusion constant and other symbols have their usual meaning. 

Hydrodynamic radius (𝑅𝐻) refers to the radius of the sphere that diffuses with the same velocity 
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as that of the particle. The major assumption in DLS is that we assume the spherical shape of LUV. 

Therefore, the information of shape change or fluctuations of the vesicles does not determine by 

the DLS experiment i.e. it always consider the spherical shape during the measurement (8). DLS 

measures the hydrodynamic radius which includes both solvent (hydro) and shape (dynamic) 

effects. Polydispersity index (PDI) is a measure of dispersion or the standard deviation of size 

distribution. PDI indicates the extent of Polydispersity of the size distribution. The slope of the 

correllogram and width of the size distribution provide the idea of Polydispersity of the sample. 

Smooth exponential decay of intensity correlation curve indicates no aggregation or coagulation 

process occurring in the system. It is known that PDI> 0.7 usually indicates that sample is highly 

polydisperse and probably not suitable for the DLS measurement. PDI < 0.05 is purely 

monodisperse. 

Using dynamic light scattering (DLS), the size distribution was measured at room temperature 

(~250C) with Zetasizer Nano ZS (Malvern Instruments, UK). Zetasizer Nano uses 4 mW He Ne 

Laser of wavelength 632.8 nm and power 2 – 4 mW. A transparent quartz cuvette was used for the 

size measurement. In each measurement, we have performed 10-100 consecutive runs. The 

disposable zeta cuvette is also used to measure size distribution. Typical size distribution of LUV 

has been shown in Fig. 2.3 

 

 

 

 

 

 

 

              

        Figure 2.3: Size distribution of LUV made from DOPC. 
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2.5.2     Zeta potential: 

The scientists Derjaguin, Verwey, Landau and Overbeek developed a theory in the 1940s which 

dealt with the stability of colloidal systems. DVLO theory suggests that the stability of a particle 

in solution is dependent upon its total potential energy function 𝑉𝑇. 

                            𝑉𝑇 = 𝑉𝐴 + 𝑉𝑅 + 𝑉𝑆                                                                            (2.5) 

𝑉𝑆 is the potential energy due to the solvent. 𝑉𝐴 and 𝑉𝑅, these are the attractive and repulsive 

contributions. They potentially are much larger and operate over a much larger distance. 

                               𝑉𝐴 = −𝐴
12𝜋𝐷2⁄                                                                              (2.6) 

where A is the Hamaker constant and D is the particle separation. The repulsive potential 𝑉𝑅 is a 

far more complex function. 

                           𝑉𝑅 = 2𝜋휀а휁2exp (−к𝐷)                                                                     (2.7) 

where a is the particle radius, π is the solvent permeability, κ is a function of the ionic composition 

and ζ is the zeta potential. 

DVLO theory suggests that the stability of a colloidal system is determined by the sum of these 

van der Waals attractive (𝑉𝐴) and electrical double layer repulsive (𝑉𝑅) forces that exist between 

particles as they approach each other due to the Brownian motion they are undergoing. If the 

particles have a sufficiently high repulsion, the dispersion will resist flocculation and the colloidal 

system will be stable. However, if a repulsion mechanism does not exist then flocculation or 

coagulation will eventually take place. 

Zeta potential is a physical property which is exhibited by any particle in suspension, 

macromolecule or material surface. It can be used to optimize the formulations of suspensions and 

protein solutions and also predict the interaction with the surfaces. This technique is widely used 

to estimate the surface charge, surface potential of the particle and to determine the electrophoretic 

mobility, isoelectric point of charge system. When charged LUVs are embedded in aqueous 

solution containing ions, the oppositely charged ions form electrostatic double layer around the 

LUV.  Thus electrostatic double layer exists around each vesicle. Ions are strongly bound 
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surrounding the vesicles and form the first liquid layer is called stern layer. From the stern layer 

ions are loosely bound with the vesicles and free to diffuse and form diffuse layer. The boundary 

of the diffuse layer is called shear or slipping plane. When the vesicle moves, ion within the 

boundary of slipping plane move with it. The electrostatic potential that exists in the shear or 

slipping plane is known as zeta potential. Therefore, zeta potential can be a good approximation 

of the surface potential of LUV. 

The ζ-potential was measured from the electrophoretic mobility by laser Doppler velocimetry 

using the Helmoltz-Smoluchowski equation.  

                                       휁 =
3𝜇

2 𝑓(к𝑎)
                                                                         (2.8) 

where η and ϵ are the coefficient of viscosity and the permittivity of the aqueous medium, 

respectively. 𝑓(к𝑎) is the Henry function, which depends on the inverse Debye length (κ) and the 

radius (a) of the vesicle, the change in the size distribution of the vesicles does not alter the zeta 

potential significantly. This is due to the fact that zeta potential depends on the formation of 

electrostatic double layer. In Smoluchowski approximation, the maximum value of the function 

𝑓(к𝑎) is equal to 1.5 when particles are in aqueous media (9). However, when the particles are 

suspended in a nonaqueous medium, the value of 𝑓(к𝑎) would be 1 (Huckel approximation). we 

have used 𝑓(к𝑎) = 1.5 to calculate the ζ-potential from measured electrophoretic mobility. The 

average ζ-potential was obtained using three successive measurements. Each measurement 

included 10−100 runs. 
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Figure 2.4: Formation of electric double layer due to charged vesicles and zeta potential measures 

at the slipping plane. 

 

Effective charge, 𝑄𝑒𝑓𝑓 of the vesicles has also been estimated from the measured electrophoretic 

mobility according to equation  

                                     𝜇 =
𝑄𝑒𝑓𝑓

6𝜋 𝑎𝑒𝑓𝑓
                                                                        (2.9) 

 𝑎𝑒𝑓𝑓 is the effective radius of the vesicle including stern layer and can be obtained from dynamic 

light scattering. 

In this study, the average ζ potential and size were obtained from 3 to 4 successive measurements. 

The same cuvette is used for both ζ potential and DLS measurements. All experiments were 

performed at 25 °C. Typical zeta potential distribution curve of LUV has been shown in Fig. 2.5 



33 
 

 

 

 

 

 

 

 

 

 

      Figure 2.5: Zeta potential distribution of LUV made from DOPC 

 

2.6 Fluorescence spectroscopy: 

2.6.1 Steady state fluorescence measurement: 

Fluorescence spectroscopy analyzes fluorescence from a molecule based on its fluorescent 

properties. Fluorescence spectroscopy uses a beam of light that excites the electrons in molecules 

of certain compounds and causes them to emit light. That light is directed towards a filter and onto 

a detector for measurement to identify the molecule or change in the molecule. When molecules 

are excited by a constant source of light i.e. fixed wavelength, emit fluorescence detected as a 

function of wavelength called steady state fluorescence spectra. A fluorescence emission spectrum 

is when the excitation wavelength is fixed and the emission wavelength is scanned to get a plot of 

intensity emission wavelength. Typically, the emission spectrum occurs at higher wavelength 

(lower energy) than the excitation spectrum. These two spectrum are used to see how a sample is 

changing. The spectral intensity or peak wavelength may change with the changing of temperature, 

concentration or interaction with other molecules. Some fluorophores are sensitive to solvent 

environment properties such as pH, polarity and ion concentration. Some intrinsically fluorescent 

molecules are chlorophyll and amino acid residue tryptophan (Trp) phenylalanine (Phe) and 
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tyrosine (Tyr). Others synthesized molecules used as stable organic dyes to tag non-fluorescent 

system.  

The fluorescence spectroscopy technique is widely used to determine the structure and dynamics 

of the lipid membrane (10,11). Nile red (9-diethylamino-5H-benzo(α) phenoxazine-5-one), is one 

such environment sensitive probe and is widely used to monitor the membrane organization and 

dynamics (12). It emits fluorescence in the presence of lipid membrane (13). However, its 

fluorescence is significantly quenched in the aqueous or polar environment. Therefore, the Nile 

red is used on living cells as a fluorescence stain for the detection of intracellular lipid droplets if 

the proper spectral condition is chosen. 

We have measured the steady state fluorescence emission intensity of Nile red labeled large 

unilamellar vesicles composed of various lipids and lipid-cholesterol mixtures. Fluorescence 

measurements were carried out using a PTI Quantamaster 400 spectrofluorimeter (Horiba-PTI, 

Canada). We have measured the absorption spectrum of Nile red and optimum excitation 

wavelength was found to be at 550 nm. Therefore, excitation wavelength has been kept fixed at 

550 nm and emission spectra of Nile red were monitored for different lipids and at different 

cholesterol concentration. We have kept the emission and excitation band pass filters at 5 nm for 

all measurements. Spectra were also observed at different cholesterol concentration at 

temperatures below and above the chain melting transition for saturated lipids. The effect of 

temperature on the emission spectrum has also been investigated. 

 

2.6.2 Fluorescence lifetime: 

Fluorescence lifetime serves as a reliable indicator of the local environment in which a fluorophore 

is localized. Fluorescence lifetime measurement was carried out using time-correlated single 

photon counting set up from Horiba Jobin-Yvon. The luminescence decay data were collected on 

a Hamamatsu MCP Photomultiplier (R3809) and were analyzed using IBH DAS6 software. 

The decay of the excited state of a molecule to the ground state can be expressed as; 

                                        𝐼(𝑡) = 𝐼0 exp (
−𝑡

𝜏⁄ )                                                                 (2.10) 
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Where 𝐼0 is the intensity at time zero (upon excitation) and τ is the lifetime. This is defined as the 

time for the intensity to drop by 1
𝑒⁄  or to ~37%. In terms of rate constant, the lifetime can be 

written as below 

                   τ  = 
1

𝑘𝑟+𝑘𝑛𝑟
   ,            ϕ=

𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
                                                                          (2.11) 

where 𝑘𝑟 and 𝑘𝑛𝑟 are the radiative and non-radiative rate constant respectively. Φ is quantum yield. 

Fluorescence lifetime is an absolute measurement. It is an intrinsic molecular property. It is 

concentration independent which means if the concentration of the sample change, lifetime value 

will not change. Fluorescence decay take places on the nanosecond timescale and it can be 

influenced by molecular process occurring on the nanometer range. The emission of the 

fluorophore can be highly influenced by its environment or the presence of other interacting 

molecules which can affect 𝑘𝑛𝑟. The decay of fluorescence intensity is measured using Time 

Correlated Single Photon Counting (TCSPC) technique. t represents the value of lifetime. Using 

Eq. 2.21, the best fit was evaluated from the 𝜒2 value to find out the lifetime. In this thesis, all 

lifetime values were determined by the best fit using single exponential equation. The range of 𝜒2 

value was 0.95 to 1.12.  

 

2.6.3. Steady state fluorescence Anisotropy: 

Fluorescence anisotropy is widely used to characterize the angular displacement of the fluorophore 

by the extent of linear polarization of fluorescence emission. This angular displacement is 

dependent upon the rate and extent of rotational diffusion during the lifetime of the excited state. 

The rate of rotational diffusion of fluorophore gives idea about the change of environment of the 

fluorophore. Fluorescence anisotropy was obtained using the Hitachi F4010 spectrofluorimeter 

(Hitachi, Tokyo, Japan). Membrane level probe nile red was used as a fluorophore to measure the 

anisotropy. Nile red was excited at 550 nm with a vertically polarized light. The intensity of 

emission was then measured at 630 nm through a polarizer/analyzer at crossed (𝐼𝑣ℎ) and parallel 

(𝐼𝑣𝑣) positions of the analyzer with respect to polarized excitation. Steady state polarization 

anisotropy (r) is defined as 
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                                  𝑟 =
𝐼𝑣𝑣−𝐺𝐼𝑣ℎ

𝐼𝑣𝑣+2𝐺𝐼𝑣ℎ
                                                                                    (2.12) 

Polarization represents same phenomena but is calculated with a different equation (14). 

                                  𝑃 =
𝐼𝑣𝑣−𝐺𝐼𝑣ℎ

𝐼𝑣𝑣+𝐺𝐼𝑣ℎ
                                                                                      (2.13) 

Polarization and anisotropy are interrelated. Fluorescence Polarization is commonly used in 

clinical medicine for measurement of biomarkers, while fluorescence anisotropy is used 

mechanistic studies and drug discovery. G is an instrument and a wavelength dependent correction 

factor to compensate for the polarization bias of the detection system and for the ratio 
𝐼ℎ𝑣

𝐼ℎℎ
 . The 

𝐼𝑣𝑣, 𝐼𝑣ℎ, 𝐼ℎ𝑣 and 𝐼ℎℎ represents the excitation and emission fluorescence signal with the polarizer 

positions set at (00, 00), (00, 900), (900, 00) and (900, 900) respectively. 

If we consider a single fluorophore with a fixed position (θ) of its transition dipole moment, then 

𝐼𝑣𝑣 and 𝐼𝑣ℎ can be written as 𝐼𝑣𝑣≈cos2θ   

𝐼𝑣ℎ≈sin2θsin2φ  

 

For ensemble of molecules with random values of φ i.e. the average over φ 

                               <sin2φ˃=
∫ 𝑠𝑖𝑛2𝜑𝑑𝜑

2𝜋
0

∫ 𝑑𝜑
2𝜋

0

 =1
2⁄  

                                            𝐼𝑣ℎ≈1
2⁄  sin2θ 

The anisotropy (r) can be express from equation Eq. 2.30 as 

                               𝑟 =
3𝑐𝑜𝑠2 −1

2
                                                                                             (2.14) 

Now assume the dipole moments of fluorophores are oriented randomly and have to take average 

over θ in Eq. 2.31. 

                               𝑟 =
3<𝑐𝑜𝑠2 ˃−1

2
                                                                                          (2.15) 

Where <𝑐𝑜𝑠2𝜃˃=
∫ 𝑐𝑜𝑠2 𝑓( )𝑑

𝜋/2
0

∫ 𝑓( )𝑑
𝜋/2

0

= 
∫ 𝑐𝑜𝑠4 𝑠𝑖𝑛 𝑑

𝜋/2
0

∫ 𝑐𝑜𝑠2 𝑠𝑖𝑛 𝑑
𝜋/2

0

= 
3

5
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𝑓(𝜃) is the probability density function of finding an excited molecule with a dipole under the 

angle θ,   𝑓(𝜃) = 𝑠𝑖𝑛𝜃𝑐𝑜𝑠2𝜃 

From Eq. 2.32 the maximum value of anisotropy (r0) is 0.4 when the absorption and emission 

dipole are collinear. However, in general the absorption (Da) and emission (De) dipole are not 

collinear. The displacement of the dipoles by an angle α results the loss of anisotropy due to the 

photo selection. Therefore, the fundamental anisotropy of a fluorophore is given by  

                                    𝑟 =
2

5
(

3𝑐𝑜𝑠2𝛼−1

2
)                                                                                   (2.16) 

The perrin equation: 

The time resolved decay of anisotropy due to rotation is 

 

                   𝑟(𝑡) = 𝑟0𝑒𝑥𝑝(−𝑡
𝜃⁄ ) = 𝑟0𝑒𝑥𝑝(−6𝐷𝑡)                                                                 (2.17) 

 

For a spherical molecule 𝜃 =
𝑉

𝑅𝑇
=

1

6𝐷
 

where θ is the rotational correlation time; D is the rotational diffusion coefficient and η is the 

coefficient of viscosity. The steady state anisotropy can be calculated from an average of the 

anisotropy decay, 𝑟(𝑡), over the intensity decay, 𝐼(𝑡) : 

                   𝑟 =
∫ 𝐼(𝑡)𝑟(𝑡)𝑑𝑡

𝛼
0

∫ 𝐼(𝑡)𝑑𝑡
𝛼

0

=
∫ 𝐼0𝑟0𝑒𝑥𝑝(−

𝑡

𝜏
−

𝑡

𝜃
)𝑑𝑡

𝛼
0

∫ 𝐼0𝑒𝑥𝑝(
−𝑡

𝜏
)

𝛼
0

𝑑𝑡
= 𝑟0

1

1+
𝜃

𝜏

                                                        (2.18) 

 

Where τ is the lifetime and the value of 𝑟0 was considered to be 0.4 in this thesis work. 
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2.7   Isothermal titration calorimetry:  

Isothermal Titration Calorimetry (ITC) is widely used to investigate the thermodynamics of 

binding kinetics by measuring heat of reaction between ligand and macromolecules (15). The 

thermodynamical parameters such as binding constant (K), reaction stochiometry (N), binding 

enthalpy (ΔH), Gibbs energy and entropy (ΔS) are quantitatively determined from the ITC and 

provides the mechanism of interaction between biomolecules. 

The binding affinity of peptide to the lipids was measured using a VP-ITC micro calorimeter 

produced by Microcal Inc. (Northamption, USA) at fixed temperature as per the requirement. In 

all experiments, the injection syringe was filled with degassed LUV suspension. The sample cell 

of volume 1.414 ml contains various concentrations of peptide dissolved in 1 mM HEPES buffer 

(pH 7.4). The reference cell is filled with HEPES buffer only. All solutions were degassed prior to 

filling the syringe and ITC cells to eliminate air bubble formation under vacuum (140 mbar, 8 min) 

using the Microcal’s thermovac unit. The rotating speed of syringe was maintained at 300 rpm. A 

series of 28 injections, each of 8 μL, was introduced into the sample cell at 300 s intervals. All 

experiments were performed at 25 °C. Each injection produces a characteristic heat signal, arising 

from the released or absorbed heat from the system, leading to exothermic or endothermic peaks. 

Heat of dilution was measured by injecting LUV into the buffer. Net heat per injection was 

obtained by subtracting the heat of dilution from the actual measurement. Although The heat of 

dilution was found to be small as compared to the actual measurement. ITC data have been 

analyzed without altering the lipid concentration. This would ensure that the peptides interact with 

both monolayers of the membrane. All dilution measurements show exothermic signal. The 

binding constant (𝐾) and binding enthalpy (∆𝐻) and Gibbs free energy (∆𝐺 = −𝑅𝑇 ln 𝐾) and 

entropic contributions (𝑇∆𝑆 = ∆𝐻 − ∆𝐺) of the binding kinetics can be obtained from the model, 

as described by Domingues et al.(16). A summary of the model is described below. 

 

2.7.1 Surface partition model: 

In a typical ITC experiment, when LUVs are injected into the peptide solution, the total 

concentration of the peptide is the sum of the concentration of bound peptides and the free peptides. 

The apparent binding constant 𝐾𝑎𝑝𝑝 is defined as 𝑋𝑏 = 𝐾𝑎𝑝𝑝 𝐶𝑓, where 𝑋𝑏 is the extent of peptide 
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binding per mole of lipid and 𝐶𝑓 is the free peptide concentration of the solution. When the charged 

peptide adsorbs, the membrane becomes changed. Hence, further adsorption of peptide onto the 

membrane is restricted by the electrostatic repulsion. Therefore, 𝐾𝑎𝑝𝑝 is no longer a constant but 

rather changes with 𝐶𝑓. Therefore, the most relevant binding parameter would be the intrinsic 

binding constant 𝐾𝑖𝑛𝑡 (𝑋𝑏 = 𝐾𝑖𝑛𝑡 𝐶𝑀), which is assumed to be directly proportional to the surface 

concentration of the peptide in the membrane. The model essentially calculates 𝑋𝑏 and 𝐶𝑀 for each 

injection of the ITC experiment. As the 𝐶𝑀 of the peptide is governed by the electrostatic 

contribution, it is determined by the Boltzmann distribution. 

                               𝐶𝑀 = 𝐶𝑓 𝑒
−𝑧𝑝𝐹𝜓0

𝑅 𝑇
⁄

                                                                     (2.19) 

where 𝑧𝑝 is the effective peptide charge. The maximum charge of NK-2 is +10. F is the Faraday 

constant (= charge of 1 mole of electron = electronic charge × Avogadro’s number = 96 485 C/ 

mol). Ψ0 is the surface potential. R is the universal gas constant and T is the absolute temperature. 

As the ψ0 is related to surface charge density, σ, of the peptide, it can be estimated from the well-

known Gouy−Chapman theory. As the ζ potential can be a good approximation to the surface 

potential, we have taken ψ0 same as the ζ potential. Now we need to know the ζ potential for each 

peptide-to-lipid molar ratio obtained after every injection. However, we have measured the ζ 

potential for few peptide-to-lipid ratios. To obtain the ζ potential for all peptide-to-lipid ratios 

required for the calculation of 𝐶𝑀, we have fitted the ζ potential data to a Hill equation originally 

used to describe cooperative binding of ligand to macromolecules (17). Hence, we have obtained 

ζ potentials for all required concentrations from interpolation or extrapolation of the fitted curve. 

Now, for each data point, the concentration of the free peptide and ψ0 have been determined. Once 

𝐶𝑓 and ψ0 are known, 𝐶𝑀 can be calculated. We now discuss briefly how 𝑋𝑏 and 𝐶𝑓 have been 

estimated from an ITC experiment. 

In an ITC experiment (lipids into peptide injection), the 𝑋𝑏 and the enthalpy change ∆𝐻 per mole 

of peptides can be measured directly. The ∆𝐻 has been estimated from the sum over all heat per 

injection divided by the number of moles of peptide in the calorimeter cell. 

                                ∆𝐻 =
∑ 𝛿ℎ𝑖𝑖

𝐶𝑝
0 𝑉𝑐𝑒𝑙𝑙

                                                                                   (2.20) 
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where 𝛿ℎ𝑖 is the heat per injection in the ITC experiment. 𝐶𝑝
0 is the initial molar concentration of 

peptide in the ITC cell, and 𝑉𝑐𝑒𝑙𝑙 is the volume of the ITC cell. Now, the extent of peptide binding, 

𝑋𝑏, per mole of lipid after completion of 𝑖𝑡ℎ is given by  

                                       𝑋𝑏
𝑖 =

∑ 𝛿ℎ𝑘
𝑖
𝑘

∆𝐻𝑖𝑉𝑖𝑛𝑗 𝐶𝐿
                                                                           (2.21) 

where 𝑉𝑖𝑛𝑗 is the volume of each injection with lipid of concentration 𝐶𝐿. Now, the fraction of 

bound peptide after ith injection is given by 

                                         𝑋𝑝
𝑖 =

∑ 𝛿ℎ𝑘
𝑖
𝑘

∆𝐻𝑉𝑐𝑒𝑙𝑙𝐶𝑝
0                                                                          (2.22) 

where the free peptide concentration 𝐶𝑓 can be obtained from 

                                      𝐶𝑓 = 𝐶𝑝
0(1 − 𝑋𝑝

𝑖 )                                                                        (2.23) 

                                      

Now, the 𝐾𝑎𝑝𝑝 can be obtained from the 𝑋𝑏 and 𝐶𝑓. Therefore, 𝐶𝑀 and 𝐾𝑖𝑛𝑡 can be estimated for 

each pair of 𝑋𝑏 and 𝐶𝑓, obtained from experimental data. 

 

2.8   Phase contrast microscopy: 

A large number of living biological specimens are virtually transparent when observed in the 

optical microscope under bright field illumination. Earlier these biological structures were made 

visible by staining. Most of stains or staining procedures will kill the cell. But Phase contrast 

microscopy technique provides an excellent method of improving contrast in unstained biological 

specimens without significant loss in resolution. This technique is widely utilized to examine 

dynamic events in living cells, microorganisms, thin tissue slices, lithographic patterns and sub-

cellular particles such as nuclei and other organelles. Phase contrast microscopy invented in 1934 

by Dutch physicist Frits Zernike (18). The phase contrast microscopy is based on the principle that 

small phase changes in the light rays, induced by differences in the thickness and refractive index 

of the different parts of an object, can be transformed into differences in brightness or light 

intensity. Human eyes are not sensitive to detect the phase change in the sample whereas brightness 
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or light intensity can be easily detected by human eyes. Phase contrast microscopy converts 

invisible phase shift into visible differences of intensities. Unstained living cells absorb practically 

no light. Poor light absorption results in extremely small differences in the intensity distribution in 

the image. This makes the cells barely, or not at all, visible in a bright field microscope. When 

light passes through cells, small phase shifts occur, which are invisible to the human eye. In a 

phase contrast microscope, these phase shifts are converted into changes in amplitude, which can 

be observed as differences in image contrast. However, this label-free technique is strongly 

dependent on the correct alignment of components in the optical pathway. This alignment can be 

disturbed by the naturally occurring meniscus effect, causing weak phase contrast. 

Phase contrast microscopy was performed with a DMi8 inverted microscope from Leica (Wetzlar, 

Germany). Observation chamber consists of a glass slide with rubber spacers. Appropriate amount 

of peptide solution from the 50 μM stock solution in HEPES buffer was added to 200 μl of Glucose 

and uniformly mixed. 10-20 μl of GUV suspension was added to the chamber. The chamber was 

then closed immediately for observation under phase contrast microscope. Typical phase contrast 

images of GUV are shown in fig. 2.6. In the present experiment, it is not possible to determine the 

exact peptide to lipid molar ratio. However, we can roughly estimate the peptide/lipid. For 

example, if we introduce 10 µl of diluted GUV solution (~ 0.1 mM) to the chamber containing 100 

µl of 1µM NK-2 solution, the final NK-2/lipid (molar ratio) becomes 0.1 (Number of moles = 

molar concentration× volume in liter). Response of individual GUV when exposed to the peptide 

solution was continuously recorded with time using a CCD camera. Images were analyzed using 

image analysis software, ImageJ. A straight line was drawn across the GUV to obtain an intensity 

profile. Peak to peak intensity (𝐼𝑝𝑡𝑝) across the halo region is calculated (shown in fig. 2.7). 

Average (𝐼𝑝𝑡𝑝) is obtained from the several line profiles across the GUV. The time in second 

versus (𝐼𝑝𝑡𝑝) was plotted in order to observe any significant change in the intensity profile of the 

GUV. 
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Figure 2.6: Phase contrast images of GUVs composed of DOPC−DOPG (4:1). 

 

 

 

Figure 2.7: Estimation of the peak-to-peak intensity (gray value), 𝐼𝑝𝑡𝑝, across the halo region of 

the phase contrast micrograph of GUV. 
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Chapter 3 

 

Interaction of an antimicrobial peptide NK-2 

with Phospholipid Membrane: Evidence of 

pores in the membrane 
 

 

3.1    Introduction 

As discussed in chapter 1, Antimicrobial peptides (AMPs) have a wide range of inhibitory effects 

against bacteria, fungi, parasites and viruses. NK-2, derived from a cationic core region of NK-

lysin, displays antimicrobial activity toward negatively charged bacterial membranes. The major 

component of phospholipids in cell membrane is phosphatidylcholine (PC). The major constituents 

of bacterial membranes are phosphatidylethanolamine (PE) and phosphatidyl-glycerol (PG) 

(~4:1). Therefore, in our present study, we have chosen model systems, composed of dioleoyl 

phosphatidylglycerol (DOPG) and mixtures of DOPG with dioleoyl phosphatidylethanolamine 

(DOPE) and dioleoyl phosphatidylcholine (DOPC). These lipids also show fluid phase at room 

temperature (25 °C). As model membranes, we have used large unilamellar vesicles (LUVs) to 

study the interaction of NK-2 with different phospholipids using isothermal titration calorimetry 

(ITC), ζ potential, and dynamic light scattering (DLS). 

This chapter deals with the binding affinity of NK-2 with negatively charged phospholipid 

membranes. The electrostatic behavior as well as the size distribution of the membranes in the 

presence of NK-2 was systematically characterized using ζ potential and DLS, respectively. 

Thermodynamics of the interaction of this system have been thoroughly investigated using ITC 

study. An evidence of trans-membrane pores in negatively charged phospholipid membranes in 

presence of nk-2 was seen using phase contrast microscopy. The Earlier studies are summarized 

in section 3.2. All experimental results have been discussed in section 3.3. We conclude this 

chapter in section 3.4. 
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3.2    Earlier studies 

Antimicrobial peptides (AMPs) are an innate immune response in animal and human body against 

invading pathogens, such as viruses, fungi, bacteria, etc. (1,2). They target the bacterial membrane, 

especially negatively charged surface, and create defects, such as pores, leading to disruption of 

the membrane (3). An important property of AMP is the specificity of bacterial targets and 

excludes the killing of most eukaryotic cells (4). The resistance to conventional antibiotics and the 

natural cell lytic activity of many AMP and their unique mode of action have led to a new 

possibility in the development of AMP as human therapeutics (5). Therefore, studies on the 

interaction of AMP with lipid membranes have drawn a lot of attention due to their potential 

biomedical applications (1,6−8). Diverse applications of AMP include as anti-infective agents, 

anticancer agents, drug delivery and nonviral gene transfer (1,9). A major problem that has 

impeded the development of drug design is the toxicity. NK-2, an AMP, which is nontoxic and 

nonhemolytic to the human skin cells, can be a potential candidate for designing antibiotics (10). 

NK-2 is a water soluble linear amphipathic helical peptide (8). It is the highest density region of 

NK-lysin having cationic charge of +10 at physiological pH. The high positive charges within the 

NK-2 promote strong binding to the negatively charged membranes (11). The antimicrobial 

activity of NK-2 toward parasitic membranes involves the interaction with lipids in the 

membranes. A teleost NK-lysin peptide, NKLP27, is known to induce degradation of bacterial 

DNA and inhibits bacterial and viral infection (12). There have been a large number of studies of 

many AMP, using a variety of experimental techniques, such as optical microscopy (13−16), 

oriented circular dichroism (17), X ray and neutron scattering (18), isothermal titration calorimetry 

(ITC) (19), and differential scanning calorimetry (20). However, very little is known in the case of 

NK-2. NK-2 impels significant changes in cellular morphology of human cancer cells and 

eventually cells lose their cellular integrity until destruction (21). NK-2 intercalates and binds to 

the negatively charged membranes, such as 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol 

(DPPG) and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), but does not interact with the 

phosphatidylcholine (PC) or sphingomyelin, as revealed by the fluorescence resonance energy 

transfer (21) and ζ potential (22).  Conformational changes as well as the orientation of AMP play 

a vital role in the formation of transmembrane pores (7,21). Previous study of NK-2, dissolved in 

different aqueous solutions, has shown mainly α-helical conformation in the presence of negatively 

charged amphiphiles (8). Similar α-helical confirmation in the membrane environment has also 
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been found in other AMP, such as melittin (23) and Magainin 2 (24). However, NK-2 adopts an 

unoriented random coil structure in the buffer, including water and in the presence of cationic and 

neutral amphiphiles below their critical micellar concentration. The conformational transition from 

random coil to helix arises mainly due to electrostatic interaction of positively charged residues of 

the peptide with the negatively charged head group of amphiphiles (8). However, penetration of 

peptides into the hydrophobic core is a result of hydrophobic interaction between the hydrophobic 

chain of the amphiphiles and hydrophobic residues of the peptide.  

Lipopolysaccharide (LPS), the major constituent of the outer membrane of gram negative bacteria, 

shows strong binding affinity to NK-2, as determined by various experimental techniques, such as 

small angle X-ray diffraction, ζ potential, and isothermal titration calorimetry (10). It is believed 

that the main pathway to disrupt the integrity of the cellular membrane is the formation of 

transmembrane pores. Different AMPs seem to follow different pathways to create transmembrane 

pores (25). Therefore, in spite of a large number of attempts, the mechanism of transmembrane 

pore formation is still under dispute (6,26). For example, molecular electroporation was proposed 

as the mechanism of membrane pore formation, induced by NK-lysin (27). 

Biological membranes are complex, regulated by various membrane components. Therefore, it is 

often useful to study model membranes to understand more complex lipid−peptide interactions 

and hence to get some insight into the mechanism of cellular damage induced by AMP. Giant 

unilamellar vesicles (GUVs), made from lipid molecules, serve as an excellent model system to 

study many biological activities (28). For example, a kinetic process involving interaction of 

melittin and other AMP with PC vesicles have previously been demonstrated using the 

micropipette aspiration technique (13) and leakage assay using fluorescence spectroscopy (14,16). 

It was found from previous studies of various AMP that the activity of pore formation initiates 

above a threshold lipid to the peptide ratio (∼70 for melittin) (13,17). This threshold seems to be 

different for different peptides. There have not been systematic studies on the interaction of NK-2 

with phospholipid membranes. Therefore, there are several open questions which have not been 

addressed in the literature. Does NK-2 make pores on the membranes, as in the case of other 

AMPs? If NK-2 makes pores, what is the mechanism that NK-2 uses to form transmembrane 

pores? How does the size of pores depend on lipid composition and concentration of NK-2? 

Although there was a previous study on the interaction of NK-2 with LPS,11 the binding affinity 
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of NK-2 with negatively charged phospholipid is still not well understood. It is also important to 

know how the binding affinity of NK-2 with phospholipids depends on the head group charge and 

size of the head group. It would also be interesting to observe any morphological change induced 

by NK-2 in the model membrane. 

The major constituents of bacterial membranes are phosphatidylethanolamine (PE) and 

phosphatidyl-glycerol (PG) (∼4:1) (20). Therefore, in our present study, we have chosen model 

systems, composed of dioleoyl phosphatidylglycerol (DOPG) and mixtures of DOPG with 

dioleoyl phosphatidylethanolamine (DOPE) and dioleoyl phosphatidylcholine (DOPC). These 

lipids also show fluid phase at room temperature (25 °C). As model membranes, we have used 

large unilamellar vesicles (LUVs) to study the interaction of NK-2 with different phospholipids 

using isothermal titration calorimetry (ITC), ζ potential, and dynamic light scattering (DLS). In 

particular, the electrostatic behavior as well as the size distribution of the membranes in the 

presence of NK-2 was systematically characterized using ζ potential and DLS, respectively. 

Thermodynamics of the interaction of this system have been thoroughly investigated using ITC 

study. We have determined, for the first time, the binding affinity of NK-2 with negatively charged 

phospholipid membranes. 

 

3.3 Experimental results 

3.3.1.  The membrane-membrane interaction induced by NK-2    

Size distribution of LUV, made from different lipid and lipid mixture, has been measured before 

and after the interaction of NK-2 using dynamic light scattering (DLS). DLS technique can, in 

principle, provide the evidence of membrane-membrane interaction induced by NK-2. LUVs 

composed of pure DOPC and DOPG were found to be very stable, as no significant change in the 

size distribution was seen in DLS measurement even a couple of months later. The extrusion of 

MLV gives the average diameter of the vesicle ~ 100 nm. The average diameter of LUV at different 

NK-2/lipid ratios is presented in Figure 3.1. The error bars in Figure 3.1 represent the width of the 

distribution, which is a measure of polydispersity of LUV. This error is relevant for understanding 

the effect of NK-2 on the membranes. However, errors, obtained from different measurements, are 
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small and are not shown in the plot. Neutral LUVs, made from DOPC and a mixture of DOPC and 

DOPE, do not exhibit any significant change in their size distribution in the presence of NK-2 

(Figure 3.1a). However, the average size of the negatively charged LUV increases with increasing 

Cnk2. Interestingly, LUVs made from pure DOPG show a dramatic increase in their average size 

in the presence of NK-2 (Figure 3.1b). The width of the size distribution (error bar in Figure 3.1), 

indicating polydispersity, also increases with the increase of 𝐶𝑛𝑘2. In all samples containing 

DOPG, transparent LUV dispersion becomes turbid after ITC measurement. Therefore, as the NK-

2/lipid ratio is increased, the sample exhibits a high value of size as well as high polydispersity 

and eventually shows large aggregates. After a couple of hours, the sample appears very turbid 

and hence the sample was not suitable for DLS measurement. This behavior clearly indicates that 

sample contains large aggregates induced by NK-2. 

 

 

Figure 3.1: Size distribution of LUV made from various lipid compositions in the presence of NK-

2. (a) LUV are composed of DOPC and other phospholipid mixtures, as indicated by the figure 

legend. (b) LUV composed of DOPG. Error bar is the standard deviation and was obtained from 

the width of the distribution. 
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3.3.2 Binding affinity of NK-2 with negatively charged membrane as envisaged from 

zeta potential: 

The summary of results on ζ potential is illustrated in Figure 3.2. The ζ potential was measured in 

LUV dispersion, made from DOPC, DOPG, DOPE−DOPG (4:1) mixture, and mixtures of DOPC 

with DOPE and DOPG, before and after introducing peptides (i.e., before and after ITC 

measurements). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: ζ Potential of phospholipid LUV at various NK-2 to lipid molar ratios. Solid lines are 

intended only as guides to the points. Error bars indicate the width of the distribution profile of ζ 

potential. 

As shown in Figure 3.2, ζ potential increases with increasing NK-2 to lipid molar ratio (NK-2/L) 

and charge compensation occurs at different NK-2/L for different lipid mixtures. Although 

phospholipids, such as DOPC and a mixture of DOPC−DOPE, are neutral, they exhibit a low 

negative value. A small negative ζ potential gets neutralized at NK-2/L, ∼1:250. In comparison, 

charge neutralization happens for DOPG at much higher NK-2/L (1:5). For DOPE−DOPG (4:1) 

mixtures, charge compensation occurs at intermediate NK-2/L (1:25). These differences are due 
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to the fact that charge compensation occurs with respect to charge lipids. Interestingly, the ζ 

potential shows its saturation value, indicating overcharge compensation at different NK-2/L for 

various lipid mixtures (Figure 3.2). The ζ potential of DOPG shows a saturation at a much higher 

NK-2/L (3:10) than that of DOPC and DOPC−DOPE (1:250), whereas the ζ potential for DOPE- 

DOPG and DOPC−DOPG mixtures shows this at intermediate NK-2/L (1:20). The above result 

clearly indicates that NK-2 has a stronger affinity toward the negatively charged lipids. This is 

indeed an essential requirement for an AMP to exhibit antimicrobial activity. We now present a 

theoretical description of the interaction in terms of binding free energy, binding constant and other 

binding parameters pertaining to the system. The minimal and maximal values of the zeta 

potentials were used to infer binding free energies for NK-2 using the following ansatz. 

 

Theory: The overall binding free energy,  ∆𝐺𝑎𝑝𝑝 denoted as apparent binding free energy for a 

given lipid composition, is given by 

                                          ∆𝐺𝑎𝑝𝑝 = ∆𝐺𝑒𝑙 +  ∆𝐺𝑖𝑛𝑡                                                     (1) 

where, ∆𝐺𝑒𝑙 is the electrostatic and ∆𝐺𝑖𝑛𝑡 the intrinsic binding free energy. The intrinsic binding 

free energy presumably arises from the amphiphilic nature of the peptide and the lipids leading to 

binding affinity via the hydrophobic effect. The electrostatic binding free energy is given by 

∆𝐺𝑒𝑙 =  𝑞𝑝  휁                                                                (2)  

Where,  ζ  is the zeta potential and 𝑞𝑝   be the effective peptide charge which is the charge of the 

bare peptide (𝑞𝑃  = +10 e ) minus the charge of the counterions released upon peptide binding. 

Therefore, we require to reckon the effective peptide charge 𝑞𝑝  .  As ∆𝐺𝑒𝑙 and hence, ∆𝐺𝑎𝑝𝑝, 

depend on 휁 which varies with peptide concentration, 𝑐𝑃, both free energies also depend on 𝑐𝑃. As 

the liposomes are negatively charged and the peptide is cationic, the binding affinity will be highest 

in the limit of low peptide concentrations, that is, the values of  ∆𝐺𝑒𝑙 and ∆𝐺𝑎𝑝𝑝  are lowest in the 

limit 𝑐𝑃  → 0. The value of ∆𝐺𝑎𝑝𝑝 in this limit denoted as ∆𝐺𝑎𝑝𝑝,0 obeys 

                                           ∆𝐺𝑎𝑝𝑝,0 =  𝑞𝑝  휁0 +  ∆𝐺𝑖𝑛𝑡.                                                (3) 

This quantity is denoted as standard binding free energy. It is a measure for the affinity of NK-2 

to membranes with a given lipid composition in the limit of low peptide concentrations where, 
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intermolecular interactions between different NK-2 molecules can be neglected (dilute peptide 

concentrations).  

The experiments show that for increasing peptide concentrations, the zeta potential increases and 

eventually becomes positive. If ζ > 0 also the electrostatic binding free energy is positive. The 

maximal surface coverage by the cationic peptides, indicated by the plateau in the zeta potential at 

the maximal value 휁𝑚𝑎𝑥  is reached when ∆𝐺𝑎𝑝𝑝 = 0, hence  𝑞𝑝  휁𝑚𝑎𝑥 +  ∆𝐺𝑖𝑛𝑡 = 0, i.e.  

Δ𝐺𝑖𝑛𝑡 =  − 𝑞𝑝 휁𝑚𝑎𝑥                                                          (4) 

This implies ∆𝐺𝑖𝑛𝑡 < 0 as we indeed find in the present study.  The maximal surface charge, 𝜎𝑚𝑎𝑥 

is inferred via the Grahame or Gouy equation,  

                                        𝜎𝑚𝑎𝑥 = √8휀𝑤𝜖0𝑅𝑇𝐶𝑖𝑜𝑛 sinh(
𝑒 𝑚𝑎𝑥

2𝐾𝐵𝑇
)                                      (5) 

 

where 휀𝑤 =  80 denotes the relative dielectric permittivity (or dielectric constant) of water,  𝜖0 the 

relative dielectric permittivity of vacuum, R ( = 8.31 J. K-1. Mol-1) is the universal gas constant,  

𝐾𝐵 ( = 1.38 × 10-23 J/K) is the Boltzmann constant,  and T= 300 K the absolute temperature. 

𝐶𝑖𝑜𝑛 being the concentration of ions present in the electrolyte. Here we approximate the surface 

potential by zeta potential. This is a good approximation at low peptide concentration. It is assumed 

that’s surface charges are smeared uniformly over the entire membrane surface and solvent is 

treated as continuous medium of fixed dielectric constant.  Although use of Gouy Chapman theory 

underestimates the membrane association for high peptide concentration and overestimate due to 

adsorption of multivalent ions on the membrane, we could estimate the order of magnitude of 

maximal surface charge (29,30).  From 𝜎𝑚𝑎𝑥 the surface charge due to the membrane-bound 

peptides, 𝜎𝑃 is estimated from 

𝜎𝑃  =  𝜎𝑚𝑎𝑥 −  𝜎0.                                                        (6) 

Here, 𝜎0 is the surface charge at peptide-free conditions which is estimated from 휁0 using equation 

5, replacing 𝜎𝑚𝑎𝑥 by 𝜎0 and  휁𝑚𝑎𝑥 by 휁0. From 𝜎0, the surface charge from membrane-bound 

counterions,  𝜎𝐼 is estimated via 

                                                  𝜎𝐼 =  𝜎0 −  𝜎𝐿                                                              (7) 

Here,  𝜎𝐿 denotes the surface charge from the lipids. For pure DOPG, 𝜎𝐿 is given by  𝜎𝐿 =  − 
𝑒

𝑎𝐿
 

where 𝑎𝐿denotes the average area per lipid. The area per lipid for pure DOPC and DOPG was 

determined from the MD simulations (31), yielding 𝑎𝐿,𝑃𝐶 = 0.73 nm2 for DOPC And 𝑎𝐿,𝑃𝐺 = 0.65 
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nm2 for DOPG (32). The average area per lipid for the 4:1 DOPC/DOPG mixture, 𝑎𝐿,𝑚𝑖𝑥  was 

determined from 𝑎𝐿,𝑚𝑖𝑥 =  
4 𝑎𝐿,𝑃𝐶 + 𝑎𝐿,𝑃𝐺 

5
 . The surface charge from membrane-bound counterions 

is  𝜎𝐼 =  𝛼 
𝑒

𝑎𝐿
 , where α denotes the fraction of lipids binding a counterion, i.e, 𝛼 =  

𝜎0− 𝜎𝐿

𝜎𝐿
. Hence, 

the charge of counterions released upon peptide binding,  𝑞𝐼 , is estimated via 

 𝑞𝐼 =  𝛼 𝑒 𝑛𝐿                                                               (8) 

Here, 𝑛𝐿  is the number of lipids covered by a membrane-bound peptide as determined from 

𝑛𝐿 =  
𝑎𝑃

𝑎𝐿
. where 𝑎𝑃 denotes the area of the peptide. To estimate 𝑎𝑃,  we consider that NK-2 when 

bound to a membrane is α-helical and that an α-helix has a thickness of d = 0.54 nm and a length 

of l = 0.15 nm times the number of residues, N, which is N=27 here.  Assuming that the helix is 

parallel to the membrane surface in agreement with the experimental observation by Olak et 

al.(33),  the peptide thus covers a membrane area of 𝑎𝑃 = 𝑑𝑙𝑁 = 2.2 nm2  From  𝑞𝐼, the effective 

peptide charge is obtained via  

𝑞𝑝 =  𝑞𝑃 − 𝑞𝐼                                                                           (9) 

The results of our analyses for the two different lipid compositions are listed in Table-1. The 

relative standard binding free energy for DOPG is ΔΔ𝐺𝐷𝑂𝑃𝐺 =  35 ( ±) 13 kJ/mol. 

It is interesting to mention that no significant effect was found in the gel phase of DPPC as reported 

by Willumeit et al (34). Further, NK-2 has no considerable influence even on fluid phase of POPC 

as revealed by x-ray scattering and Fourier transform infra-red spectroscopy. NK-2 with membrane 

is primarily governed by electrostatic attraction, it is expected that NK-2 would have very little 

effect of no influence on the neutral membrane. Therefore, it is naive to compare earlier results on 

neutral membrane with our zeta potential of the anionic membranes.  Our analysis of experimental 

results is in agreement with the simulation study by Knetch et al, where they showed the stronger 

affinity of negatively charged vesicles and also estimated the binding free energies of transfer of 

NK-2 on the membrane (35). The decrease in maximal surface charge membrane and concomitant 

decrease the free energy in DOPC-DOPG membrane suggests that presence of PC interaction 

becomes much weaker. Further previous study already established that NK-2 does not exhibit 

significant interaction with the DOPC membranes. This study implicates that NK-2 primarily 

interacts with the negatively charged membranes which is indeed the pre-requisite for 

antimicrobial activity.  Therefore, the difference in composition of the membrane helps NK-2 to 

discriminate the bacterial membrane from the eukaryotic cells.  
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It is important to mention that besides electrostatic contribution, hydrophobic interaction as well 

as the increase in membrane tension due to adsorption of NK-2 on the membrane play a significant 

role in antimicrobial activity.  Although we have not explored effect of hydrophobicity and 

membrane tension in this study, we could as well hypothesize that the role of these parameters in 

the context of antimicrobial activity of NK-2 would also be similar as in the case of other alpha 

helical cationic peptides (36,37).  

 

 

Table–1: Minimal and maximal zeta potentials observed experimentally,  

휁0 and 휁𝑚𝑎𝑥, and quantities hence inferred. Given are the surface charge at peptide-free 

conditions, 𝜎0 , the maximum surface charge density 𝜎𝑚𝑎𝑥, the effective peptide charge, 𝑞𝑝, the 

intrinsic binding free energy, ∆𝐺𝑖𝑛𝑡 , the total standard binding free energy, ∆𝐺𝑎𝑝𝑝,0.  

 

 

Lipids Zeta potential (mV) Surface charge (C/m2) Effective 

peptide 

Charge 

𝑞𝑝 (𝑒) 

Binding free 

energies KJ/mol 

휁0 휁𝑚𝑎𝑥  𝜎0  𝜎𝑚𝑎𝑥 Δ𝐺𝑖𝑛𝑡 Δ𝐺𝑎𝑝𝑝,0 

DOPG -61±18 47±8 -5.5×10-3  3.8×10-3  6.69 -36  -75  

DOPC/DOPG 

(4:1) 

-43±20 30±11 -3.5 ×10-3 2.3×10-3 7 -20 -59 

 

 

3.3.3 Binding affinity of NK-2 with model membranes measured from ITC. 

NK-2 of various concentrations, 𝐶𝑛𝑘2 (100, 50, 40, 30, 25, and 10 μM) was titrated with 4 mM of 

LUV made from the DOPE−DOPG (4:1) mixture. For first few injections, heat flow remains 

constant, then starts decreasing as less and less NK-2 is available for binding. Typical raw data of 

ITC measurement at 𝐶𝑛𝑘2 = 50 μM are shown in Figure 3.3. 
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Figure 3.3: Titration calorimetry of 50 μM NK-2 with 4 mM DOPE−DOPG (4:1) LUV (top); 

normalized heat of injection/mole of lipids, obtained from the integration of the individual peak 

(bottom). Heat of dilution, obtained from injecting 4 mM LUV into buffer, was subtracted from 

the actual measurement. Here we assume, lipids from both monolayers interact with the NK-2. 

 

The lipid to NK-2 (L/NK-2) ratio at which saturation of the heat flow occurs is ∼20:1, taking into 

account all lipids (i.e., both monolayers of the LUV) interacting with the NK-2. The overall 

binding reaction was endothermic for all 𝐶𝑛𝑘2. Interestingly, when the endothermic signal attains 

its saturation at ∼L/NK-2 = 20, further successive one to three injections show an exothermic 

signal and then successive injections contribute almost negligible heat (data not shown). This 

behavior is displayed in the raw ITC thermogram when lower 𝐶𝑛𝑘2, typically <40 μM, was used. 

For these concentrations, saturation occurs before completing all injections of LUV. At the 

beginning of the titration, there are plenty of peptides to bind with lipids. Therefore, we have 
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analyzed the data taking into account only the initial part of the endothermic heat signals or the 

data where all injections of LUV have been finished before the exothermic peaks appear, i.e., for 

𝐶𝑛𝑘2 > 40 μM. Although some of the isotherms can be fitted to one site binding model given by 

microcal origin, it gives us the apparent binding constant (𝐾𝑎𝑝𝑝), which is expected to vary with 

concentrations of unbound or free NK-2 concentration. However, the order of magnitude of the 

𝐾𝑎𝑝𝑝 has been found to be consistent with the value obtained from the surface partition model. As 

the interaction of NK-2 with the negatively charged membranes is primarily driven by the surface 

charge of the membranes, it is desirable to fit the data taking into account the electrostatic 

contributions. Therefore, the more relevant parameter would be the intrinsic binding constant 

(𝐾𝑖𝑛𝑡), where the surface concentration of peptide (𝐶𝑀) is more relevant than the bulk or free 

peptide concentration (𝐶𝑓). 

The model parameters, such as the extent of peptide binding (𝑋𝑏), 𝐶𝑓, 𝐶𝑀, 𝐾𝑖𝑛𝑡, etc, obtained 

numerically from experimental data, have been summarized in Table 2. 

 

Table 2. Parameters obtained from each data point in an ITC experiment using the surface partition 

model including electrostatic contributiona  

Lipid+peptide Lipid/NK-2 𝐶𝑓  

  (mM) 

𝐶𝑀×10-6 

 (mM) 

𝑋𝑏    𝐾𝑖𝑛𝑡  

  (M-1) 

 

 

 

DOPG (5 mM) + 

NK-2 (0.1 mM) 

0.34 0.08 3.29 0.420 1.28 ×108 

0.62 0.07 2.86 0.414 1.45 ×108 

0.90 0.06 2.41 0.422 1.75 ×108 

1.19 0.05 1.97 0.422 2.14 ×108 

1.47 0.04 1.58 0.415 2.64 ×108 

1.76 0.03 1.20 0.407 3.41 ×108 

2.05 0.02 1.33 0.395 2.98 ×108 

2.34 0.01 1.07 0.381 3.56 ×108 

2.63 0.01 0.96 0.365 3.80 ×108 
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a𝑋𝑏: binding fraction; 𝐶𝑓: free peptide concentration; 𝐶𝑀: intrinsic peptide concentration, 𝐾𝑖𝑛𝑡: 

intrinsic binding constant. The lipid concentration used in the analysis is the total lipid 

concentration considering NK-2 interaction with both monolayers of the membrane (38). 

 

 

In the case of DOPE−DOPG mixture, it is interesting to observe that 𝐶𝑀 versus 𝑋𝑏 behaves linearly 

for lower lipid/NK-2, corresponding to 9−10 injections. However, the tendency to increase the 

value of 𝐾𝑖𝑛𝑡 is evident from Table 1. Above 10 injections, the 𝐾𝑖𝑛𝑡 increases with increasing the 

number of injections. Therefore, we have presented only the linear part of the data to estimate the 

𝐾𝑖𝑛𝑡. The possible reason for increasing the value of 𝐾𝑖𝑛𝑡 at higher lipid/NK-2 has been discussed 

later. The estimated values of molar binding enthalpy, ∆H, 𝐾𝑖𝑛𝑡, and binding entropy ∆S, obtained 

from the surface partition model with electrostatic contribution, have been summarized in Table 

3. 

 

 

 

 

 

 

 

 

DOPE−DOPG 

(4:1-4 mM) + NK-

2 (0.05 mM) 

1.79 0.047 16.2 0.121 7.52 ×106 

2.36 0.045 15.4 0.112 7.30 ×106 

2.93 0.042 14.6 0.110 7.56 ×106 

3.51 0.040 13.8 0.108 7.85 ×106 

4.09 0.038 13.0 0.109 8.41 ×106 

4.67 0.035 12.1 0.110 9.11 ×106 

5.26 0.032 11.3 0.110 9.79 ×106 

5.85 0.030 10.5 0.109 10.4 ×106 
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Table 3. Thermodynamical Parameters of Binding Kinetics of NK-2a,b. 

Lipids ∆H(kcal/mol) 𝐾𝑖𝑛𝑡  (M-1) ∆G 

(kcal/mol) 

T∆S 

(kcal/mol) 

DOPG 0.8 ± 0.2 2.5 × 108 ± 3.5 × 107 
−13.8 ± 0.2 14.6 ± 0.4 

DOPE−DOPG(4:1) 2.9 ± 0.8 7.3 × 106 ± 4.5 × 105 
−11.7 ± 0.6 14.6 ± 0.8 

 

aBinding enthalpy (∆H), intrinsic binding constant 𝐾𝑖𝑛𝑡, entropy (∆S), obtained numerically using 

surface partition model taking into account the electrostatic contribution (39). bHere, the 𝐾𝑖𝑛𝑡 is 

the mean value calculated from Table 1. Here, we have assumed NK-2 interacts with both leaflets 

of the membrane (38). The heat of dilution has been subtracted from all data. ζ Potential in the 

absence of NK-2 is also shown. The effective charge, 𝑧𝑝, of the NK-2 when binding to the 

membrane has been taken as 5. Note that ∆H for DOPG was estimated from the first endothermic 

part (Figure 3.4) of the ITC thermogram. 

 

Titration isotherm of DOPG is shown in Figure 3.4. Surprisingly, it shows few exothermic signals 

at L/NK-2 (4:1) between two regions of endothermic response. In this case, exothermic peaks 

begin at much lower L/NK-2 (∼5). It is important to note that such an exothermic signal also 

occurs at a similar PG/NK-2 ratio for DOPE−DOPG (4:1) mixture. To understand the detailed 

behavior of two regions of the isotherm, 100 μM NK-2 was titrated with five different DOPG 

concentrations (10, 5, 2.5, 1.6, and 1 mM). The second region of the isotherm was accessed when 

two different 𝐶𝑛𝑘2 (50, 35 μM) were titrated with 10 mM DOPG LUV. At present, we are not able 

to fit the entire isotherm with the model available in the literature. However, we have determined 

the average thermodynamic parameters obtained from the first region using a partition model, 

taking into account the electrostatic contribution. The parameters obtained from the model have 

been presented in Table 2. In the model, we have reduced the effective charge of the NK-2 starting 

from the maximum charge +10 and found the linear relationship between 𝑋𝑏 and 𝐶𝑀 at 𝑧𝑝 = 5. 

This can also be realized as L/NK-2 ∼5 to neutralize the membrane. 
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Figure 3.4: Raw titration calorimetry data of DOPG, where NK-2 of 100 μM is titrated with 5 mM 

of DOPG LUV (top); the corresponding normalized heat per injection obtained from the 

integration of the individual peak (bottom). Here, we have assumed NK-2 interacts with all lipids. 

The large binding constants in the case of DOPG and DOPE−DOPG mixture, as shown in Table 

2, suggest that NK-2 strongly binds to negatively charged membranes. Therefore, it is interesting 

to check the affinity of NK-2 with neutral lipids, such as DOPC and DOPE. Unfortunately, LUVs 

from DOPE alone are not formed using the extrusion method used here. This is because PE bilayers 

are more rigid than PCs in the fluid phase due to hydrogen bonding between the head groups (39). 

Therefore, bending of PE bilayers costs more energy, which in turn prevents the formation of 

unilamellar vesicles. Therefore, a mixture of DOPE−DOPC (4:1) was used to investigate the 

influence of PE in the binding isotherm. A 100 μM NK-2 was titrated with 10 mM DOPE−DOPC 

(4:1). For comparison, 10 mM of DOPE/DOPC (1:4) mixture was injected in to three different 

𝐶𝑛𝑘2 (10, 100, and 200 μM). Similar experiments were done for DOPC. For DOPE−DOPC (4:1), 

the heat signal is stronger than that of DOPE−DOPC (1:4) but weaker than that of the 

DOPE−DOPG mixture. In all above mixtures, the binding reaction is endothermic, whereas the 
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simple dilution experiment shows an exothermic response. The interaction of NK-2 with DOPC 

and DOPC−DOPE LUV is too weak to obtain a binding constant and other thermodynamic 

parameters. Considering all ITC results, we can easily conclude that the interaction of NK-2 with 

PE is stronger than with PC but weaker than with PG (PG ≫ PE > PC). 

 

3.3.4     Observation of trans-membrane pores (Microscopy results) 

Phase contrast microscopy on GUV has been performed in order to visualize directly the 

antimicrobial activity of NK-2 and also to obtain complementary information on the results 

obtained from DLS and zeta potential measurements. Previous studies of some other AMP have 

reported the evidence of transmembrane pores using fluorescence leakage (40) and micro-pipette 

aspiration (41).  We have avoided in incorporating any fluorescence dye into the membrane, as the 

interaction of AMP with membranes might be affected by fluorescence dye. GUV, made from 

DOPC and mixtures of DOPC with DOPG at 4:1, were observed with three different Cnk2 (1.3, 

0.9, 0.45 μM). Pure DOPG did not seem to form GUV. The tendency to adhere the negatively 

charged lipid into the positive electrode might prevent the swelling of lipid film, which may not 

facilitate the formation of GUV (42).  Therefore, we have not used pure DOPG for GUV formation.  

If NK-2 forms pores in the membranes, we would expect leakage of internal fluid through the 

pores. Therefore, halo regions are expected to disappear with time and GUV should look similar 

to that without diluting in glucose. Experiments on GUV, exposed to NK-2, show direct evidence 

of formation of trans-membrane pores. Change in the difference of the gray value (𝐼𝑝𝑡𝑝) of the halo 

region with time for DOPC-DOPG (4:1) GUV, as shown in Figs. 3.5 (a-i), indicate leakage of 

internal fluid, leading to the loss of contrast. 𝐼𝑝𝑡𝑝 decreases until GUV completely loses its contrast 

in the halo region. We have compared 𝐼𝑝𝑡𝑝 between GUV, exposed to NK-2 and GUV without 

NK-2, but the interior and exterior regions contain the same glucose solution. (Fig. 3.5 j). This 

behavior is attributed to the fact that pores are large enough to permeate the sucrose and glucose 

molecules and fluids between the interior and exterior of the GUV, leading to loss of contrast in 

the halo region. Pores are found to be stable, as GUV remain stable with time. If it would have 

been transient pores, one would not expect such contrast loss due to exchange of fluids as time 

scale of pore fluctuations is much faster than rate of exchange or diffusion of large size molecules, 

like glucose or sucrose. Since we have looked at an average response of many GUV, exposed to 
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NK-2, it was not possible to determine the exact ratio of NK-2/L. However, rough estimation 

yields NK-2/L =0.05 to 0.1 where, zeta potential already show saturation. Previous isothermal 

calorimetric study also exhibits saturation of heat signal at these NK-2/L.   Different GUV seems 

to take different time to initiate pore formation. Therefore, we cannot precisely determine the time 

point to initiate pore formation for individual vesicle at different Cnk2, as the average response of 

many GUV was obtained in our study. However, we can unambiguously determine the behavior 

of the rate constant (𝑘) for different Cnk2. Decaying part in Fig. 3.5 (j) was fitted to exponential 

decay in order to estimate 𝑘. For 0.45 μM of NK-2, 𝑘 was found to be 0.007 sec−1. For Cnk2 = 0.9 

and 1.3 μM,  𝑘 were obtained as 0.01 and 0.03 Sec−1 respectively. Therefore,  𝐼𝑝𝑡𝑝 (Fig. 3.5) 

decreases much faster at higher Cnk2 than that of lower Cnk2. We did not seem to observe any 

significant change in size of GUV with time. GUV does not show any significant change in 

𝐼𝑝𝑡𝑝with time in the absence of NK-2 (as shown by a diamond symbol in Fig. 3.5 j). GUVs, made 

from DOPC do not show significant decrease in 𝐼𝑝𝑡𝑝 in the presence of NK-2, indicating NK-2 

does not form pores on these membranes. This behavior is supported by the fact that NK-2 has 

very weak binding affinity to PC, which is consistent with the results obtained from zeta potential. 

It is clear from our observation (Fig 3.5) that NK-2 modifies the permeability of the 

membranes, which is in agreement with previous studies of similar system (40,43,44). Leakage of 

internal fluid, leading to decrease in 𝐼𝑝𝑡𝑝 suggests the formation of transmembrane pores in DOPC-

DOPG GUV (Fig.3.5 a-i and j). No significant change in 𝐼𝑝𝑡𝑝 as shown in Fig.4 (k) for DOPC, 

suggests that NK-2 has no significant influence on PC vesicles, in contrast with other AMP, such 

as melittin (44) and Maculatin (40). 

 

 

 

(a) 120         (b) 303       (c) 543       (d) 723         (e) 843      (f) 903       (g) 963        (h) 1043     (i) 1133 
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                                                     ( j )                                     ( k ) 

Figure 3.5: (a-i) Microscopy images of GUV (diameter = 48 μm), made from DOPC-DOPG (4:1) 

mixture, exposed to 0.45 μM NK-2. Numbers, below the images, indicate time sequence in second 

at which images are captured. This is a direct visualization of membrane leakage induced by NK-

2 due to pore formation without perturbing membrane with any fluorescence dye. (j) Kinetic of 

pore formation obtained at Cnk2 =0.45 μM (△) and Cnk2 =1.3 μM (▽). Diameters of GUV in these 

two Cnk2 are 24 μm and 48 μm, respectively. For comparison kinetics of DOPC GUV (diameter 

22 μm), exposed to NK-2 at Cnk2 = 0.45 μM, is shown in (k). Rate constant 𝑘, obtained from the 

fit to exponential decay function (Indicated by solid lines) were 0.007 and 0.03 Sec−1 for Cnk2 = 

0.45 and 1.3 μM, respectively. 𝐼𝑝𝑡𝑝, indicated by circles (●) are obtained from GUV, having no 

density contrast between interior and exterior of it. 𝐼𝑝𝑡𝑝 indicated by diamond (◊) show GUV 

without exposed to NK-2, but having contrast between interior and exterior of it. Error bars are 

standard deviations of three independent measurements of 𝐼𝑝𝑡𝑝 in a single GUV.  

 

The time scale involved to initiate the pore formation process for various Cnk2 was difficult 

to conclude in the present study, as 𝐼𝑝𝑡𝑝was found to decrease at different time for various GUV 

at a given 𝐶𝑛𝑘2. The difference in amount of PG in each GUV could result such behavior, as NK-

2 mainly interacts with PG. A slight variation of 𝐶𝑛𝑘2 in different parts of the sample, pore size, 

size of GUV are also key factors in determining the time scale involved in the process of pore 

formation. Dependence of 𝑘 with the 𝐶𝑛𝑘2 was derived at three different 𝐶𝑛𝑘2. Larger 𝜏 at higher 

𝐶𝑛𝑘2 (Fig. 4 (j)) can be a result of larger pore size or larger number of pores than that of lower 
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𝐶𝑛𝑘2. Structure and charge of AMP might have an important role in determining the time scale 

involved in the process of pore formation.  

 Recent experiments on non-labelled antimicrobial peptide PGLa suggest the translocation 

of peptide without pore formation (45). However, previous literatures also suggest that PGLa 

forms transmembranes pores (46,47). Further, a computer simulation at all-atomistic level reported 

that individual peptide spontaneously translocates across the membrane without forming pores 

(48). Such translocation begins with tilting of individual peptide and finally deep insertion in the 

membrane core occurs due to interaction three peptide in mutual contact. This process facilitates 

the opening of transient water channel through which peptide enters into the lumen of GUV. In 

the present study we could rule out this possibility as the contrast loss of GUV remains stable. 

Further, aggregation of vesicles due to membrane –membrane interaction in the presence of 

peptide, as evidenced from DLS study supports the fact that the leakage induced by NK-2 is indeed 

a collective phenomenon. Therefore, it is unlikely that NK-2 will translocate without pore 

formation.  In order to validate and complement our conclusion on pore formation, we have also 

looked at GUV in the presence pore forming peptide magainin 2. In preliminary experiment we 

have found similar exchange of fluid between interior and exterior of GUV (Fig.3.5).   As it is well 

established that magainin 2 forms transmembrane pores (44).  As we have observed similar 

contrast loss, as in the case NK-2, we expect that contrast loss is due to pore formation and not due 

to any other process, reported in some simulation study (48).  

It is clearly evidenced from the zeta potential results that the stronger electrostatic 

interaction along with some entropic contribution to the binding of NK-2 to the membrane lead to 

formation of transmembrane pores. It is important to mention that the zeta potential measurements 

are blind to provide the information on the translocation of NK-2 from outer leaflet to the inner 

leaflet of the bilayer, leading to change in binding isotherm. Further, vesicles, as impermeable 

charged sphere, assumed in the zeta potential analysis was also not able to capture the translocation 

feature of the NK-2.  However, we proposed a mechanism of action that NK-2 may translocate 

through trans-membrane pores as evidenced from the change in the binding isotherm obtained 

from isothermal titration calorimetry. Previous study has shown that transfer of NK-2 into the 

membrane results in an increase in area per molecule and hence increases membrane tension 

(41,44). Although simulation study did not predict the tension induced pores, the micropipette 

experiments on another AMP, such as, melittin showed increase in membrane tension upon 
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melittin adsorption on the membrane (41). We believe that NK-2 also increases the membrane 

tension, as the structure is very similar to the melittin.   

 

 

3.4    DISCUSSION 

A systematic investigation of the interaction of an important antimicrobial peptide NK-2 with 

model membranes shows strong binding affinity toward the negatively charged lipid, DOPG, as 

revealed from ITC and ζ potential. The adsorption of NK-2 on the membranes, as indicated by an 

increase in ζ potential (Figure 3.2), is primarily driven by electrostatic interaction between 

negatively charged membranes and positively charged NK-2. This is indeed an essential 

requirement for an AMP to exhibit antimicrobial activity. However, the interaction is very weak 

in the case of neutral DOPC and DOPC−DOPE membranes. The positive ζ potential (+10 mV) of 

DOPC LUV at very low NK-2/L (1:250) suggests that NK-2 adsorbs even in PC membranes, 

which has not been reported in any of the earlier studies. The ζ potential was measured previously 

for DPPC in the gel phase, suggesting no significant interaction with DPPC (22). However, a more 

biologically relevant study would be to measure the ζ potential in the fluid phase. Xray scattering 

and Fourier transform infrared spectroscopy showed that NK-2 has no influence even on 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine vesicles that are in the fluid phase. They have 

not measured the ζ potential of PC vesicles in the fluid phase. Therefore, we cannot compare our 

results on DOPC with those obtained in ref (22). However, the behavior of the ζ potential of DOPG 

and DOPE−DOPG LUV were found to be consistent with those reported in the previous studies 

for DPPG and DPPE (22) and for LPS (11). Binding of NK-2 to the negatively charged membranes 

results in charge neutralization. 

Therefore, the charge neutralization depends on the amount of charge lipids present on the outer 

membranes. This explains why very low NK-2/L (1:250) is required to neutralize the membrane 

charge for zwitterionic phospholipids. The charge neutralization at much higher NK-2/L (1:5) for 

DOPG suggests binding affinity to PG is much stronger than that to PC. If the binding of NK-2 to 

charged lipids is only due to electrostatic interaction, one would expect the charge 

overcompensation at the same ζ potential. The fact that we have obtained charge overcompensation 

at different ζ potential for different lipids (see Figure 3.2) implies entropic contribution in these 
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systems. This is consistent with the ITC results in these mixtures. For DOPG, ITC shows 

saturation, indicating all of the NK-2 binds to the lipids at NK-2/L of ∼1:3, which is very similar 

to the NK-2/L (3:10) for charge overcompensation, as found from ζ potential. Similarly, ITC 

isotherm for DOPE−DOPG mixtures shows saturation at NK-2/L (1:20), which is again consistent 

with the results of ζ potential. 

It is important to mention that change in the size distribution of the vesicles does not influence the 

ζ potential significantly. The ζ potential is estimated from the Smoluchowski approximation, 

where the Henry function f(κa) takes its maximum value as 1.5. In other words, ζ potential is 

determined from the electrostatic double layer formation, which does not depend on the size of the 

particle. Therefore, whatever change we observe in the ζ potential is not due to change in size but 

due to binding of peptide in the membrane.  

The DLS technique can, in principle, show the evidence of membrane−membrane interaction 

mediated by NK-2 or the leakage of LUV induced by NK-2. Size distributions of LUV made from 

various compositions of phospholipids in the absence and presence of NK-2 clearly indicate 

stronger affinity of NK-2 toward negatively charged membranes. It is interesting to observe the 

turbid solution of LUV for those NK-2 concentrations in which the ITC shows saturation before 

completing all injections. This would mean that when there is no NK-2 available in the solution, 

LUV, introduced from successive injections can adhere due to electrostatic interaction between 

negatively charged injected LUV with positively charged LUV already present in the solution. 

Adhesion can eventually lead to the aggregation of LUV. This result clearly implies the 

antimicrobial activity of NK-2 toward negatively charged lipids and is consistent with the ζ 

potential result. Although size distributions do not alter significantly for pure DOPC, the mixture 

of DOPE and DOPC at 4:1 shows a slight increase in the average size (Figure 3.1a). Further, the 

presence of PE with PC enhances the heat signals in the ITC experiment. This indicates that PE 

plays a significant role in the interaction. Therefore, the PE−PG system is indeed an appropriate 

model system to look at the antimicrobial activity. Interestingly, this composition happens to be 

the major constituent of many bacterial membranes. 

The binding of a positively charged AMP with negatively charged membrane usually leads to 

exothermic heat signal (49). The overall endothermic response observed in all isotherms is thus 

intriguing. The overall endothermic response, found in all lipid mixtures, can be explained in terms 
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of entropy gain in liberating water molecules from the hydration shell of LUV due to adsorption 

of NK-2 at the interface. Entropic contribution can also arise due to conformational change of NK-

2 (random coil to α helix) in the presence of lipids and also reorientation of NK-2 prior to the 

formation of pores. Such transitions were found for this peptide in a previous study by Olak et al 

(8). As the initial L/NK-2 ratio is small, we would expect pores in almost all LUVs. This is due to 

the fact that a threshold NK-2/L is required for the formation of pores and this condition is already 

achieved at the beginning of the isotherm (13,38). Our microscopy result on giant unilamellar 

vesicles also shows the leakage of internal fluid, supporting the pore formation on the membrane 

induced by NK-2. Although the appearance of the exothermic heat signal at PG/NK-2 ∼5:1 in both 

DOPE−DOPG and DOPG mixtures is very intriguing, the origin of these exothermic peaks is 

difficult to confirm at present. However, we believe that when there is no NK-2 available for 

binding, NK-2 can translocate through the pores and interact with the bare LUV present in the 

solution due to further injections. This process might lead to closing of pores, resulting in an 

exothermic heat signal. This hypothesis is based on the assumption that if the pore formation is 

endothermic, pore closure must be exothermic in nature. It is true that the resultant heat due to 

pore closure and binding of NK-2 together can cancel out. However, at this stage, the unbound 

peptide-to-lipid molar ratio is too small to produce considerable heat that can give rise to an 

endothermic response. Such an exothermic response in between two endothermic regions has not 

been observed in any of the earlier studies. 

Surprisingly, a second set of endothermic regions were obtained in the case of DOPG (Figure 3.4), 

even though there are no NK-2s available for further binding with LUV. This can be explained 

qualitatively, as follows. It was known by a previous study that desorption kinetics of NK-2 are 

much slower than adsorption due to trapping of α helix at the membrane interface (8). Therefore, 

it is expected that no free NK-2 is available to give rise to a second region of isotherm. Further 

injections of LUV can lead to attraction toward positively charged LUV already present in the 

solution. When the membranes of negatively charged LUV come closer to the NK-2, water 

molecules in the hydration shell start to liberate giving rise to the entropic gain of two membranes 

of LUV. Such membrane−membrane interaction was also evidenced by the DLS measurement, as 

the average size of LUV was found to increase. 
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NK-2 has a strong binding affinity to the lipid bilayer interface, relative to its water solubility, as 

evidenced from the ζ potential. This leads to an excessive interfacial area due to NK-2 binding, 

which increases the membrane tension. Such an increase in the membrane tension results in the 

formation of transmembrane pores (38). It has been shown in the earlier study by Lee at al (38) 

that the asymmetry of interfacial tension due to one-sided binding could lead to translocation of 

peptide (melittin) via transient pores. The binding of peptide to both outer and inner monolayers 

forms a stable pore at a critical peptide-to-lipid ratio. Therefore, it is desirable to use total (current) 

lipid concentration in the ITC cell to estimate the binding constant. It was also reported earlier that 

some peptides are not able to translocate across the membrane and only the outer monolayer of the 

membrane (60% of total lipid) is available for binding (50). One of the striking features obtained 

in the present study, compared to those of other pore-forming peptides, such as melittin, is that the 

NK-2 interacts only with negatively charged membranes. On the contrary, melittin can interact 

significantly with the electrically neutral PC membrane (13).  

It is evident from Table 3 that entropic contribution (T∆S) is much larger than that of enthalpy 

(∆H). This is not surprising, as hydrophobic interaction between the hydrophobic part of NK-2 

and hydrophobic core of the membranes is entropic in origin. This is also necessary for the 

transmembrane pore formation, observed in this system. The intrinsic binding constant 𝐾𝑖𝑛𝑡 (= 2.5 

× 108 M-1) of NK-2 found in DOPG (see Table 2) LUV is 2 orders of magnitude higher than that 

obtained from earlier studies of different AMP (49). It is important to note that 𝐾𝑖𝑛𝑡 changes 

significantly with the effective charge 𝑧𝑝 of the NK-2. We have optimized the value of 𝑧𝑝 at 5 in 

the model so that a linear relationship of 𝐶𝑀 versus 𝑋𝑏 with a small intercept was maintained. This 

value can also be realized from the ratio L/NK-2 for which the charge compensation as well as the 

saturation of the heat signals occurs. Previous ITC measurements on the NK-2-LPS system have 

shown similar endothermic and exothermic response to the binding heat depending on the structure 

of LPS (11). However, these results were not analyzed. As evidenced from Table 2, the slight 

increase in the 𝐾𝑖𝑛𝑡 with increasing lipid/NK-2 is the consequence of membrane−membrane 

interaction induced by NK-2. This result is also supported by DLS experiment, where we have 

observed an increase in the size distribution. 

The mechanism of action of NK-2 on negatively charged membranes has been inferred from ITC 

result, as illustrated in Figure 3.5. Initially, positively charged NK-2 in the coiled configuration 
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(8), when binds to an outer monolayer of the membranes, increases the membrane tension and 

induces transient pores to translocate NK-2 into the inner monolayer (38). 

 

 

 

 

 

 

 

 

 

              Figure 3.6 Interaction mechanism of NK-2 and vesicles. 

The increase in membrane tension was also evidenced from the membrane thinning effect of 

melittin and other AMPs (13,38). Such tension-induced (stretch-activated) pore formation has also 

been reported for an AMP Magainin 2 (51). Although there have been no earlier reports on NK-2, 

we expect that NK-2 also induces membrane tension, as in the case of melittin or Magainin 2. As 

the concentration of lipid is increased (i.e., the number of LUV), the NK-2 may come out through 

the pores and negatively charged LUV move closer to the positively charged vesicles due to 

electrostatic attraction. This process eventually leads to aggregation of vesicles via NK-2 bridges. 

The process of aggregation has been clearly envisaged from the size distribution. The increase in 

the value of 𝐾𝑖𝑛𝑡, as mentioned in Results section, might be the consequence of the aggregation of 

vesicles at a higher lipid to NK-2 ratio. 
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3.5    CONCLUSIONS 

We have systematically studied the interaction of NK-2 with phospholipid membranes to obtain 

insights into the antimicrobial activity. The binding affinity of NK-2 to the negatively charged 

membranes, PG, as well as the neutral phospholipids PC and PE was determined using ITC and ζ 

potential. We compare binding affinity of NK-2 to PG, PE, and PC as PG ≫PE > PC. Weaker 

affinity toward neutral phospholipids suggest that interactions of NK-2 with lipids are mainly 

governed by negatively charged lipids, which are major constituents of the bacterial membranes. 

The very weak affinity of NK-2 toward the PC membrane (which is the major constituent of 

eukaryotic cell membranes) propels the development of peptide antibiotics. The evidence of pores 

on these membranes seen in the present study implies antimicrobial activity of NK-2. The 

significant increase in the size of negatively charged LUV, found in DLS measurement, confirms 

membrane−membrane interactions induced by NK-2 in these systems, which eventually leads to 

vesicle aggregates in the solution. Finally, we have proposed the mechanism of action of NK-2 

based on our experimental results. More detailed studies are required to understand the mechanism 

of the kinetic process involved during pore formation. As already established, the NK-2 can be 

used as therapeutics to kill malaria parasite Plasmodium falciparum. It also shows activity against 

Escherichia coli and preferentially kills cancer cells. Further, low toxicity toward human cells is a 

great advantage for the development of antibiotics. Therefore, the present study will definitely 

reinforce the therapeutics applications. Nevertheless, our study provides important insights into 

the NK-2-lipids interaction.  
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Chapter 4 
 

Interaction of antimicrobial peptide, 

magainin 2 with phospholipid membrane: 

effect of cholesterol 
 

 

4.1    Introduction 

Magainin 2, a peptide derived from the skin of Xenopus laevis, has emerged as a promising 

candidate for new antibiotics. In contrast to classical antibiotics, antimicrobial peptides target 

bacterial membranes and disintegrate the membrane by forming the transmembrane pores. 

However, complete understanding of the precise mechanisms of cellular apoptosis and molecular 

basis of membrane selectivity is still in dispute. We have studied the interaction of magainin 2 

with various phospholipid membranes, using a variety of experimental techniques, such as, 

isothermal titration calorimetry (ITC), ζ potential, and dynamic light scattering. As bacteria 

mimicking membranes, we have chosen large unilamellar vesicles (LUV) and giant unilamellar 

vesicles (GUV) composed of negatively charged phospholipid, dioleoyl phosphatidyl glycerol 

(DOPG) and neutral phospholipid, dioleoyl phosphatidylcholine (DOPC). Our experimental 

results show the stronger binding affinity of magainin 2 to negatively charged membranes than to 

neutral membranes. In the present study, we have shown that magainin 2 forms trans-membrane 

pores on negatively charged phospholipid membranes using phase contrast microscopy.  Leakage 

of internal fluid of giant unilamellar vesicles (GUV), leading to decrease in intensity in the halo 

region of phase contrast micrographs, suggests the formation of transmembrane pores. No such 

reduction of intensity in the halo region of DOPC was observed, indicating, neutral vesicles does 

not exhibit pores. 
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we summarize earlier studies on the interaction of magainin 2 to the phospholipid membranes in 

section 4.2. All experimental results have been described in section 4.3. Finally, we summarized 

the overall conclusion of this chapter in section 4.4. 

 

4.2    Earlier studies 

Antimicrobial peptides (AMPs) are the unique and diverse group of molecules which are part of 

innate immune response found in all animal and human body (1). They are the host defense 

peptides and works against invading pathogens, such as viruses, fungi, bacteria etc. (2,3). AMPs 

are known to disrupt the bacterial membranes directly without interacting with any specific 

receptor (4). AMPs commonly possess amphipathic structures and cationic in nature which 

strongly bind to the bacterial membranes. This results in a formation of trans-membrane pores 

which eventually rupture the essential cellular contents by disintegrating lipid organization (5). 

There are several proposed mechanisms that AMP uses to destroy the cellular membrane (cell 

lysis) (6). The essential and common feature of these mechanisms is the formation of trans-

membrane pores (7). Therefore, foremost study for an AMP would to be to investigate the ability 

to form the transmembrane pores in order to gain insights into its antimicrobial activity. This 

motivates us to look at the pore forming activity of a promising peptide magainin 2.  

Bacterial membranes are usually negatively charged. Therefore, interaction of positively charged 

AMP with the bacterial membranes initiates with the electrostatic attraction. Besides charge, 

orientation of the peptide, the hydrophobicity index plays an important role in determining the 

antimicrobial activity (8,9). Selectivity of the anionic membranes encourages us to use anionic 

lipid DOPG to prepare bacteria mimicking membranes (10). The implications of AMP as a 

replacement of conventional antibiotics demands that, AMP should be inert to the 

phosphatidylcholine (PC) which is the major constituent of the eukaryotic cellular membrane. 

Ideally, one should use PE-PG mixture to mimic the composition of bacterial membrane.  But 

unfortunately, such mixture does not form GUV.  Therefore, as model system, we have taken 

PC/PG mixture. 

Magainins are a group of antibacterial peptides which is secreted from the skin of the African 

clawed frog Xenopus laevis. (11). The peptides consist of 21-23 amino acid residues and have a 
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net positive charge (+3 to +5). They act selectively against tumor cells and uses as anti-cancer 

therapies. They permeabilize biological membrane and display antimicrobial activity (12,13). 

Magainin 2 composed of all-D-amino acid and all-L-amino acid have same antimicrobial activity 

(14). These peptides are highly soluble in aqueous solution. When magainin 2 interacts with the 

lipid membrane at the membrane surface, it forms an α-helix transitions from random coil (15-17). 

Interaction between peptide and lipid membrane depends on their charge. Cationic magainins have 

a high affinity for negatively charged bacterial membranes. As outer leaflet of plasma membrane 

does not contain negatively charged lipid, it will not interact with these peptides. The interaction 

of magainin 2 with lipid membranes has been investigated using a suspension of liposomes (18-

20). As model membranes, we have used large unilamellar vesicles (LUV) to study the interaction 

of magainin 2 with different phospholipids using isothermal titration calorimetry (ITC), zeta 

potential and dynamic light scattering (DLS). Major constituents of Bacterial membranes are 

phosphatidylethanolamine (PE) and phosphatidylglycerol (PG) (∼ 4:1). Therefore, in our present 

study we have chosen model systems, composed of DOPG and mixtures of DOPG with DOPE 

and DOPC. These lipids also show fluid phase at room temperature (25oC).  In particular, the 

electrostatic behavior as well as size distribution of the membranes in the presence of magainin 2 

was systematically characterized using zeta potential and DLS, respectively. 

 

4.3     Experimental results and discussions: 

4.3.1.   Size distributions of LUV: 

Size distribution of LUV, made from different phospholipid and lipid mixture, has been measured 

before and after the interaction of magainin 2 using dynamic light scattering (DLS). DLS technique 

can, in principle, provide the evidence of membrane-membrane interaction induced by magainin 

2. The extrusion of MLV gives the average diameter of the vesicle ~ 100 nm. LUVs were found 

to be very stable, as no significant change in the size distribution was seen in DLS measurement 

even after couple of month later. Fig. 4.1 shows the size distribution of LUV exposed to magainin 

2. As the magainin 2/lipid (molar ratio) is increased, the size of LUV increases gradually and 

eventually sample exhibits high value of average size as well as large polydispersity. This result 

suggests the formation of large aggregates due to membrane-membrane interaction. The process 

of aggregation is also evident from the high degree of fluctuations near the tail of the auto 
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correlation curve. The error bars in the Fig. 4.1 represent the width of the distribution which is a 

measure of Polydispersity of LUV. The width of the size distribution indicating polydispersity, 

also increases with the increase of magainin 2 concentration. Size distributions do not alter 

significantly for pure DOPC, the mixture of DOPE and DOPG at 4:1 shows a slight increase in the 

average size ~95 nm. However, average size of the negatively charged vesicle DOPG increases to 

~ 400 nm with the increasing concentration of magainin 2. The increase in size distributions of 

LUV due to binding of magainin 2 is a consequence of stronger affinity of magainin 2 towards 

negatively charged membranes.  

 

Figure 4.1: Size distribution of LUV made from various lipid compositions in the presence of 

magainin 2. Error bar is the standard deviation (SD) and was obtained from the width of the 

distribution. 

 

4.3.2.    Zeta potential of LUV: 

The 휁 was obtained from LUV dispersion prepared from different phospholipid and lipid mixture 

before and after introducing peptide. Zeta potential (휁) of LUV in presence of antimicrobial peptide 

magainin 2 is illustrated in Fig. 4.2. As shown in Fig. 4.2, 휁 increases with increasing magainin 2 

to lipid molar ratio (M2/L) and charge compensation occurs at different M2/L for different lipid 
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mixtures. Although phospholipids, such as DOPC and mixture of DOPC-DOPE are neutral, they 

exhibit low negative value. Small negative zeta potential gets neutralized at M2/L~ (3:100). In 

comparison, charge neutralization happens for DOPC: DOPG (4:1) at much higher M2/L~ (6:100) 

and (7:100) for DOPE: DOPG (4:1). For others vesicle DOPG, charge neutralization occurs at 

M2/L~ (28:100). These differences are due to the fact that charge compensation occurs with the 

amount of charge present in the membrane, i.e., with respect to charge lipids. The 휁 was found to 

exhibit its saturation value, indicating overcharge compensation, at different M2/L for different 

phospholipid vesicles. The overcharge compensation at different zeta values suggests the 

significant contribution of entropy besides electrostatic interaction as discussed in our previous 

paper (21). The results of zeta potential along with DLS clearly reveal that interaction of magainin 

2 with membranes is primarily driven by electrostatic interaction. The charge neutralization at 

much higher M2/L for DOPG suggests binding affinity to PG is much stronger than that to PC. 

Therefore, magainin 2 has a stronger affinity towards the negatively charged lipids.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Zeta potential of phospholipid LUV at various magainin 2 to Lipids molar ratio. Error 

bars indicate width of the distribution profile of zeta potential. 
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4.3.3. Binding study of magainin 2 with model membrane: Isothermal Titration 

Calorimetry.  

As model membranes, we have used negatively charged phospholipid DOPG and two zwetterionic 

phospholipids DOPC and DOPE to prepare LUV. DOPE and DOPG are abundant phospholipids 

found in bacterial cell surface, whereas, DOPC is mostly found in the eukaryotic plasma 

membrane. Therefore, DOPE and DOPG resemble the composition of bacterial membranes and 

DOPC has been used for comparison. These phospholipids in aqueous solvent also exhibit fluid 

phase above -180 C. Therefore, vesicles can easily be prepared at room temperature (250 C). 

cationic magainin 2 exhibits a strong affinity towards negatively charged membrane than neutral 

membrane which is confirmed by our previous zeta and DLS result. We have used high sensitive 

titration calorimetry to investigate the binding of magainin 2 to phospholipid membranes which is 

accompanied by a considerable release of heat. Various concentrations of magainin 2 ranging from 

10-200 μM were titrated with LUV. The binding isotherm was determined by injecting lipid 

vesicles into peptide solution. Titration of LUV into magainin 2 produces exothermic heat when 

the heat of dilution has been subtracted. In the beginning of titration, there are plenty of magainin 

2 for binding with lipids. However, as the titration progresses, less and less magainin 2 are 

available for binding, indicating by the gradual decrease in the heat signal. The titration curve 

attains its saturation value when all the magainin 2 are exhausted and no peptide is remaining for 

binding to lipids. Besides binding of magainin 2, contributions of initial heat also arise due to 

conformational change, i.e., transformation of random coil to α –helix, change of orientation of 

peptide when associates with the membrane. The exothermic heat could also arise from the 

liberation of water molecules from the hydration layer at the membrane-water interface, when 

magainin 2 binds to the membrane. Normalized heat per injection, obtained from integrating each 

peak as a function of molar ratio is shown in Fig.4.3. One site binding model fits this isotherm 

very nicely and we have obtained thermodynamic parameters of the interaction. Binding constant 

were derived from lipid into peptide titrations using the one site binding model which is given 

below in table 1. The value of binding constant varies from ~105 to 103 M-1 depending on the 

membrane surface charge. Free energies and entropies were calculated using the equations  ∆𝐺 =

−𝑅𝑇 ln 55.5 𝐾 and ∆𝐺 = ∆𝐻 − 𝑇∆𝑆.  
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Figure 4.3: Isotherm obtained from the integrated heat per injection when 50 μM magainin 2 were 

titrated with 4 mM LUV made from (a) DOPC, (b) DOPC: DOPG (4:1) and (c) DOPE: DOPG 

(4:1). Heat of dilution, obtained from injecting 4 mM LUV into buffer, was subtracted from the 

actual measurement. Here we assume, lipids from both monolayers interact with the magainin 2. 

The solid line is obtained from the fit using one site model given by the microcal origin. 

 

Table 1. Thermodynamical Parameters of Binding Kinetics of magainin 2 

 

Thermodynamic parameters obtained from ITC experiment: 

System K (M-1) (ΔGo kcal mol-1) (ΔHo cal mol-1) (TΔSo kcal mol-1) 

DOPE+DOPG 3.24 x 105 -7.56 -157.5 -7.4 

DOPC+DOPG 7.69 x 104 -6.71 -46.38 -6.66 

DOPC 7.19 x 103 -5.29 -195.7 -5.1 
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4.3.4.    Observation of trans-membrane pores: Phase contrast Microscopy 

Phase contrast microscopy on GUV has been performed in order to visualize directly the 

antimicrobial activity of Magainin 2. As shown in Figure 4.4, a straight line was drawn across the 

GUV to obtain an intensity profile. The peak-to-peak intensity (𝐼𝑝𝑡𝑝) across the halo region was 

calculated. Average 𝐼𝑝𝑡𝑝 was obtained from several line profiles across the GUV. The time in 

seconds versus 𝐼𝑝𝑡𝑝 was plotted to observe any significant change in the intensity profile of the 

GUV. GUV, made from DOPC and mixtures of DOPC with DOPG were observed with four 

different peptide concentrations (0.98,1.11,2.17,4.16 μM). If Magainin-2 forms pores on the 

membranes, we would expect leakage of internal fluid through the pores. Therefore, hallo regions 

are expected to disappear with time and GUV should look similar to that without diluting in 

glucose. Experiments on GUV, exposed to Magainin-2, show direct evidence of formation of 

trans-membrane pores. Change in the difference of the grey value (𝐼𝑝𝑡𝑝) of the hallo region with 

time for DOPC-DOPG (4:1) GUV, as shown in Fig. 4.6, indicates leakage of internal fluid, leading 

to the loss of contrast. 𝐼𝑝𝑡𝑝 decreases until GUV completely loses its contrast in the hallo region. 

We have compared 𝐼𝑝𝑡𝑝 between GUV, exposed to magainin 2 and GUV without magainin 2, but 

interior and exterior regions contain same glucose solution. This behavior is attributed to the fact 

that pores are large enough to permeate the sucrose and glucose molecules and fluids between 

interior and exterior of the GUV are exchanged, leading to loss of contrast in the hallo region. 

Pores are stable, as GUV remains stable with time. Different GUV seems to take different time to 

initiate pore formation. We cannot precisely determine time taken to initiate pore formation for 

individual GUV at different peptide concentrations, as average response of many GUV were 

obtained in our study. However, we can unambiguously determine the behavior of rate constant 

for different peptide concentrations. We want to calculate decay constant from the following 

equation 

𝑦 = 𝑦0 + 𝐴𝑒𝑥𝑝(−
𝑡

𝜏
) 
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We also investigate the effect of size of GUV as well as concentration of magainin 2 on the kinetics 

of pore formation in the membrane. GUV, made from DOPC do not show significant decrease in 

𝐼𝑝𝑡𝑝 in the presence of magainin 2, indicating magainin 2 does not form pores on these membranes. 

This behavior is supported by the fact that magainin 2 has very weak binding affinity to PC 

membranes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4.4: (a) Phase contrast microscopy of a giant vesicle showing the phase contrast image 

of pure DOPC vesicle in 0.1 M glucose solution. (b)  shows the intensity profiles across the 

equator. In this graph, the y axis measures gray levels and the x axis corresponds to distance (μm) 

in the above images; the higher intensity curve measures the gray levels in the high phase contrast 

condition and the lower intensity curve (intentionally displaced up to the zero average) measures 

the gray levels after completely losing the contrast.   
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As we have studied four different sized GUV (17,25,38,47 μm) made from DOPC for a fixed 

magainin 2 concentration (4.16 μM), we have seen no peak to peak intensity different with wide 

range time.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Peak to peak intensity profile of GUV made from DOPC with time. 

 

We systematically study effect of magainin 2 on different size (17.5,27,35.27,38 μm) of GUV 

made of DOPC: DOPG (4:1).  After adding magainin 2 on the GUV solution kept on the 

microscopic slide, we looked at a particular size of the vesicles and monitored leakage of internal 

fluid. In a different experiment, peptide solution of same concentration was added to the solution 

and started observing different size of the vesicles. In this way, we could pick up different size of 

the GUV and observed their pore forming activity. We add same amount of peptide (~4.16 μΜ) 

on different size vesicle. 
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Figure 4.6: (a) shows the peak to peak intensity with time of different sized GUV (17.5,27,38.5 

μm) when 4.16μM magainin 2 added.  (b) rate constant vs size of the GUV. 

We see from fig. 4.6 (a), as the size of the vesicle bigger, peak to peak intensity falls faster than 

small sized vesicle. The reason behind this is the amount of peptide bind to bigger vesicle is more 

than small vesicle. So rate of pore forming obviously faster than small sized vesicle. From fig. 4.6 

(b), we see that the decay time for 38.5 μm vesicle is 630 sec. and as the size of the GUV goes 

smaller the decay time also increases.  

 

 

 

 

 

 

 

Figure 4.7: Phase contrast images of GUVs composed of DOPC−DOPG (4:1), exposed to 4.16 

μM Magainin 2. Starting time of capturing images is not the time of initiation of pore formation. 

The diameter of the vesicle is ∼35 μm 
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We observed GUV with four different peptide concentrations (0.98,1.11,2.17,4.16 μM). From the 

decay fitting curve we have calculated decay constant for different concentration.     

 

Fig. 4.8: (a) shows profile of contrast decay of GUV made from DOPC: DOPG (4:1) with 

increasing concentration of magainin 2. Each point corresponds to the average of at least three 

vesicles and the uncertainty is represented by the error bar. (b)  shows decay constant vs 

concentration of magainin 2. 

Therefore, 𝐼𝑝𝑡𝑝 decreases much faster at higher peptide concentration than that of lower peptide 

concentration. Larger decay constant at higher magainin 2 concentration can be a results of larger 

pore size or larger number of pores than that of lower magainin 2 concentration. We did not seem 

to observe any significant change in size of GUV with time. GUV does not show any significant 

change in 𝐼𝑝𝑡𝑝 with time in the absence of magainin 2. The time scale involved for the initiation of 

pore formation process for various magainin 2 concentration was difficult to conclude in the 

present study, as 𝐼𝑝𝑡𝑝 was found to decrease at different time for various GUV at a given magainin 

2 concentration. Slight variation of magainin 2 concentration in different parts of the sample, pore 

size, size of GUV are also key factors in determining the time scale involved in the process of pore 

formation. 
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4.3.5.     Effect of cholesterol on the pore formation 

cholesterol is an essential and ubiquitous component of plasma membranes. As discussed earlier 

in chapter 1, cholesterol is found in membranes but concentration of cholesterol is different in 

different membranes. One of the basic difference between plasma membrane and bacterial 

membrane is the complete absence of cholesterol in bacterial membrane and a large amount present 

in plasma membrane. Although, Matsuzaki et al. in their experiment have shown that cholesterol 

protects human erythrocytes plasma membrane from attack by magainin 2 (22). our previous 

studies on model membranes have demonstrated that that incorporation of cholesterol in model 

membrane tends to inhibit pore formation in the membrane by antimicrobial peptide (23). 

Cholesterol is known to increase membrane stiffness which may prohibit antimicrobial activity by 

AMPs. Increase cholesterol content in membrane lead to liquid ordered (𝐿𝑜) phase (cholesterol-

rich) which has higher rigidity than that of the cholesterol-poor liquid-disordered (𝐿𝑑) phase. 
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Figure 4.9: The peak to peak intensity across the halo region of GUV (Size ~ 27 μm) as a function 

of   time. GUV is made from DOPC: DOPG (4:1) mixture at 10 mole% cholesterol.  4.16μM 

magainin 2 added to the diluted GUV solution.  Rate constant was found to be 0.00027 sec-1. 

 

Fig. 4.10: Phase contrast images of GUVs composed of DOPC−DOPG (4:1) and 10 mole% 

cholesterol, exposed to 4.16 μM Magainin 2. 

GUV containing 20 mole% cholesterol does not show any significant leakage in microscopy 

experiments. This result indicated that there was no significant leakage or exchange of fluid in the 

presence of 20 mole% cholesterol, suggesting that incorporation of cholesterol tends to inhibit 

magainin 2 induced pore formation. 

 

4.3.6.   Fluorescence spectroscopy and anisotropy measurement: 

Nile red is widely used environment sensitive probe to monitor the membrane organization and 

dynamics. It emits fluorescence in the presence of lipid membrane. However, its fluorescence is 

significantly quenched in the aqueous or polar environment (24). Its fluorescence properties are 

known to alter by the polarity of its immediate environment due to a large change in its dipole 

moment upon excitation. This property of nile red is utilized to monitor hydrophobic surfaces in 

proteins and hydrocarbon core in lipid membranes. Therefore, the nile red is used on living cells 

as a fluorescence stain for the detection of intracellular lipid fluorescence emission intensity of 

nile red labeled large unilamellar vesicles composed of various lipids. We have measured the 

absorption spectrum of nile red and optimum excitation wavelength was found to be at 550 nm. 

Therefore, excitation wavelength has been kept fixed at 550 nm and emission spectra of nile red 

were monitored for different lipids with increasing magainin 2 concentrations. 
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The emission spectra in fig. 4.11 for different lipid show decrease in fluorescence intensity with 

increasing magainin 2 concentration. This decrease in fluorescence intensity might be the 

consequences of the increase in water penetration in the bilayers.  

 

 

 

 

 

 

 

 

Figure 4.11: The decrease in fluorescence intensity of the LUV composed of different 

phospholipid mixture for varying concentration magainin 2. LUV are dispersed in a HEPES buffer 

of concentration 1 mM and pH adjusted to 7.4 

The fluidity of membrane is very important in the context of drug delivery. It can influence 

liposomal bio functions such as drug encapsulation and drug release etc. The inverse of anisotropy 

is proportional to the membrane fluidity of the liposome, are calculated from the nile red 

fluorescence anisotropy measurement. Steady state fluorescence anisotropy has been used to 

monitor the rotational diffusion rate of nile red embedded in the membrane and it measures the 

extent of depolarization, i.e., the ability of the probe to reorient during the emission, it must be 

sensitive to the packing of lipid acyl chains. We observed that the anisotropy value increases for 

bacterial membrane and remains constant for neutral membrane with the increasing concentration 

of peptide magainin 2. This higher membrane fluidity suggests quick drug leakage or releasing 

(25).   
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Figure 4.12: Effect of magainin 2 on the steady state anisotropy of nile red in DOPC and DOPC: 

DOPG (4:1) liposome. The changes in anisotropy as a function of molar ratio only seen in bacterial 

membrane i.e. DOPC: DOPG (4:1). 

 

4.3.7.     Membrane permeabilization experiments: 

We studied experimentally the ability of magainin 2 to form pores by measuring the fluorescence 

intensity of calcein-loaded LUV with time. Due to the high dye concentration (~70 mM), the 

fluorescence of calcein molecule within the vesicles is highly self-quenched. The addition of a 

magainin 2 solution to the dye-containing LUVs made from DOPC: DOPG (4:1) at 250C induces 

dye release. Figure 4.13 shows the enhancement of fluorescence intensity over time indicating the 

release of entrapped dye from the vesicles. Such an increase in intensity was attributed to the 

formation of transmembrane pores. It is important to mention that fluorescence intensity did not 

increase in the absence of magainin 2.  
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Figure 4.13: Time course of magainin 2 induced leakage of calcein from a suspension of DOPC: 

DOPG (4:1) LUV after the addition of 4 μM concentration of magainin 2. 

 

4.4    Conclusion: 

A systematic investigation on the interaction of antimicrobial peptide magainin 2 with 

phospholipid membranes reveals that magainin 2 is able to induce pores in the anionic 

phospholipid membrane. Phase contrast microscopy of giant unilamellar vesicles have been 

employed to show the leakage of internal fluid and exchange of fluids, suggesting the formation 

of transmembrane pores. We also explored the pore-forming activity of magainin 2 on the 

membrane containing cholesterol. We determine the value of rate constant for different sized 

vesicles and also for different concentration of peptide. Incorporation of cholesterol into the 

membrane increases rigidity and also decreases the pore forming ability of magainin 2. Above a 

particular concentration of cholesterol (~20 mole%), we have not observe any leakage of internal 

fluid of giant unilamellar vesicle. Besides pore forming activity, we have also studied the 

interaction of magainin 2 with various phospholipid membranes, using a variety of experimental 

techniques. The size distribution of negatively charged LUV in the presence of magainin 2 was 

found to increase drastically, indicating the presence of large aggregates.  ζ potential results show 
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the stronger binding affinity of magainin 2 to negatively charged membranes than to neutral 

membranes. We have derived thermodynamical parameter from isothermal titration calorimetry 

(ITC) experiment using one site binding model. We have shown the ability of magainin 2 to form 

pores by measuring the fluorescence intensity of calcein-loaded LUV with time. 
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Chapter 5 
 

Formation of transmembrane pores in anionic 

phospholipid membranes induced by 

kinetoplastid membrane protein-11 (KMP-

11): Effect of Cholesterol 

 

 

5.1    Introduction: 

Kinetoplastid membrane protein-11 (KMP-11), expressed in all stages of leishmanial life circle, is 

considered a potential candidate for leishmaniasis vaccine. KMP-11 is found on the membrane 

surface of the parasite. Although the biological function of KMP-11 is unknown, we hypothesize 

from its sequence analysis that it may interact with the macrophage membrane, and may influence 

the entry process of the parasite into the host cell. To validate this hypothesis, we have investigated 

the interaction of KMP-11 with the unilamellar anionic phospholipid vesicles and explored its pore 

forming activity. Two types of model membranes have been used. The large unilamellar vesicles 

(LUVs) were prepared to investigate the interaction or binding affinity of KMP-11 with the 

membranes, whereas, giant unilamellar vesicles (GUVs) were used to visualize the pore formation. 

Before we discuss our experimental results, we summarize earlier studies on the interaction of 

KMP-11 to the membranes in section 5.2. All experimental results have been described in section 

5.3. Finally, we summarized the overall conclusion of this chapter in section 5.4. 
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5.2    Earlier studies: 

Visceral Leishmaniasis (VL) which is the most severe form of leishmaniasis, is caused by the 

species Leishmania Donovani (1). It is generally believed that specific pathogenic surface 

molecules can behave as chemical opsonins to facilitate the entry of pathogen into host cells by 

promoting host-pathogen interactions (2). In this connection, it is well known that many major 

pathogenic systems employ their pore-forming proteins (PFPs) as virulence factors. PFPs are 

common among bacteria, and about 25 to 30% of cytotoxic bacterial proteins are PFPs, making 

them the single largest category of virulence factors (3-4). Because of their nearly universal 

presence in bacterial pathogens, PFPs are a unique and important target for novel, broadly 

applicable antimicrobial prophylactics and therapeutics. PFPs function to perforate membranes of 

host cells, predominantly the plasma membrane but also intracellular organelle membranes (5). 

Several PFPs are reported to mediate the pathogen’s internalization process through their 

membrane pore formation activity (6). Evavold et al reported one example, in which a pore 

forming protein gasdermin D regulates IL1 release from hyperactive macrophages (7). Pore 

forming proteins are presumably responsible not only for the pathogenic entry process but also for 

the significant immune suppression process (8).  

 

 

 

 

 

 

Figure 5.1: Model structure of KMP-11 as obtained from I-TASSER software. The model structure 

suggests the alpha helical character of the protein. The red region indicates the point of tryptophan 

mutation (Y48W). 
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Kinetoplastid membrane protein-11 (KMP-11) is a small immunogenic protein expressed in large 

copy number on the surface of Leishmania Donovani. Although crystal structure is not available, 

modelling studies suggest a helical structure (Fig. 5.1), which has been supported by far UV CD 

measurements. KMP-11 shows strong immunogenic property and is believed to be a potential 

vaccine candidate (9). The function of KMP-11 and its roles in the process of infection are poorly 

understood. However, it is known that KMP-11 has high expression on parasite surface (9). We 

have recently observed that KMP-11 binds strongly to synthetic membrane (3). In addition, using 

a sequence analysis of KMP-11, we find comparable antimicrobial index with the pore forming 

peptide magainin-II (Fig. 5b). All these observations led us to hypothesize that KMP-11 may have 

a PFP like role of forming pore at the host membrane, which may or may not be relevant to the 

process of parasite internalization. Furthermore, we observed significant sequence homology of 

KMP-11 with apolipoprotein A, which prompted us to speculate further that the cholesterol may 

influence significantly to its pore forming activity. This is because, apolipoprotein A is known for 

its cholesterol transport properties (10). In recent years, the concept of a “cholesterol connection” 

in infectious diseases has emerged where pathogens have evolved virulence factor that reprograms 

eukaryotic cellular physiology. In particular, cholesterol plays a significant role in controlling the 

parasite entry into macrophage cells (11). It has already been reported that cholesterol depletion 

from the macrophage reduces the ability of leishmania to enter the host macrophages (12). There 

exists extensive literature on cholesterol connection with the pore forming activity and 

antimicrobial activity of proteins (13). The liposomal cholesterol delivery has been employed as a 

treatment for intracellular parasite killing through the successful enhancement of the innate 

immunity (14). Moreover, cholesterol regulates the activity of pathogenic PFPs in terms of pore 

forming nature and subsequent immune evasion (14). 

In the present study, we have systematically investigated the interaction between KMP-11 and 

anionic membranes composed of DOPC-DOPG (4:1). Since a wide variety of lipid components is 

present in the native cell membrane, it is often useful to study model membrane of specific 

composition in order to obtain insights into the individual features and activities of the membrane. 

Although unsaturated lipids, such as DOPC are abundant in the macrophage membrane (4), 

negatively charged lipids contribute to the subcellular targeting of proteins with cationic domains 

via electrostatic interaction (15). This motivates us to choose DOPG as anionic component of the 

membrane. Two types of model membranes have been used. The large unilamellar vesicles 
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(LUVs) were prepared to investigate the interaction or binding affinity of KMP-11 with the 

membranes, whereas, giant unilamellar vesicles (GUVs)were used to visualize the pore formation. 

Fluorescence release of calcein loaded LUVs and phase contrast microscopy of GUVs have been 

successfully employed to obtain the evidence of pores in the membranes induced by KMP-11. We 

have also explored the effect of cholesterol on the pore forming ability of KMP-11. Microscopy 

images have been analyzed to obtain dependence of protein concentration, vesicle size on the 

kinetics of pore formation in the membrane. The binding affinity of KMP-11 with the phospholipid 

membranes was studied using zeta potential and fluorescence assay. The membrane-membrane 

interaction induced by KMP-11 is envisaged using dynamic light scattering. Our results showed 

for the first time that KMP-11 induces pores in model membrane and cholesterol incorporation 

significantly reduces the pore forming activity. Collectively, our study suggests an interplay 

between the binding, pore formation activity of KMP-11 with the architecture and composition of 

model membranes which further implicates the molecular mechanistic understanding of 

leishmaniasis. 

 

5.3        Experimental results and discussion 

5.3.1     Interaction of KMP-11 with Phospholipid LUV. 

The membrane-specific dye DiI C-18 is widely used to monitor the large scale inhomogeneity on 

the surface of a living cell, including rafts and protein organization in artificial membranes (20,21). 

We used here a previously reported fluorescence assay using DiI C-18 to investigate the interaction 

of KMP-11 with DOPC−DOPG LUV (3). In the presence of membrane, DiI C-18 showed strong 

fluorescence at 𝜆𝑒𝑚 = 675 nm (𝜆𝑒𝑥 = 600 nm), while in aqueous buffer or a buffer containing 

KMP-11, its fluorescence was very low or absent (Figure 5.2a). Figure 5.2b shows that the 

fluorescence of DiI C-18 (in the presence of LUV) decreased with increasing KMP-11 

concentrations. This happened because of protein-lipid association. The average lifetime of the 

dye (in the presence of the membrane) decreases as we add the protein, indicating a significant 

contribution of dynamic quenching as reported in our previous study (3). The change in relaxation 

behavior in the excited state of DiI C-18 could be due to an alteration of hydration dynamics at the 

membrane solvent interface as well as due to the change in translational diffusion of fluorophore. 
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In addition to these processes, we cannot eliminate the possibility of expulsion of DiI C-18 due to 

adsorption of KMP-11 which could also result in the decrease in fluorescence. We fitted the 

fluorescence decrease with protein concentration using a standard Hill equation and determined 

the values of binding constant (K) and cooperative index (n). The K value of KMP-11 was found 

to be (2.46±0.15) ×105 M-1, which was consistent with the results obtained in our earlier study with 

LUV containing pure DOPC (3).  
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Figure 5.2: (a) Fluorescence emission spectra of DiI C-18, showing significant intensity in the 

presence of LUV, while fluorescence is very low or absent when the dye is present in aqueous 

buffer or buffer containing KMP-11 only. (b) shows the decrease in fluorescence intensities of DiI 

C-18 (present in solution of LUV) with increasing concentration of KMP-11. The solid red line is 

the fit using the Hill equation. Inset shows the fluorescence spectrum for increasing concentrations 

of KMP-11 indicated by an arrow. (c) Change in tryptophan emission with increasing 

concentration of DOPC: DOPG (4:1) LUVs. In this experiment, a single tryptophan mutant 

(Y48W) was used. The inset in (c) shows the fluorescence emission spectra with increasing LUV 

concentrations. 

 

Unlike the binding of KMP-11 with DOPC, we found non-cooperative binding of KMP-11 with 

PC-PG, as cooperative index (n) was found to be ~ 1. 

We complemented the above DiI C-18 binding experiments using steady state fluorescence 

measurements. For this, we used a single tryptophan mutant of KMP-11 (Y48W), as wild type 

KMP-11 does not contain any tryptophan residue in its sequence. This single tryptophan mutant 

(Y48W) showed similar secondary conformation as that of wild type KMP-11 and the tryptophan 

residue was found to be fully buried inside the hydrophobic core region (22-23). Y48W showed 

maximum intrinsic fluorescence intensity at wavelength 327 nm. The addition of DOPC-DOPG 

LUVs significantly decreased the fluorescence intensity of tryptophan (Fig. 5.2c). 

The fluorescence assay of Trp residue shows similar binding affinity as that obtained from DiI 

C18. The binding constant obtained from Trp assay (K= 2.64×105 M-1) is in agreement with that 

obtained from DiI C18 assay (2.46 ×105 M-1), confirming protein binding with the membrane. 

To obtain further insights into the protein-lipid interactions, we used zeta potential and 

hydrodynamic radius measurements. Zeta potential is a good approximation to the surface 

potential at moderate electrolyte concentration. As both protein and the membrane were charged, 

the binding between the protein and lipid was expected to change the value of zeta potential. In 

addition, the binding might also increase hydrodynamic radius. However, mild aggregation due to 

lipid protein interaction could not be ruled out. Figs 5.3(a) and 5.3(b) showed the variation of zeta 

potential and hydrodynamic radius with different protein to lipid (P/L) ratio. It was interesting to 
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note that the change of these two parameters (zeta potential and hydrodynamic radius) did not 

seem to match very well, although they were expected to represent the same event (KMP-11- 

LUVs interaction). While the change in hydrodynamic radius was somewhat slow occurring in 

one step, zeta potential variation had two steps. The first step was a rapid increase (occurring 

within P/L ~ 0.02), which was followed by a slow decrease. While any mechanistic understanding 

of the early rapid increase in zeta potential is not available, we speculate that this is probably a 

rapid reorganization of the protein-lipid binding interface or the water environment. In order to 

understand the behavior of zeta potential and to obtain insights into the binding phenomenon and 

protein activity, it is now important to investigate the charge distribution of the amino acid residues 

of the entire protein. 

 

 

Figure 5.3: (a) Variation of zeta potential of LUV made from PC:PG (4:1) mixture with increasing 

protein to lipid (P/L) ratio. (b) Average hydrodynamic radius the LUV with increasing P/L 

obtained from the DLS measurement. 
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5.3.2    Charge distribution of the protein KMP-11 

KMP-11 possesses a negative charge (−1.7) at physiological pH as determined by the protein 

calculator v3.4 server (http://protcalc.sourceforge.net/). The association of negatively charged 

protein with anionic membranes was thus intriguing. We speculate that a local positively charged 

region might be able to initiate the binding process, which would be later facilitated by other 

factors, like non-polar interactions. We used EMBOSS software to determine the local cationic 

regions in the sequence. As shown in Fig. 5.4 (a), two stretch of positively charged sequence could 

be identified: one between residues 10 and 30 and the other between residues 40 and 70. 

Subsequently, we resorted to theoretical approach to spot active regions of KMP-11 and look for 

antimicrobial sequence stretch or domain. We found out that KMP-11 contains prominent 

antimicrobial propensity at the region 60-80 of its sequence (Fig. 5.4 (b)), and this sequence stretch 

(with microbacterial property) was close to one of the two positively charged regions. Since pore 

formation is the prerequisite of the antibacterial property of a peptide stretch, we hypothesize that 

an efficient binding through these local positive regions may trigger pore formation property of 

the protein. 

 

 

Figure 5.4: (a) Charge distribution of the amino acid residues of KMP-11 throughout the entire 

sequence of protein calculated using EMBOSS software. (b)  Average antimicrobial index against 
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the sequence stretch of WT KMP-11 and magainin-II. The blue line suggests the threshold value 

of average antimicrobial index. 

 

5.3.3     Formation of trans-membrane pores induced by KMP-11 

5.3.3.1    KMP-11 induced leakage in phospholipid membrane 

We then studied experimentally the ability of KMP-11 to form pores by measuring the 

fluorescence intensity of calcein loaded LUV with time. Fig. 5.5 showed the enhancement of 

fluorescence intensity over time at three different concentrations of KMP-11, indicating the release 

of entrapped dye from the vesicles. Such an increase in intensity was attributed to the formation 

of trans-membrane pores (24). It is important to mention that fluorescence intensity did not 

increase in the absence of KMP-11 (Fig. 5.5). 

 

 

 

 

 

 

 

Figure 5.5: Calcein release assay showing the leakage of entrapped calcein from the LUV 

composed of PC:PG (4:1). This experiment has been performed using three different 

concentrations of KMP-11. Rate constant of calcein for three different protein concentrations is 

shown in inset of the figure. Typical lipid concentration was taken 20 μM. 
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This result clearly indicated that KMP-11 induced pores in the membrane, through which calceins 

were released. The pore size must be larger than the size of the calcein molecules enabling to 

translocate from the interior of the vesicle through pores. We found that the kinetics of pore 

formation was dependent on protein concentration (Fig. 5.5, inset). The rate of calcein release was 

determined by fitting the data using an exponential rate equation, the variation of which with 

protein concentration is shown in the inset of the Fig. 5.5. The growth rate was found to be ~ 6.4 

×10-3 sec-1 when calcein loaded vesicles were exposed to 20 μM and decreased with reducing 

protein concentration. Unlike the antimicrobial peptide melittin, showing the pore formation in 

DOPC membrane (25), we found that KMP-11 exhibited higher rate of calcein release in DOPC 

LUV containing DOPG (Fig. 5.6). This result suggested a significant role of anionic lipids (DOPG) 

in pore formation. This is indeed the requirement of many antimicrobial peptides where they only 

target negatively charged membrane and remain inert to the neutral phospholipids (26-27). It may 

be noted that a previous report by T. Yeung et al indeed has shown that the negative surface charge 

of the inner leaflet of the plasma membrane determines the targeting of proteins with cationic 

domain (15). Therefore, negatively charged surface of macrophage may be required for targeting 

the immunogenic protein KMP-11 which eventually forms pores to facilitate the internalization of 

leishmania parasite. 

 

 

 

 

 

 

Figure 5.6: Dye leakage spectra of calcein entrapped LUVs composed of DOPC lipid in presence 

of KMP-11 (concentration was 20 μM) and in presence of triton X-100. 
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5.3.3.2   KMP-11 induced pore formation as evidenced from the phase contrast 

micrographs of GUV  

As KMP-11 showed the evidence of strong binding with the membrane, especially with anionic 

vesicles and has an antimicrobial sequence, it would be interesting to monitor directly the 

formation of pores using optical microscopy. Such an experiment would further validate pore 

formation hypothesis and complement the results obtained from calcein release experiments. For 

this purpose, we explored phase contrast microscopy of GUVs exposed to protein solution. In this 

method, any change in the morphology of GUV can be directly visualized without introducing the 

fluorescence probe. Therefore, the issue of alteration of membrane properties or the protein-

membrane interaction due to the presence of fluorophores can be avoided. We could observe GUV 

with a good contrast in the halo region, as vesicles are prepared in a sucrose solution and diluted 

with glucose solution. GUV, made from DOPC and mixtures of DOPC with DOPG, were observed 

with three different protein concentrations (5, 10 and 20 μM). GUVs were prepared in 100 mM 

sucrose solution and diluted with 100 mM glucose solution. Identical concentrations of glucose 

and sucrose solutions were used to eliminate any resultant osmotic stress. Fig. 5.7 showed time 

sequence of phase contrast images of GUV exposed to 20 μM KMP-11 solutions. GUV images 

for 5 and 10 μM concentrations of KMP-11 were shown in Fig. 9. Halo region in the GUV image 

was formed due to the difference in contrast between the interior and exterior of GUV. Once the 

pores were formed on the membranes, we would expect leakage of internal fluid through the pores. 

As a result, halo regions were expected to disappear with time and GUV should look similar to 

that without diluting in glucose. Change in the difference of the gray value (𝐼𝑝𝑡𝑝) of the halo region 

with time for DOPC-DOPG (4:1) GUV, indicated exchange of fluid between interior and exterior 

of the GUV, leading to the loss of contrast. 
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Figure 5.7: The phase constant images of GUVs composed of DOPC-DOPG (4:1), which are 

exposed to 20 μM KMP-11. Protein to lipid ratio (P/L) ~ 0.02. Diameter of the vesicle ~ 34 μm. 

 

 

Figure 5.8: (a) The decay of (peak to peak intensity) with time for DOPC-DOPG and (b) DOPC 

GUVs. The solid line represents the fit, which was obtained from a single exponential decay. The 

decay rate constant (τ) was found to be (0.7 ± 0.06) × 10-3 sec-1. For comparison, red circles in (a) 

have been obtained from GUV without KMP-11. 
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Figure 5.8 (a) showed that 𝐼𝑝𝑡𝑝 decreased until GUV in the presence of KMP-11 completely lost 

its contrast in the halo region. The analysis of phase contrast images to predict the pore formation 

has not been described in any of the earlier studies. It is important to mention that aqueous 

dispersion of GUVs in the absence of KMP-11 was found to be very stable and did not show any 

variation of 𝐼𝑝𝑡𝑝 (Fig. 5.8, red circle). In addition, GUVs, prepared from only DOPC did not show 

any significant decrease of 𝐼𝑝𝑡𝑝 when exposed to KMP-11 (Fig. 5.8 (b)). This result clearly 

indicated the importance of the negatively charged membrane in the pore formation which was 

found to be consistent with the results obtained from calcein release experiments. 

 

 

Figure 5.9: Phase contrast micrographs of GUV composed of DOPC-DOPG (4:1) exposed to (a) 

5 μM and (b) 10 μM concentrations of KMP-11. The size of the vesicle ~ 34 μm. 



109 
 

The prepared GUVs were found to show heterogeneity in terms of the time they take to start the 

pore formation process. As a result, we could not precisely determine the time point that initiates 

pore formation for a particular GUV. In addition, we have also experience some heterogeneity due 

to GUV size variations. As a result, the presented data represented the average response of several 

(at least three) GUVs (Fig. 5.10 a). Nevertheless, we could unambiguously determine the behavior 

of the rate constants for different protein concentrations. GUV exposed to 5 μM KMP-11 took 

longer time to form pores and complete disappearance of halo region was obtained at much higher 

time scale compared to one exposed to 10-20 μM KMP-11 (Fig. 5.10 b). The change in 𝐼𝑝𝑡𝑝 with 

time was fit to a single exponential decay function to obtain the time constant (τ) (Fig. 5.8 a). The 

rate constants for two different concentrations 10 μM and 20 μM were found to be 1.2 ×10-3 sec-1 

(Fig. 5.10 b) and 0.7×10-3 sec-1 (Fig. 5.8 a), respectively. For 5 μM of KMP-11 we have not 

observed significant decrease in 𝐼𝑝𝑡𝑝 with time. The growth rate (6.4×10-3 sec-1) of calcein release 

experiment was inconsistent with decay rate obtained from the analysis of phase contrast images. 

This differences of the rate constants obtained from two different experimental techniques could 

arise due to difference in vesicles size, as well as intrinsic concentration of KMP-11 at the vicinity 

of the membrane. 

 

 

                              (a)                                                                   (b) 
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Figure 5.10: (a) Change in 𝐼𝑝𝑡𝑝 values of three different GUVs when these were treated with 20 

μM concentration of KMP-11. (b) The decay of 𝐼𝑝𝑡𝑝 (peak to peak intensity) with time for GUV 

composed of DOPC-DOPG. Solid line represents the fit curve obtained from single exponential 

decay and decay rate constant (τ) was found to be 0.0012 sec-1. 

 

5.3.3.3   Effect of cholesterol on the pore formation 

Previous studies have already shown that the presence of cholesterol strongly affects the process 

of internalization of parasite into host macrophages (11,14). Therefore, it would be interesting to 

know the role of cholesterol on the pore forming activity of protein. 

 

 

 

Figure 5.11: Calcein release assay showing the leakage of entrapped calcein from the LUV 

composed of PC:PG (4:1) at (a) 10 mole% and (b) 20 mole % of cholesterol. These experiments 

have been performed at 20 μM concentration of KMP-11 and typical lipid concentration was kept 

20 μM. 

 

Fig. 5.11(a) and 5.11(b) showed the percentage of calcein release from the LUV containing 

different mole% of cholesterol when exposed to 20 μM KMP-11. The percentage of calcein 
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release, which was measured by the increase in fluorescence intensity, decreased significantly with 

increasing cholesterol concentration. Further, as a control experiment, we found no calcein release 

in the absence of KMP-11 (Fig. 5.11a, 5.11b) and 100% leakage was found when LUVs were 

treated with triton X-100 and this 100% leakage was used to calculate the percentage of dye 

leakage from the LUVs at different cholesterol percentages. To complement this leakage assay, 

we also performed the GUV assay to find out the pore forming activity of KMP-11 in presence of 

different molar content of membrane cholesterol. Phase contrast microscopy experiment on GUV, 

containing 10 and 20 mole% of cholesterol, did not seem to show any significant decay of the 𝐼𝑝𝑡𝑝 

across the halo region (Fig. 5.11c). This result indicated that there was no significant leakage or 

exchange of fluid in the presence of cholesterol, suggesting that incorporation of cholesterol tends 

to inhibit KMP-11 induced pore formation. 

 

 

 

 

 

 

Figure 5.11: (c) Peak-to-peak intensity across the halo regions at two different cholesterol 

concentrations, indicated in the figure legend. GUV containing cholesterol does not show any 

significant leakage in microscopy experiments. For comparison, we have again shown the decay 

curve for 0 mole % cholesterol. 

 

The driving force of pore formation is the membrane tension (σ) whereas line tension, around the 

pore determines the stability of the pores. Therefore, energetics of pore of radius r would be given 

by 𝐸𝑝𝑜𝑟𝑒 = 2𝜋𝑟𝛾 − 𝜋𝑟2𝜎  . The intrinsic scale of membrane tension is determined by the 
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spontaneous curvature and bending modulus of the membranes, whereas mechanical tension is 

governed by its stretching modulus (28). We can argue that the role of KMP-11 would be to create 

stress which is equivalent to membrane tension required for the formation of pore. In addition, 

these elastic parameters would change for a membrane containing cholesterol. However, it is 

known from previous literatures that the effect of cholesterol on the membrane tension is not 

universal; rather it depends on the specific architecture of the lipid building the membrane (29-

30). Various experimental techniques, such as fluctuations spectroscopy, micropipette aspiration, 

electrodeformation etc. are insensitive to give change in stiffness of membrane made from DOPC-

cholesterol mixture (31). However, it is well known that increase in cholesterol content leads to 

liquid ordered (𝐿𝑜) phase (cholesterol rich), which has higher rigidity than cholesterol poor liquid 

disordered (𝐿𝑑) phase (32). In order to validate this, we investigated the fluorescence emission of 

an environment sensitive probe Laurdan. At room temperature, DOPC: DOPG (4:1) LUVs remains 

in 𝐿𝑑 phase which is confirmed by the emission maximum at 490 nm (Fig. 5.12). It is clearly 

evident from Fig. 5.12 that emission spectra get blue shifted with increasing cholesterol 

concentrations. Further, GP of Laurdan increases with increasing cholesterol content in the 

vesicles.  
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Figure 5.12: Laurdan emission spectra of DOPC: DOPG (4:1) LUVs containing 0 mole% (black), 

10 mole% (blue) and 20 mole% (red) cholesterol. Inset shows the generalized polarization (GP) 

values of Laurdan obtained from 0, 10 and 20 mole% of cholesterol. 

 

These results indicate that membrane rigidity increases with cholesterol. Further, it has been found 

in our previous study that the association constant of wild type KMP-11 decreases with increasing 

cholesterol concentration (3). Such a change in the elastic property of membrane and decrease in 

the binding affinity of KMP-11 in presence of membrane cholesterol may not facilitate the pore 

formation induced by KMP-11. 

 

5.3.3.4   A conjecture on the mechanism of parasite entry and implications in 

leishmaniasis 

The present study describes the pore forming activity of the protein KMP-11 in model membranes 

in view of the understanding the host-pathogen relationship in the context of leishmaniasis. While 

it is only an in vitro study and the actual disease scenario is expected to be complex, a simplified 

understanding of the parasite entry process (Fig. 5.13) could be hypothesized based on our present 

results. As reported in our previous study that an abundant immunogenic membrane protein, KMP-

11, expressed on surface of parasite, play vital role in modulating membrane properties when binds 

to macrophage membrane (3). Therefore, this protein helps in the internalization of parasite for 

productive infection. In the present study we indeed found an efficient binding of the KMP-11 

onto membrane, which facilitates pore formation. We believe that this process may eventually help 

the parasite to enter into the host macrophage (Fig. 5.14). A similar mechanisms found in case of 

antimicrobial peptide (33). It is established that parasites can translocate via transmembrane pores 

for their survival. It has been reported that cholesterol in the host macrophage plays vital role in 

leishmania infection (34). Therefore, interaction of KMP-11 with the model membranes is 

expected to alter in the presence of cholesterol. We indeed found that cholesterol affects the pore 

forming ability of KMP-11 as found in both calcein release and optical microscopy experiments. 

Further study is required in order to understand the cholesterol connection in the leishmaniasis. 
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Figure 5.13: Schematic diagram of infection mechanism via trans-membrane pore formation 

induced by KMP-11. 

 

5.4   Conclusion 

A systematic investigation on the interaction of KMP-11 with anionic phospholipid membranes 

reveals, for the first time, that KMP-11 is able to induce pores in the anionic phospholipid 

membrane. Both calcein release fluorescence assay of large unilamellar vesicles and phase contrast 

microscopy of giant unilamellar vesicles have been employed to show the leakage of internal fluid 

and exchange of fluids suggesting the formation of trans-membrane pores. The rate of increase in 

the fluorescence intensity due to calcein release is consistent with the rate of decay in intensity 

across the halo region of phase contrast micrographs of GUV. We also explored pore forming 

activity of KMP-11 on the membrane containing cholesterol, no significant growth of intensity in 



115 
 

calcein release experiment on LUV containing 10-20 mole% of cholesterol, suggests that 

cholesterol inhibits pore formation in membranes. Further studies on interaction of KMP-11 with 

the negatively charged membranes using fluorescence spectroscopy and zeta potential revealed 

that the KMP-11 has a strong affinity to the membrane. The nature of decay of fluorescence 

intensity of DiIC-18 and decrease in the negative value of zeta potential suggest the non-

cooperative binding of proteins. Binding constant obtained from fluorescence (DiIC-18) decay is 

in agreement with that obtained earlier in case of DOPC membrane. Based on our results, we 

hypothesize that the strong interaction of KMP-11 and its pore forming activity towards anionic 

membrane may have implications in the process of internalization of leishmania parasite into 

macrophages for parasite survival and replication. 
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Chapter 6 
 

Use of spectroscopic properties of lipophilic 

dye, nile red to understand the physico-

chemical properties of lipid bilayer: Effect of 

chain saturation and cholesterol. 
 

 

6.1    Introduction 

As discussed earlier chapters, antimicrobial peptide interacts only bacterial cell membrane over 

mammalian membrane through electrostatic interaction. Therefore, it is important to study how 

physico-chemical properties of lipid bilayer get altered due to interaction of AMP. As nile red is 

one of the widely used environment sensitive lipophilic dye, it’s spectroscopic properties can be 

used to probe the change in the properties of lipid bilayer.  The emission spectra of nile red are 

also expected to depend on lipid types, i.e. the composition of the membrane. Therefore, prior to 

introduction of peptide into the bilayer, it is necessary to understand spectroscopic behavior of nile 

red with varying composition of membranes.  In this chapter, we primarily concentrate on the 

spectroscopic properties of nile red in the presence of membrane with different lipid composition 

and also with cholesterol. Further extension or outlook of the present study would be to introduce 

AMP to investigate the interaction with membrane using the spectroscopic properties of nile red. 

In this chapter, we describe the effect of composition and the phase state of phospholipid 

membranes on the emission spectrum, anisotropy and lifetime of a lipophilic fluorescence probe 

nile red. Fluorescence spectrum of nile red in membranes containing cholesterol has also been 

investigated in order to get insights into the influence of cholesterol on the phospholipid 

membranes. The Earlier studies are summarized in section 6.2. All experimental results have been 

discussed in section 6.3. We conclude this chapter in section 6.4. 
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6.2    Earlier studies 

Large unilamellar vesicles (LUV) made from phospholipids serve as an excellent model system of 

biological membranes. Besides the model system of biological membranes, LUV are potential for 

diverse bio-technological applications (1). Cholesterol is a ubiquitous component of plasma 

membranes. Structure and functions of membranes are greatly influenced by lipid composition, 

chain saturation and the membrane-cholesterol (2). Cholesterol provides rigidity and integrity to 

the plasma membrane and prevents it from becoming overly fluid; It also helps to maintain its 

fluidity (3). The cholesterol-rich domains, called rafts are believed to exist in the membrane (4). 

These rafts resemble with the cholesterol-rich liquid ordered (𝑙𝑜) phase and cholesterol-poor liquid 

disordered (𝑙𝑑) phase arising due to phase separation in the model membranes composed of ternary 

mixtures of cholesterol with a saturated lipid, such as DPPC and an unsaturated lipid, such as 

DOPC (5). Fluorescence probes are widely used tools to characterize 𝑙𝑜 and 𝑙𝑑 phases in the 

cellular as well as artificial membranes. The coexistence of 𝑙𝑜 and 𝑙𝑑 phases can easily be 

envisaged using a fluorescence probe selectively stain for 𝑙𝑜 phase (6). Some environment 

sensitive probes whose emission property depends on local polarity, hydration or fluidity of the 

membranes, have also been used to characterize the 𝑙𝑜 and 𝑙𝑑 phases (7,8). Nile red (9-

diethylamino-5H-benzo(α) phenoxazine-5-one), is one such environment sensitive probe and is 

widely used to monitor the membrane organization and dynamics (9). It emits fluorescence in the 

presence of lipid membrane (10). However, its fluorescence is significantly quenched in the 

aqueous or polar environment. Its fluorescence properties are known to alter by the polarity of its 

immediate environment due to a large change in its dipole moment upon excitation (11). This 

property of nile red is utilized to monitor hydrophobic surfaces in proteins and hydrocarbon core 

in lipid membranes. Therefore, the nile red is used on living cells as a fluorescence stain for the 

detection of intracellular lipid droplets if the proper spectral condition is chosen (12,13). Lipid 

phase state and chain ordering, fluidity as well as in plane lateral diffusion etc. has significant 

implications in many biological functions. For example, lipid domains play a vital role in the 

process of development of the embryo of zebra fish (14). A basic and relevant question we would 

like to address that, can we use spectroscopic properties of nile red to identify the type of lipids 

and their phase state in the membrane? Further, in a cholesterol containing bilayer, is it possible 
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to calibrate or estimate the amount of cholesterol and to monitor the organization and heterogeneity 

induced by cholesterol in bio- membranes?  

Therefore, the aim of the present article is to use the fluorescence properties of nile red to identify 

the lipid type, phase state or the composition. As the temperature is one of the crucial parameters 

to determine the membrane environment, the temperature dependency of the emission properties 

of nile in the presence of phospholipid membranes has also been investigated. Further, we would 

like to monitor the organization, fluctuations and heterogeneity membranes containing cholesterol. 

In the present study, we have systematically investigated fluorescence properties of nile red in the 

presence of various lipids in the gel and fluid phases. Effect of cholesterol on the spectral properties 

of nile red in these phases has been studied in details. Here, we report the effect of saturation of 

hydrocarbon chains on the emission spectra of nile red. We have also shown that nile red can be 

used to calibrate the amount of cholesterol in the membranes in lo phase. Rotational correlation 

and hence rotational diffusion of nile red in the cholesterol containing lipid membranes were also 

estimated from the present study. Change in rotational diffusion due to motional restriction of 

lipids in the presence of cholesterol has also been envisaged from red edge excitation shift (REES). 

Our study suggests that spectroscopic properties of nile red can be utilized to monitor the functions, 

composition and structure of biological membrane at physiological condition. 

 

6.3     Experimental results and discussions: 

 

6.3.1    Effect of different phospholipids on the emission spectra of nile red: 

Nile red is an environment-sensitive probe, which shows fluorescence in the presence of lipid 

bilayer. The nile red is known to exhibit efficient fluorescence emission in hydrophobic 

environment and increases its efficiency with increasing hydrophobicity or decreasing the solvent 

polarity, resulting in a progressive blue shifted emission maximum (9). However, nile red shows 

a very low quantum yield in a polar aqueous environment (Fig. 6.1). In our study, we have used 

large unilamellar vesicles made from different phospholipids and observed the emission spectra of 

nile red to understand the effect of lipid composition on the emission spectra. The nile red emission 

in the presence of different phospholipid vesicles is summarized in table-1. The 𝜆𝑒𝑚 (632 ± 2 nm) 
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of nile red fluid phase is found to be independent of unsaturated lipid types used in our experiment, 

when excited at 550 nm. Our result on DOPC is in agreement with the previous study by Kucherak 

et al (9). However, much lower value of 𝜆𝑒𝑚 (~ 618 nm) was reported by Mukherjee et al. (17). 

Although, Mukherjee et al., in their experiment, has incorporated the probe nile red by co-drying 

with the lipids, the symmetric distribution of nile red in both leaflet of the bilayer, due to negligible 

differences in curvature, cannot be the consequence of different 𝜆𝑒𝑚. Nevertheless, we have 

obtained same 𝜆𝑒𝑚 irrespective of whether nile was incorporated before or after the preparation of 

LUV. Moreover, the manner of probe insertion in the case is a moot point as the flip-flop rate of 

nile red is very fast (9). We have also found that the 𝜆𝑒𝑚 is independent of solvent pH  and 

consistently obtained the similar value of 𝜆𝑒𝑚 for all unsaturated lipids. We trust our results on 

DOPC, as we have consistently obtained the same results (within the experimental error) from 

several independent experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Emission spectrum of nile red in DOPC and DMPC LUV at 250 C. For comparison, 

the emission spectrum of pure aqueous medium is also shown. The intensity of the emission 

spectrum of water is negligible compared to that in the presence of LUV. 
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In order to explore the effect of charge and head group on the 𝜆𝑒𝑚, we have prepared LUV from 

charged phospholipids. The 𝜆𝑒𝑚 does not seem to alter in the presence of negatively charged lipids 

(DOPG) and positively charged vesicles made from DOTAP and DOPC-DDAB mixture (4:1). 

Therefore, it is conceivable that the charge and head group of the membrane has no role in the 

emission of nile red. To check the influence of chain length on the 𝜆𝑒𝑚, fluorescence experiments 

with DPPC, DMPC and DLPC have been performed. Interestingly, the 𝜆𝑒𝑚 in the presence of 

saturated lipids, such as DPPC, DMPC at temperatures above their chain melting transition (𝑇𝑚) 

was found to be very similar (within the error bar) when we have raised the temperature by 200 C 

from the 𝑇𝑚 for all above lipids. This is to avoid the temperature dependency of the 𝜆𝑒𝑚 in the 

fluid phase. As both the saturated phospholipids with different chain length show similar emission, 

the length of the hydrocarbon chain does not have any influence on the emission spectra of nile 

red. This is contrary to the fact that nile red selectively interacts with the hydrophobic sites of the 

bilayer. However, as found in the previous study (17), the nile red is located at the interface 

between hydrocarbon chains and the head group. The interaction length is about 10-15 Å from the 

interface assuming the monolayer thickness ~26-30 Å. Therefore, it is expected that chain length 

should not influence the emission properties of nile red. The fact that the saturated lipids DPPC, 

DMPC and DLPC in the fluid phase show very different emission than that of DOPC, the emission 

spectra indeed depend on the chain saturation of the membrane even though all above lipids are in 

the fluid phase. As we can access the gel phase of saturated lipids only, the emission spectrum in 

the gel phase has been monitored and 𝜆𝑒𝑚 was found to be 617 ± 2 nm. Since, 𝜆𝑒𝑚 does not depend 

significantly on head group and chain length, it is possible to compare the , 𝜆𝑒𝑚 of nile red in the 

fluid and gel phases of two different phospholipid membranes having same head group and similar 

chain length. Above emission properties of nile red in the presence of vesicles, composed of 

various phospholipids, have not been emphasized in earlier studies. 

 

In summary, the emission spectrum of nile red in the fluid phase of DOPC differs by 9 ± 2 nm 

from the fluid phase of DPPC. However, in the fluid phase of two different phospholipids (DPPC 

and DMPC) with saturated chains, the, 𝜆𝑒𝑚  are very close. Interestingly, , 𝜆𝑒𝑚 in the gel phase of 

DPPC differs by 15 nm and 6 nm from the fluid phase of DOPC and DMPC (or DPPC), 

respectively. These differences might be the consequence of all trans conformation of hydrocarbon 
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chains in DPPC and the presence of kink (cis configuration) in DOPC. The hydrophobic dye, nile 

red is expected to penetrate more in the flexible hydrocarbon chains of DOPC bilayer than the 

comparatively rigid chains of DPPC. It is important to mention that it is difficult to identify two 

different saturated phospholipids (DPPC and DMPC) as their emission spectra are very close to 

each other. Although, we can identify the lipids in terms of chain saturation by looking at the 

individual nile red spectra, the chemical details of the lipids have to be determined from some 

other experimental techniques. The obvious question that arises: can we identify two different 

phospholipids from the spectrum of nile red in the presence of DOPC-DPPC mixture? In order to 

check this possibility, we have measured the emission spectra of an equimolar mixture of DOPC 

and DPPC at two different temperatures (see table 1). It is known from the previous studies that 

DOPC-DPPC mixture exhibits gel-fluid coexistence below the Tm of DPPC (18; 19). Therefore, 

it is expected to have two characteristic emission wavelengths arising from the coexistence of gel 

and fluid phases at 250 C. However, we could not distinguish two phases from the spectral 

decompositions using two Gaussian fit. This could be due to a large difference in intensities of two 

coexisting phases. A large difference in intensities would result the smearing out the spectrum 

obtained from individual phases. To reduce such difference in intensities, we have also prepared 

LUV from different molar ratios of the mixture to change the relative amount of gel and fluid 

phases. We have still not been able to distinguish two phases from the spectra. We suggest that a 

good quality optical filter with a very narrow band may be able to decompose two spectral lines 

arising from gel and fluid phases. Further fluorescence microscopy experiments need to perform 

in order to check this possibility. 

 

Table:1 Summary of maximum emission wavelength ( 𝜆𝑒𝑚) of nile red at temperature 250 C in the 

presence of LUV composed of various lipids and lipid mixtures. Numbers in bracket in the first 

column represent the molar ratio of the two lipid mixture. Number in the second column represents 

the length and saturation of the hydrocarbon chains. All unsaturated lipids listed here have one 

double bond at 9th position (Δ9-Cis). DDAB is a double-chain (16 Carbon in each chain) cationic 

surfactant. For all experiments pH of the LUV dispersion was kept fixed at 7. 
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Lipids Hydrocarbon chains, 

charge 

Phase state λem±2 

(nm) 

DOPC 18:1 Fluid 632 

DOPG 18:1, -ve charge Fluid 634 

DOTAP 18:1,+ve charge Fluid 632 

DPPC 16:0 Gel/Fluid 617/623 

DMPC 14:0 Fluid 624 

DLPC 12:0 Fluid 624 

DOPC:DPPC(4:1)     - Gel-Fluid 628 

DOPC:DOPE(4:1)     - Fluid 632 

DOPC:DDAB(3:1)    +ve charge Fluid 631 

DOPC:cholesterol(4:1)     - Liquid disordered 628 

DPPC:cholesterol(4:1)     - Liquid ordered 594 

DMPC:cholesterol(4:1)     - Liquid ordered 607 

 

A higher fluorescence intensity has been observed below the 𝑇𝑚 (gel phase) of DPPC as compared 

to above 𝑇𝑚. This is in contrast with the fact that the more rigid gel phase must prevent nile red to 

penetrate into the membrane core, resulting the decrease in local concentration, whereas, the 

loosely packed fluid phase must have larger vacancy for nile red (9). The increase in fluorescence 

intensity at gel phase is thus intriguing. The transition from the fluid phase to gel phase increases 

the number of defects in bilayer which might favor the incorporation of nile red. Much above Tm 

(600 C), the thermal quenching is important due to opening up of completely non-radiative 

relaxation pathways and hence it is expected to decrease the fluorescence intensity although bilayer 

is too flexible to incorporate the nile red. In order to confirm the thermal quenching, the emission 

spectra were taken with increasing temperature (Fig. 6.2) for different lipids. All of them show the 

decrease in fluorescence intensity with increasing temperature in the fluid phase only. This is 

supported by the fact that the fluorescence quenching does not occur below 𝑇𝑚 of DPPC and 

DMPC. It is known that bilayer becomes more flexible, as evidenced from the decrease in bending 

modulus and area compressibility modulus with increasing temperature (20). Therefore, the 

decrease in fluorescence intensity might be the consequence of the increase in water penetration 

in the fluid phase, as compare to gel phase with increasing temperature. This is also further 
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supported by the fact that the bilayer thickness decreases and the thickness of water layer increases 

in membrane stacks with increasing temperature (21). It is also important to note that the 𝜆𝑒𝑚 of 

DPPC decreases initially in the gel phase and again increases to a similar value when temperature 

is further increased from 300 C as shown in the inset of Fig. 6.2. The hydration dynamics in the 

vicinity of the nile red could influence the excited state leading to the change in its emission 

wavelength. The temperature dependence of the nile red emission has not been reported in any of 

the earlier studies. 

 

 

 

 

 

 

 

 

 

Figure 6.2: Temperature variation of fluorescence emission intensity of nile red for different lipids, 

as indicated in the figure legend. Maximum emission wavelength seems to be blue shifted in the 

gel phase of DPPC and red shifted in the fluid phase of DPPC, DMPC. However, the 𝜆𝑒𝑚 for 

unsaturated lipids DOPC, DOTAP does not seem to alter with increasing temperature. 

 

6.3.2   Effect of cholesterol on the emission spectra of Nile Red in the presence 

different phospholipids. 

Fluorescence emission of nile red has been used to investigate the effect of cholesterol on the 

membranes. Previous literatures have shown that ternary mixture composed of DPPC (or DMPC), 

DOPC and cholesterol exhibits two phases, namely liquid ordered (𝑙𝑜) and liquid disordered (𝑙𝑑) 
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at temperature below 𝑇𝑚 of saturated lipid (22) . The 𝑙𝑜 phase is rich in cholesterol and saturated 

lipid (DPPC/DMPC) and 𝑙𝑑 phase contains unsaturated lipid (DOPC) and little amount of 

cholesterol. Therefore, we have studied the binary mixtures of cholesterol with DPPC, DMPC and 

DOPC in order to gain some insights into the 𝑙𝑜 and 𝑙𝑑 phases, respectively. The location of 

cholesterol is believed to be in the interfacial regions of head group and acyl chains of the 

membranes (23). Our previous study on the small angle x-ray diffraction have shown a small peak 

in the electron density profile at a distance of 10 Å from the center of the bilayer, indicating the 

presence of cholesterol at the interfacial regions (24). Further, it is known that nile red shows 

florescence when it penetrates into the membrane core region. Therefore, it is conceivable that 

fluorescence properties of nile red are expected to alter in the presence of cholesterol and hence 

nile red can be a useful probe to study the effect of cholesterol on the membranes. Fig. 3 shows 

the effect of cholesterol on the 𝜆𝑒𝑚 of nile red in the presence of saturated lipid DPPC and DMPC 

and unsaturated lipids DOPC. It is clearly evident that the 𝜆𝑒𝑚 decreases (blue shifted) very rapidly 

from 618 nm to 595 nm with increasing cholesterol concentration up to 10 mole% in the 𝑙𝑜 phase 

of DPPC-cholesterol membranes. Above 10 mole% of cholesterol, there is no significant decrease 

in the 𝜆𝑒𝑚. However, 𝜆𝑒𝑚 decreases progressively (blue shifted) with increasing cholesterol 

concentration for DMPC cholesterol membranes. On the other hand, nile red emission maximum 

does not show significant decrease in the 𝑙𝑑 phase, containing DOPC. The decrease in the 𝜆𝑒𝑚 at 

lower cholesterol concentration (< 10 mole%) for DPPC is the consequence of the two phase 

coexistence of gel and 𝑙𝑜 at cholesterol concentration below 10 mole% (24). Further, this feature 

of DPPC can be attributed to the fact that, gel phase of DPPC shows tilt of ~ 300 with respect to 

bilayer normal. This tilt ensures the deeper insertion of the small nile red molecule, resulting the 

significantly blue shifted spectrum. Rough estimate from area differences of lipid and cholesterol 

gives about 10-20 mole% of cholesterol that can be incorporated into the bilayer to remove the tilt 

(25). Once the tilt is removed, as in the case of 𝑙𝑜 phase nile red the 𝜆𝑒𝑚 shows nearly the same 

value, indicating that the nile red interacts nonspecifically in the 𝑙𝑜 phase due to shallow 

penetration of nile red into the bilayer. 
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Figure 6.3: Variation of maximum emission peak of nile red obtained from different phospholipids 

at 250 C for different cholesterol concentration. Solid lines are intended as guide to the points and 

not obtained from fit. 

It has been known that incorporation of cholesterol reduces the hydrophobicity in the membrane 

leading to an increase in water penetration (26). The increase in water content in the bilayers was 

also confirmed in terms of increase in d-spacing as seen the small angle x-ray scattering experiment 

(24). Therefore, the reduction of fluorescence intensity with increasing cholesterol concentration 

could be due to an increase in environmental polarity and increase water penetration in the 

membrane interfacial region (17). It is interesting to note that Fig. 3 can be used as a calibration 

curve of cholesterol content in the 𝑙𝑜 phase containing saturated lipids by observing fluorescence 

emission of nile red. The amount of blue shift in case of DMPC can be an estimation of cholesterol 

concentration in the 𝑙𝑜 phase. However, no such prediction is possible for 𝑙𝑑 phase as cholesterol 

has very little influence on the emission spectrum of nile red for DOPC membrane. However, this 

result does not rule out the possibility that 𝑙𝑑 phase contains very little amount cholesterol. 
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6.3.3   Red edge excitation shift (REES) of nile red in DOPC vesicles containing 

cholesterol 

A shift in the 𝜆𝑒𝑚 fluorescence emission toward higher wavelength caused by a shift in the 

excitation wavelength (𝜆𝑒𝑥) toward the red edge of absorption band is termed as REES. The slow 

rate of solvent relaxation relative to fluorophore lifetime due to reorientation of dipoles around the 

excited state of fluorophore is known to be responsible for REES. The solvent relaxation in the 

immediate vicinity of the fluorophore indeed depends on the motional restriction of lipid molecules 

induced by the cholesterol in the lipid bilayer. Therefore, the REES effect has a direct consequence 

of change of rotational diffusion of fluorophore in the presence of lipid-cholesterol membranes. 

Therefore, it is conceivable that nile red, located in the confined water within the bilayer as well 

as a hydration layer at the vicinity of the membrane, is expected to show REES. We now focus on 

REES to monitor effect of cholesterol in the membranes. 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: Variation of maximum emission wavelength (𝜆𝑒𝑚 ± 2 nm) at different excitation 

wavelength (𝜆𝑒𝑥) of nile red in the presence of DOPC-cholesterol membranes. Cholesterol 

concentrations (mole%) are indicated in the figure legend. The Red edge emission shift (REES) 
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has been shown in the inset of the figure. Solid lines are intended as guide to the points and not 

obtained from the fit. 

The shift in the 𝜆𝑒𝑚 of nile red in DOPC vesicles with increasing 𝜆𝑒𝑥 (510 nm to 590 nm) for 

different cholesterol concentration is shown in Fig. 6.4. As the 𝜆𝑒𝑥 is changed from 510 to 590 

nm, the 𝜆𝑒𝑚 of nile red displays the shift toward higher wavelengths. In the absence of the 

cholesterol there is no significant shift in the 𝜆𝑒𝑚. However, ~ 11 nm shift was observed for all 

cholesterol concentration studied. In case of saturated lipid, DMPC, 𝜆𝑒𝑚 changes from 618 nm to 

625 upon variation of 𝜆𝑒𝑥 from 510 nm to 590 nm (data not shown). The significant REES 

dependence of nile red in the presence of cholesterol indicates that rotational diffusion of nile red 

is restricted within the bilayers as cholesterol induces the straitening of the chains near the 

interface. This result is further supported by the fact that the rotational diffusion decreases with 

increasing cholesterol concentration (see later). As discussed before, the 𝜆𝑒𝑚 obtained from our 

study and from Kucherak et al. (9) at the excitation of 550 nm was in stark disagreement with 𝜆𝑒𝑚 

value reported by Mukherjee et al (17). Therefore, the data in Fig. 4 is expected to be different 

from the REES data presented in ref. 17. This is the reason that we have again looked at these data, 

although REES has already been reported in case of DOPC-cholesterol membranes (17). 

Observation of REES in DOPC vesicles implies that the nile red is in motionally restricted 

environment and is strongly interacting with the solvent. The change in dipole moment during the 

excited state reaction, as shown in previous study (11) enforces the solvent dipoles surrounding 

the nile red to reorganize around the excited state and to reach to the equilibrium prior to the 

emission. Therefore, fluorescence emission alters due to change in polarity of the surrounding 

environment. 

 

6.3.4 Rotational dynamics of lipid bilayers as revealed from steady state fluorescence 

anisotropy. 

Steady state fluorescence anisotropy has been extensively used to monitor the rotational diffusion 

rate of nile red embedded in the membrane. As fluorescence anisotropy measures the extent of 

depolarization, i.e., the ability of the probe to reorient during the emission, it must be sensitive to 

the packing of lipid acyl chains. The rigid environment surrounding the fluorophore probe 
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increases the anisotropy. Thus, the probable location of cholesterol in the membrane can also be 

suggested by monitoring the anisotropy. Therefore, the effect of cholesterol on the lateral as well 

rotational diffusion of lipids in the membranes can be envisaged from the anisotropy measurement. 

The increase in anisotropy, in the presence of DMPC and DPPC bilayers containing cholesterol, 

suggests that cholesterol restricts the rotational motion of the nile red by providing the rigidity to 

the membrane (Fig. 6.5). Interestingly, cholesterol does not change the anisotropy for DOPC 

membrane. This is consistent with the fact that the bending rigidity (κ ~ 11 × 10 -20 J) of DOPC 

membranes containing various amounts of cholesterol did not change significantly (27). However, 

it is believed that the cholesterol orders the acyl chain of the saturated lipids above the chain 

melting transition leading to an increase in κ. The anisotropy (𝑟) value is the lowest in the liquid 

disordered phase and highest in the liquid ordered phase at higher cholesterol concentration. This 

is due to the relatively loose packing of the lipid acyl chains in the liquid disordered phase. This is 

further supported by the fact that the affinity of cholesterol to the phospholipid bilayers was known 

to decrease significantly with increasing the degree of unsaturation of the acyl chains (28). These 

results are consistent with those obtained from the Fig. 3. 
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Figure 6.5: The steady state fluorescence anisotropy of nile red in the presence of DMPC, DOPC 

and DPPC vesicles for different concentration of cholesterol at 250 C. Solid lines are intended as 

guide to the points and not obtained from the fit. 

 

6.3.5   Lifetime of nile red in phospholipid vesicles: effect of cholesterol 

Fluorescence lifetime serves as a reliable indicator of the local environment in which a fluorophore 

is localized. Fig. 6 shows the fluorescence lifetime of nile red in the presence of three different 

lipids containing cholesterol. It is clearly evident that lifetime does not increase significantly for 

DOPC, whereas it increases markedly for DMPC and DPPC. This is consistent with the results 

obtained from emission spectrum and anisotropy measurement. 

 

 

 

 

 

 

 

 

Figure 6.6: Steady state fluorescence lifetime of nile red in the presence of three different 

phospholipids for difference cholesterol concentration (mole %) at 250 C 

 

The mean fluorescence lifetime of nile red in DMPC vesicles increases from ~4.26 ns to 6.61 ns 

with increasing membrane cholesterol content up to 50 mole%. For DOPC, lifetime increases from 

3.52 nS to 4.11 nS. Cholesterol is known to decrease the water penetration significantly and 

increases the dipole potential of the membrane (29). Further, cholesterol in the membrane restricts 
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the rotation of the fluorophore in the rigid environment. Such rigidification of the feeble parts of 

the molecules as well as increase in polarity of the membrane would marginalize the role of the 

non-radiative pathway, resulting in an increase of fluorescence lifetime (30). The increase in 

membrane viscosity when cholesterol is incorporated into the membrane could also increase the 

lifetime of the nile red. The rotational rate DR of nile red estimated from equation (2) in the 

presence of LUV with different concentration of cholesterol is shown in Fig. 6.7. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7: Rotational rate of nile red in the presence of three different lipid vesicles (T = 250 C), 

indicated in the figure legend for different cholesterol concentration (mole %). 

 

There is no previous literature to verify the values of 𝐷𝑅 with our estimated value. In order to 

check the effect of rotational diffusion on the anisotropy value, we assume a constant rotational 

rate (same as without cholesterol) to estimate the anisotropy (𝑟) from the measured value of 

fluorescence lifetime with varying cholesterol concentration. Such an estimation gives a much 

lower value of 𝑟 and it does not alter significantly with cholesterol concentration. This analysis 

clearly indicates that increase in anisotropy in the case of saturated lipids is due to motional 

restriction of lipids induced by cholesterol and lifetime has no significant influence on the 

rotational correlation time. 
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6.4   Conclusion: 

In this work, we have monitored the organization, dynamics and solvent relaxation characteristics 

by measuring emission wavelength, anisotropy and lifetime of nile red in various phospholipid 

membranes. The spectroscopic properties of nile red change significantly in the presence of 

phospholipids with saturated acyl chains and not with the lipid phase state. The effect of cholesterol 

can be envisaged only with the saturated lipid and not with the unsaturated lipids which is 

consistent with the fact that the elastic properties of the membrane does not alter significantly with 

increasing cholesterol concentration. Interestingly, in the gel phase of DPPC, the fluorescence 

properties of nile red change rapidly with cholesterol concentration up to 10 mole%. Beyond that 

spectroscopic properties of nile red do not change significantly. Therefore, the membrane in the 

gel phase can accommodate cholesterol up to 10 mole% and converted into the pure liquid ordered 

phase. This is also a consequence of the fact that at lower concentrations of cholesterol, there exists 

two phase coexistence of gel and 𝑙𝑜. Therefore, above ~ 10 mole%, the gel phase completely 

converted into the single 𝑙𝑜 phase. It is important to note that ~ 10-15 mole% of cholesterol can 

remove the tilt of the hydrocarbon chain of the lipids in the gel phase. Therefore, once the tilt is 

removed, the nile red cannot penetrate into the membranes and it remains in the solution. Hence 

nile red does not seem to show any significant change in its spectroscopic properties. On the other 

hand, the emission wavelength decreases and anisotropy as well as lifetime of nile red in the fluid 

phase of DMPC membrane increases monotonically with increasing cholesterol concentration. 

These results clearly indicate that cholesterol can alter the acyl chain environment in the fluid 

phase and membrane can accommodate the cholesterol till the miscibility limit. Above 

spectroscopic properties remain unaltered in case of unsaturated lipid DOPC. The effect of 

temperature on the emission spectrum of nile red in the presence of both saturated and unsaturated 

lipids has been discussed. The lifetime measurement along with the steady state anisotropy result 

provides us to estimate the rotational rate of nile red. The acyl chain environment in turn affects 

the rotational diffusion of nile red which is known to reside at the interface. Although one of the 

primary objectives was to identify the lipid type from the spectral properties of nile red, it is not 

straightforward to identify the lipid type from the spectral analysis of nile red alone. However, 

correlations between the membrane compositions and fluorescence spectral features can be utilized 

in a wide range of biophysical fields as well the cell biology. For example, effect of cholesterol on 

the emission spectra can possibly be used in bioanalytical applications. 
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Charge-Driven Interaction of Antimicrobial Peptide NK‑2 with
Phospholipid Membranes
Sanat Karmakar,* Pabitra Maity, and Animesh Halder

Department of Physics, Soft Matter and Biophysics Laboratory, Jadavpur University, 188, Raja S.C. Mullick Road, Kolkata 700032,
India

ABSTRACT: NK-2, derived from a cationic core region of NK-lysin, displays antimicrobial
activity toward negatively charged bacterial membranes. We have studied the interaction of
NK-2 with various phospholipid membranes, using a variety of experimental techniques, such
as, isothermal titration calorimetry (ITC), ζ potential, and dynamic light scattering. As bacteria
mimicking membranes, we have chosen large unilamellar vesicles (LUVs) composed of
negatively charged phospholipid and neutral phospholipids. ITC and ζ potential results show
the stronger binding affinity of NK-2 to negatively charged membranes than to neutral
membranes. Saturation of the isotherm, obtained from ITC, at a given lipid to NK-2 ratio, was
found to be consistent with the charge compensation, determined from ζ potential. A surface
partition model with electrostatic contribution was used to estimate the intrinsic binding
constant and other thermodynamical parameters of binding kinetics of NK-2. The size
distribution of negatively charged LUV in the presence of NK-2 was found to increase
drastically, indicating the presence of large aggregates. Such a large aggregate has not been
observed in neutral membranes, which supports the ITC and ζ potential results.

1. INTRODUCTION
Antimicrobial peptides (AMPs) are an innate immune response
in animal and human body against invading pathogens, such as
viruses, fungi, bacteria, etc.1,2 They target the bacterial
membrane, especially negatively charged surface, and create
defects, such as pores, leading to disruption of the membrane.3

An important property of AMP is the specificity of bacterial
targets and excludes the killing of most eukaryotic cells.4 The
resistance to conventional antibiotics and the natural cell lytic
activity of many AMP and their unique mode of action have led
to a new possibility in the development of AMP as human
therapeutics.5 Therefore, studies on the interaction of AMP
with lipid membranes have drawn a lot of attention due to their
potential biomedical applications.1,6−8 Diverse applications of
AMP include as anti-infective agents, anticancer agents, drug
delivery and nonviral gene transfer.1,9 A major problem that has
impeded the development of drug design is the toxicity. NK-2,
an AMP, which is nontoxic and nonhemolytic to the human
skin cells, can be a potential candidate for designing
antibiotics.10

NK-2 is a water soluble linear amphipathic helical peptide.8 It
is the highest density region of NK-lysin having cationic charge
of +10 at physiological pH. The high positive charges within
the NK-2 promote strong binding to the negatively charged
membranes.11 The antimicrobial activity of NK-2 toward
parasitic membranes involves the interaction with lipids in
the membranes. A teleost NK-lysin peptide, NKLP27, is known
to induce degradation of bacterial DNA and inhibits bacterial
and viral infection.12 There have been a large number of studies
of many AMP, using a variety of experimental techniques, such
as optical microscopy,13−16 oriented circular dichroism,17 X-ray
and neutron scattering,18 isothermal titration calorimetry

(ITC),19 and differential scanning calorimetry.20 However,
very little is known in the case of NK-2. NK-2 impels significant
changes in cellular morphology of human cancer cells and
eventually cells lose their cellular integrity until destruction.21

NK-2 intercalates and binds to the negatively charged
membranes, such as 1,2-dipalmitoyl-sn-glycero-3-phosphogly-
cerol (DPPG) and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine
(DOPS), but does not interact with the phosphatidylcholine
(PC) or sphingomyelin, as revealed by the fluorescence
resonance energy transfer21 and ζ potential.22 Conformational
changes as well as the orientation of AMP play a vital role in the
formation of transmembrane pores.7,21 Previous study of NK-2,
dissolved in different aqueous solutions, has shown mainly α-
helical conformation in the presence of negatively charged
amphiphiles.8 Similar α-helical confirmation in the membrane
environment has also been found in other AMP, such as
melittin23 and Magainin 2.24 However, NK-2 adopts an
unoriented random coil structure in the buffer, including
water and in the presence of cationic and neutral amphiphiles
below their critical micellar concentration. The conformational
transition from random coil to helix arises mainly due to
electrostatic interaction of positively charged residues of the
peptide with the negatively charged head group of amphi-
philes.8 However, penetration of peptides into the hydrophobic
core is a result of hydrophobic interaction between the
hydrophobic chain of the amphiphiles and hydrophobic
residues of the peptide.
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Lipopolysaccharide (LPS), the major constituent of the outer
membrane of gram negative bacteria, shows strong binding
affinity to NK-2, as determined by various experimental
techniques, such as small angle X-ray diffraction, ζ potential,
and isothermal titration calorimetry.10 It is believed that the
main pathway to disrupt the integrity of the cellular membrane
is the formation of transmembrane pores. Different AMPs seem
to follow different pathways to create transmembrane pores.25

Therefore, in spite of a large number of attempts, the
mechanism of transmembrane pore formation is still under
dispute.6,26 For example, molecular electroporation was
proposed as the mechanism of membrane pore formation,
induced by NK-lysin.27

Biological membranes are complex, regulated by various
membrane components. Therefore, it is often useful to study
model membranes to understand more complex lipid−peptide
interactions and hence to get some insight into the mechanism
of cellular damage induced by AMP. Giant unilamellar vesicles
(GUVs), made from lipid molecules, serve as an excellent
model system to study many biological activities.28 For
example, a kinetic process involving interaction of melittin
and other AMP with PC vesicles have previously been
demonstrated using the micropipette aspiration technique13

and leakage assay using fluorescence spectroscopy.14,16 It was
found from previous studies of various AMP that the activity of
pore formation initiates above a threshold lipid to the peptide
ratio (∼70 for melittin).13,17 This threshold seems to be
different for different peptides.
There have not been systematic studies on the interaction of

NK-2 with phospholipid membranes. Therefore, there are
several open questions which have not been addressed in the
literature. Does NK-2 make pores on the membranes, as in the
case of other AMPs? If NK-2 makes pores, what is the
mechanism that NK-2 uses to form transmembrane pores?
How does the size of pores depend on lipid composition and
concentration of NK-2? Although there was a previous study on
the interaction of NK-2 with LPS,11 the binding affinity of NK-
2 with negatively charged phospholipid is still not well
understood. It is also important to know how the binding
affinity of NK-2 with phospholpids depends on the head group
charge and size of the head group. It would also be interesting
to observe any morphological change induced by NK-2 in the
model membrane.
The major constituents of bacterial membranes are

phosphatidylethanolamine (PE) and phosphatidyl-glycerol
(PG) (∼4:1).20 Therefore, in our present study, we have
chosen model systems, composed of dioleoyl phosphatidyl-
glycerol (DOPG) and mixtures of DOPG with dioleoyl
phosphatidylethanolamine (DOPE) and dioleoyl phosphatidyl-
choline (DOPC). These lipids also show fluid phase at room
temperature (25 °C). As model membranes, we have used large
unilamellar vesicles (LUVs) to study the interaction of NK-2
with different phospholipids using isothermal titration calorim-
etry (ITC), ζ potential, and dynamic light scattering (DLS). In
particular, the electrostatic behavior as well as the size
distribution of the membranes in the presence of NK-2 was
systematically characterized using ζ potential and DLS,
respectively. Thermodynamics of the interaction of this system
have been thoroughly investigated using ITC study. We have
determined, for the first time, the binding affinity of NK-2 with
negatively charged phospholipid membranes.

2. RESULTS
2.1. ζ Potential. The summary of results on ζ potential is

illustrated in Figure 1. The ζ potential was measured in LUV

dispersion, made from DOPC, DOPG, DOPE−DOPG (4:1)
mixture, and mixtures of DOPC with DOPE and DOPG,
before and after introducing peptides (i.e., before and after ITC
measurements). As shown in Figure 1, ζ potential increases
with increasing NK-2 to lipid molar ratio (NK-2/L) and charge
compensation occurs at different NK-2/L for different lipid
mixtures. Although phospholipids, such as DOPC and a
mixture of DOPC−DOPE, are neutral, they exhibit a low
negative value. A small negative ζ potential gets neutralized at
NK-2/L, ∼1:250. In comparison, charge neutralization happens
for DOPG at much higher NK-2/L (1:5). For DOPE−DOPG
(4:1) mixtures, charge compensation occurs at intermediate
NK-2/L (1:25). These differences are due to the fact that
charge compensation occurs with respect to charge lipids.
Interestingly, the ζ potential shows its saturation value,
indicating overcharge compensation at different NK-2/L for
various lipid mixtures (Figure 1). The ζ potential of DOPG
shows a saturation at a much higher NK-2/L (3:10) than that
of DOPC and DOPC−DOPE (1:250), whereas the ζ potential
for DOPE−DOPG and DOPC−DOPG mixtures shows this at
intermediate NK-2/L (1:20). The above result clearly indicates
that NK-2 has a stronger affinity toward the negatively charged
lipids.

2.2. Size Distributions of LUV. LUVs composed of pure
DOPC and DOPG were found to be very stable, as no
significant change in the size distribution was seen in DLS
measurement even a couple of months later. The size
distribution was measured for all lipid mixtures before (absence
of NK-2) and after (presence of NK-2) ITC. The average
diameter of LUV at different NK-2/lipid ratios is presented in
Figure 2. The error bars in Figure 2 represent the width of the
distribution, which is a measure of polydispersity of LUV. This
error is relevant for understanding the effect of NK-2 on the
membranes. However, errors, obtained from different measure-
ments, are small and are not shown in the plot. Neutral LUVs,
made from DOPC and a mixture of DOPC and DOPE, do not
exhibit any significant change in their size distribution in the
presence of NK-2 (Figure 2a). However, the average size of the

Figure 1. ζ Potential of phospholipid LUV at various NK-2 to lipid
molar ratios. Solid lines are intended only as guides to the points.
Error bars indicate the width of the distribution profile of ζ potential.
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negatively charged LUV increases with increasing Cnk2.
Interestingly, LUVs made from pure DOPG show a dramatic
increase in their average size in the presence of NK-2 (Figure
2b). The width of the size distribution (error bar in Figure 2),
indicating polydispersity, also increases with the increase of
Cnk2. In all samples containing DOPG, transparent LUV
dispersion becomes turbid after ITC measurement. Therefore,
as the NK-2/lipid ratio is increased, the sample exhibits a high
value of size as well as high polydispersity and eventually shows
large aggregates. After a couple of hours, the sample appears
very turbid and hence the sample was not suitable for DLS
measurement. This behavior clearly indicates that sample
contains large aggregates induced by NK-2.
2.3. Binding Affinity of NK-2 with Model Membranes

Measured from ITC. NK-2 of various concentrations, Cnk2
(100, 50, 40, 30, 25, and 10 μM) was titrated with 4 mM of
LUV made from the DOPE−DOPG (4:1) mixture. For first
few injections, heat flow remains constant, then starts
decreasing as less and less NK-2 is available for binding.
Typical raw data of ITC measurement at Cnk2 = 50 μM are
shown in Figure 3. The lipid to NK-2 (L/NK-2) ratio at which
saturation of the heat flow occurs is ∼20:1, taking into account
all lipids (i.e., both monolayers of the LUV) interacting with
the NK-2. The overall binding reaction was endothermic for all
Cnk2. Interestingly, when the endothermic signal attains its
saturation at ∼L/NK-2 = 20, further successive one to three
injections show an exothermic signal and then successive
injections contribute almost negligible heat (data not shown).
This behavior is displayed in the raw ITC thermogram when
lower Cnk2, typically <40 μM, was used. For these
concentrations, saturation occurs before completing all
injections of LUV. At the beginning of the titration, there are
plenty of peptides to bind with lipids. Therefore, we have
analyzed the data taking into account only the initial part of the
endothermic heat signals or the data where all injections of
LUV have been finished before the exothermic peaks appear,
i.e., for Cnk2 > 40 μM. Although some of the isotherms can be
fitted to one site binding model given by microcal origin, it
gives us the apparent binding constant (Kapp), which is

expected to vary with concentrations of unbound or free NK-
2 concentration. However, the order of magnitude of the Kapp
has been found to be consistent with the value obtained from
the surface partition model. As the interaction of NK-2 with the

Figure 2. Size distribution of LUV made from various lipid compositions in the presence of NK-2. (a) LUV are composed of DOPC and other
phospholipid mixtures, as indicated by the figure legend. (b) LUV composed of DOPG. Error bar is the standard deviation and was obtained from
the width of the distribution.

Figure 3. Titration calorimetry of 50 μM NK-2 with 4 mM DOPE−
DOPG (4:1) LUV (top); normalized heat of injection/mole of lipids,
obtained from the integration of the individual peak (bottom). Heat of
dilution, obtained from injecting 4 mM LUV into buffer, was
subtracted from the actual measurement. Here we assume, lipids from
both monolayers interact with the NK-2.
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negatively charged membranes is primarily driven by the
surface charge of the membranes, it is desirable to fit the data
taking into account the electrostatic contributions. Therefore,
the more relevant parameter would be the intrinsic binding
constant (Kint), where the surface concentration of peptide
(CM) is more relevant than the bulk or free peptide
concentration (Cf).
The model parameters, such as the extent of peptide binding

(Xb), Cf, CM, Kint, etc, obtained numerically from experimental
data, have been summarized in Table 1 (see Materials and
Methods for details). In the case of DOPE−DOPG mixture, it
is interesting to observe that CM versus Xb behaves linearly for
lower lipid/NK-2, corresponding to 9−10 injections. However,
the tendency to increase the value of Kint is evident from Table
1. Above 10 injections, the Kint increases with increasing the
number of injections. Therefore, we have presented only the
linear part of the data to estimate the Kint. The possible reason
for increasing the value of Kint at higher lipid/NK-2 has been
discussed later. The estimated values of molar binding enthalpy,
ΔH, Kint, and binding entropy ΔS, obtained from the surface
partition model with electrostatic contribution, have been
summarized in Table 2.
Titration isotherm of DOPG is shown in Figure 4.

Surprisingly, it shows few exothermic signals at L/NK-2 (4:1)
between two regions of endothermic response. In this case,
exothermic peaks begin at much lower L/NK-2 (∼5). It is
important to note that such an exothermic signal also occurs at
a similar PG/NK-2 ratio for DOPE−DOPG (4:1) mixture. To
understand the detailed behavior of two regions of the

isotherm, 100 μM NK-2 was titrated with five different
DOPG concentrations (10, 5, 2.5, 1.6, and 1 mM). The
second region of the isotherm was accessed when two different
Cnk2 (50, 35) were titrated with 10 mM DOPG LUV. At
present, we are not able to fit the entire isotherm with the
model available in the literature. However, we have determined
the average thermodynamic parameters obtained from the first
region using a partition model, taking into account the
electrostatic contribution. The parameters obtained from the
model have been presented in Table 1. In the model, we have
reduced the effective charge of the NK-2 starting from the
maximum charge +10 and found the linear relationship
between Xb and CM at zp = 5. This can also be realized as L/
NK-2 ∼5 to neutralize the membrane.
The large binding constants in the case of DOPG and

DOPE−DOPG mixture, as shown in Table 1, suggest that NK-
2 strongly binds to negatively charged membranes. Therefore, it
is interesting to check the affinity of NK-2 with neutral lipids,
such as DOPC and DOPE. Unfortunately, LUVs from DOPE
alone are not formed using the extrusion method used here.
This is because PE bilayers are more rigid than PCs in the fluid
phase due to hydrogen bonding between the head groups.30

Therefore, bending of PE bilayers costs more energy, which in
turn prevents the formation of unilamellar vesicles. Therefore, a
mixture of DOPE−DOPC (4:1) was used to investigate the
influence of PE in the binding isotherm. A 100 μM NK-2 was
titrated with 10 mM DOPE−DOPC (4:1). For comparison, 10
mM of DOPE/DOPC (1:4) mixture was injected in to three
different Cnk2 (10, 100, and 200 μM). Similar experiments were

Table 1. Parameters Obtained from Each Data Point in an ITC Experiment Using the Surface Partition Model Including
Electrostatic Contributiona

lipid + peptide lipid/NK-2 Cf (mM) CM × 10−6 (mM) Xb Kint (M
−1)

DOPG (5 mM) + NK-2 (0.1 mM) 0.34 0.08 3.29 0.420 1.28 × 108

0.62 0.07 2.86 0.414 1.45 × 108

0.90 0.06 2.41 0.422 1.75 × 108

1.19 0.05 1.97 0.422 2.14 × 108

1.47 0.04 1.58 0.415 2.64 × 108

1.76 0.03 1.20 0.407 3.41 × 108

2.05 0.02 1.33 0.395 2.98 × 108

2.34 0.01 1.07 0.381 3.56 × 108

2.63 0.01 0.96 0.365 3.80 × 108

DOPE−DOPG (4:14 mM) + NK-2 (0.05 mM) 1.79 0.047 16.2 0.121 7.52 × 106

2.36 0.045 15.4 0.112 7.30 × 106

2.93 0.042 14.6 0.110 7.56 × 106

3.51 0.040 13.8 0.108 7.85 × 106

4.09 0.038 13.0 0.109 8.41 × 106

4.67 0.035 12.1 0.110 9.11 × 106

5.26 0.032 11.3 0.110 9.79 × 106

5.85 0.030 10.5 0.109 10.4 × 106

aXb: binding fraction; Cf: free peptide concentration; CM: intrinsic peptide concentration, Kint: intrinsic binding constant. The lipid concentration
used in the analysis is the total lipid concentration considering NK-2 interaction with both monolayers of the membrane.29

Table 2. Thermodynamical Parameters of Binding Kinetics of NK-2.a,b

lipids ΔH (kcal/mol) Kint (M
−1) ΔG (kcal/mol) TΔS (kcal/mol)

DOPG 0.8 ± 0.2 2.5 × 108 ± 3.5 × 107 −13.8 ± 0.2 14.6 ± 0.4
DOPE−DOPG (4:1) 2.9 ± 0.8 7.3 × 106 ± 4.5 × 105 −11.7 ± 0.6 14.6 ± 0.8

aBinding enthalpy (ΔH), intrinsic binding constant Kint, entropy (ΔS), obtained numerically using surface partition model taking into account the
electrostatic contribution.30 bHere, the Kint is the mean value calculated from Table 1. Here, we have assumed NK-2 interacts with both leaflets of the
membrane.29 The heat of dilution has been subtracted from all data. ζ Potential in the absence of NK-2 is also shown. The effective charge, zp, of the
NK-2 when binding to the membrane has been taken as 5. Note that ΔH for DOPG was estimated from the first endothermic part (Figure 4) of the
ITC thermogram.
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done for DOPC. For DOPE−DOPC (4:1), the heat signal is
stronger than that of DOPE−DOPC (1:4) but weaker than
that of the DOPE−DOPG mixture. In all above mixtures, the
binding reaction is endothermic, whereas the simple dilution
experiment shows an exothermic response. The interaction of
NK-2 with DOPC and DOPC−DOPE LUV is too weak to
obtain a binding constant and other thermodynamic parame-
ters. Considering all ITC results, we can easily conclude that
the interaction of NK-2 with PE is stronger than with PC but
weaker than with PG (PG ≫ PE > PC).

3. DISCUSSION
A systematic investigation of the interaction of an important
antimicrobial peptide NK-2 with model membranes shows
strong binding affinity toward the negatively charged lipid,
DOPG, as revealed from ITC and ζ potential. The adsorption
of NK-2 on the membranes, as indicated by an increase in ζ
potential (Figure 1), is primarily driven by electrostatic
interaction between negatively charged membranes and
positively charged NK-2. This is indeed an essential require-
ment for an AMP to exhibit antimicrobial activity. However, the
interaction is very weak in the case of neutral DOPC and
DOPC−DOPE membranes. The positive ζ potential (+10 mV)
of DOPC LUV at very low NK-2/L (1:250) suggests that NK-2
adsorbs even in PC membranes, which has not been reported in
any of the earlier studies. The ζ potential was measured
previously for DPPC in the gel phase, suggesting no significant
interaction with DPPC.22 However, a more biologically relevant
study would be to measure the ζ potential in the fluid phase. X-
ray scattering and Fourier transform infrared spectroscopy

showed that NK-2 has no influence even on 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine vesicles that are in the fluid
phase. They have not measured the ζ potential of PC vesicles in
the fluid phase. Therefore, we cannot compare our results on
DOPC with those obtained in ref 22. However, the behavior of
the ζ potential of DOPG and DOPE−DOPG LUV were found
to be consistent with those reported in the previous studies for
DPPG and DPPE22 and for LPS.11 Binding of NK-2 to the
negatively charged membranes results in charge neutralization.
Therefore, the charge neutralization depends on the amount of
charge lipids present on the outer membranes. This explains
why very low NK-2/L (1:250) is required to neutralize the
membrane charge for zwitterionic phospholipids. The charge
neutralization at much higher NK-2/L (1:5) for DOPG
suggests binding affinity to PG is much stronger than that to
PC. If the binding of NK-2 to charged lipids is only due to
electrostatic interaction, one would expect the charge over-
compensation at the same ζ potential. The fact that we have
obtained charge overcompensation at different ζ potential for
different lipids (see Figure 1) implies entropic contribution in
these systems. This is consistent with the ITC results in these
mixtures. For DOPG, ITC shows saturation, indicating all of
the NK-2 binds to the lipids at NK-2/L of ∼1:3, which is very
similar to the NK-2/L (3:10) for charge overcompensation, as
found from ζ potential. Similarly, ITC isotherm for DOPE−
DOPG mixtures shows saturation at NK-2/L (1:20), which is
again consistent with the results of ζ potential.
It is important to mention that change in the size distribution

of the vesicles does not influence the ζ potential significantly.
The ζ potential is estimated from the Smoluchowski
approximation, where the Henry function f(κa) takes its
maximum value as 1.5. In other words, ζ potential is
determined from the electrostatic double layer formation,
which does not depend on the size of the particle. Therefore,
whatever change we observe in the ζ potential is not due to
change in size but due to binding of peptide in the membrane.
The DLS technique can, in principle, show the evidence of

membrane−membrane interaction mediated by NK-2 or the
leakage of LUV induced by NK-2. Size distributions of LUV
made from various compositions of phospholipids in the
absence and presence of NK-2 clearly indicate stronger affinity
of NK-2 toward negatively charged membranes. It is interesting
to observe the turbid solution of LUV for those NK-2
concentrations in which the ITC shows saturation before
completing all injections. This would mean that when there are
no NK-2 available in the solution, LUV, introduced from
successive injections can adhere due to electrostatic interaction
between negatively charged injected LUV with positively
charged LUV already present in the solution. Adhesion can
eventually lead to the aggregation of LUV. This result clearly
implies the antimicrobial activity of NK-2 toward negatively
charged lipids and is consistent with the ζ potential result.
Although size distributions do not alter significantly for pure
DOPC, the mixture of DOPE and DOPC at 4:1 shows a slight
increase in the average size (Figure 2a). Further, the presence
of PE with PC enhances the heat signals in the ITC experiment.
This indicates that PE plays a significant role in the interaction.
Therefore, the PE−PG system is indeed an appropriate model
system to look at the antimicrobial activity. Interestingly, this
composition happens to be the major constituent of many
bacterial membranes.
The binding of a positively charged AMP with negatively

charged membrane usually leads to exothermic heat signal.31

Figure 4. Raw titration calorimetry data of DOPG, where NK-2 of 100
μM is titrated with 5 mM of DOPG LUV (top); the corresponding
normalized heat per injection obtained from the integration of the
individual peak (bottom). Here, we have assumed NK-2 interacts with
all lipids.
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The overall endothermic response observed in all isotherms is
thus intriguing. The overall endothermic response, found in all
lipid mixtures, can be explained in terms of entropy gain in
liberating water molecules from the hydration shell of LUV due
to adsorption of NK-2 at the interface. Entropic contribution
can also arise due to conformational change of NK-2 (random
coil to α helix) in the presence of lipids and also reorientation
of NK-2 prior to the formation of pores. Such transitions were
found for this peptide in a previous study by Olak et al.8 As the
initial L/NK-2 ratio is small, we would expect pores in almost
all LUVs. This is due to the fact that a threshold NK-2/L is
required for the formation of pores and this condition is already
achieved at the beginning of the isotherm.13,29 Our preliminary
result on giant unilamellar vesicles also shows the leakage of
internal fluid, supporting the pore formation on the membrane
induced by NK-2 (data not shown). Although the appearance
of the exothermic heat signal at PG/NK-2 ∼5:1 in both
DOPE−DOPG and DOPG mixtures is very intriguing, the
origin of these exothermic peaks is difficult to confirm at
present. However, we believe that when there are no NK-2
available for binding, NK-2 can translocate through the pores
and interact with the bare LUV present in the solution due to
further injections. This process might lead to closing of pores,
resulting in an exothermic heat signal. This hypothesis is based
on the assumption that if the pore formation is endothermic,
pore closure must be exothermic in nature. It is true that the
resultant heat due to pore closure and binding of NK-2
together can cancel out. However, at this stage, the unbound
peptide-to-lipid molar ratio is too small to produce considerable
heat that can give rise to an endothermic response. Such an
exothermic response in between two endothermic regions has
not been observed in any of the earlier studies.
Surprisingly, a second set of endothermic regions were

obtained in the case of DOPG (Figure 4), even though there
are no NK-2s available for further binding with LUV. This can
be explained qualitatively, as follows. It was known by a
previous study that desorption kinetics of NK-2 are much
slower than adsorption due to trapping of α helix at the
membrane interface.8 Therefore, it is expected that no free NK-
2 are available to give rise to a second region of isotherm.
Further injections of LUV can lead to attraction toward
positively charged LUV already present in the solution. When
the membranes of negatively charged LUV come closer to the
NK-2, water molecules in the hydration shell start to liberate
giving rise to the entropic gain of two membranes of LUV. Such
membrane−membrane interaction was also evidenced by the
DLS measurement, as the average size of LUV was found to
increase.
NK-2 has a strong binding affinity to the lipid bilayer

interface, relative to its water solubility, as evidenced from the ζ
potential. This leads to an excessive interfacial area due to NK-2
binding, which increases the membrane tension. Such an
increase in the membrane tension results in the formation of
transmembrane pores.29 It has been shown in the earlier study
by Lee at al.29 that the asymmetry of interfacial tension due to
one-sided binding could lead to translocation of peptide
(melittin) via transient pores. The binding of peptide to both
outer and inner monolayers forms a stable pore at a critical
peptide-to-lipid ratio. Therefore, it is desirable to use total
(current) lipid concentration in the ITC cell to estimate the
binding constant. It was also reported earlier that some
peptides are not able to translocate across the membrane and
only the outer monolayer of the membrane (60% of total lipid)

is available for binding.32 One of the striking features obtained
in the present study, compared to those of other pore-forming
peptides, such as melittin, is that the NK-2 interacts only with
negatively charged membranes. On the contrary, melittin can
interact significantly with the electrically neutral PC mem-
brane.13

It is evident from Table 2 that entropic contribution (TΔS)
is much larger than that of enthalpy (ΔH). This is not
surprising, as hydrophobic interaction between the hydro-
phobic part of NK-2 and hydrophobic core of the membranes is
entropic in origin. This is also necessary for the transmembrane
pore formation, observed in this system. The intrinsic binding
constant Kint (= 2.5 × 108 M−1) of NK-2 found in DOPG (see
Table 2) LUV is 2 orders of magnitude higher than that
obtained from earlier studies of different AMP.19,31 It is
important to note that Kint changes significantly with the
effective charge zp of the NK-2. We have optimized the value of
zp at 5 in the model so that a linear relationship of CM versus Xb

with a small intercept was maintained. This value can also be
realized from the ratio L/NK-2 for which the charge
compensation as well as the saturation of the heat signals
occurs. Previous ITC measurements on the NK-2-LPS system
have shown similar endothermic and exothermic response to
the binding heat depending on the structure of LPS.11

However, these results were not analyzed. As evidenced from
Table 1, the slight increase in the Kint with increasing lipid/NK-
2 is the consequence of membrane−membrane interaction
induced by NK-2. This result is also supported by DLS
experiment, where we have observed an increase in the size
distribution.
The mechanism of action of NK-2 on negatively charged

membranes has been inferred from ITC result, as illustrated in
Figure 5. Initially, positively charged NK-2 in the coiled
configuration,8 when binds to an outer monolayer of the

Figure 5. Interaction mechanism of NK-2 and vesicles.
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membranes, increases the membrane tension and induces
transient pores to translocate NK-2 into the inner monolayer.29

The increase in membrane tension was also evidenced from the
membrane thinning effect of melittin and other AMPs (13, 25,
and 29). Such tension-induced (stretch-activated) pore
formation has also been reported for an AMP Magainin 2.33

Although there have been no earlier reports on NK-2, we
expect that NK-2 also induces membrane tension, as in the case
of melittin or Magainin 2. As the concentration of lipid is
increased (i.e., the number of LUV), the NK-2 may come out
through the pores and negatively charged LUV move closer to
the positively charged vesicles due to electrostatic attraction.
This process eventually leads to aggregation of vesicles via NK-
2 bridges. The process of aggregation has been clearly
envisaged from the size distribution. The increase in the
value of Kint, as mentioned in Results section, might be the
consequence of the aggregation of vesicles at a higher lipid to
NK-2 ratio.

4. CONCLUSIONS

We have systematically studied the interaction of NK-2 with
phospholipid membranes to obtain insights into the antimicro-
bial activity. The binding affinity of NK-2 to the negatively
charged membranes, PG, as well as the neutral phospholipids
PC and PE was determined using ITC and ζ potential. We
compare binding affinity of NK-2 to PG, PE, and PC as PG ≫
PE > PC. Weaker affinity toward neutral phospholipids
suggests that interactions of NK-2 with lipids are mainly
governed by negatively charged lipids, which are major
constituents of the bacterial membranes. The very weak affinity
of NK-2 toward the PC membrane (which is the major
constituent of eukaryotic cell membranes) propels the
development of peptide antibiotics. The evidence of pores on
these membranes seen in the present study implies
antimicrobial activity of NK-2. The significant increase in the
size of negatively charged LUV, found in DLS measurement,
confirms membrane−membrane interactions induced by NK-2
in these systems, which eventually leads to vesicle aggregates in
the solution. Finally, we have proposed the mechanism of
action of NK-2 based on our experimental results. More
detailed studies are required to understand the mechanism of
the kinetic process involved during pore formation. As already
established, the NK-2 can be used as therapeutics to kill malaria
parasite Plasmodium falciparum. It also shows activity against
Escherichia coli and preferentially kills cancer cells. Further, low
toxicity toward human cells is a great advantage for the
development of antibiotics. Therefore, the present study will
definitely reinforce the therapeutics applications. Nevertheless,
our study provides important insights into the NK-2-lipids
interaction.

5. MATERIALS AND METHODS

5.1. Materials. Dioleoyl phosphatidylcholine (DOPC),
dioleoyl phosphatidylethanolamine (DOPE), and dioleoyl
phosphatidyl-glycerol (DOPG) were purchased from Avanti
Polar Lipids and peptide NK-2 (KILRGVCKKIMRTFLRRISK-
DILTGKK-NH2) was purchased from WITA GmbH, Berlin,
Germany. They were used without further purification.
5.2. Preparation of LUV. An appropriate amount of lipid

solution in chloroform (concentration of stock solution is 10
mg/mL) was transferred to a 10 mL glass vial. The organic
solvent was removed by gently passing nitrogen gas. The

sample was then placed for a couple of hours in a desiccator
connected to a vacuum pump to remove the traces of the
solvent. Two and a half milliliters of 1 mM N-(2-hydroxyethyl)-
piperazine-N′-ethanesulfonic acid (HEPES) (pH 7.4 adjusted
with 1 M KOH) was added to the dried lipid film so that final
desired concentration was obtained. The lipid film with the
buffer was kept overnight at 4 °C to ensure the better hydration
of phospholipid heads. Vortexing of the hydrated lipid film for
about 30 min produces multilamellar vesicles (MLVs).
Sometimes long vortexing is required to make uniform lipid
mixtures. LUVs were prepared by the extrusion method using
LiposoFast-Pneumatic from AVESTIN (Canada). MLV
suspensions are extruded successively through polycarbonate
membranes having pore diameters of 400, 200, and 100 nm.
This results in the formation of a well-defined size of LUV. This
method produces vesicles of diameter ∼100 nm, as measured
by dynamic light scattering.

5.3. Measurement of ζ Potential and Size Distribu-
tions Using DLS. ζ Potential and vesicle sizes were measured
with a Zetasizer Nano ZS from Malvern Instruments. Same
LUV, as used for ITC, was used for these measurements. The
instrument uses 2 mW He−Ne laser of wavelength 633 nm to
illuminate the sample. ζ Potential is obtained from the
electrophoretic mobility by laser Doppler velocimetry using
the Helmholtz−Smoluchowski equation.34

ζ μη
κ

=
ϵf a
3

2 ( ) (1)

where η and ϵ are the coefficient of viscosity and the
permittivity of the aqueous medium, respectively. The Henry
function, f(κa) depends on the inverse Debye length (κ) and
the radius (a) of the vesicle.
In DLS, back scattered light at an angle of 173° is detected

and sent to a digital signal processing correlator. The rate of
decay of intensity−intensity autocorrelation function was
measured, which was used to calculate the size of the LUV

using the Stokes−Einstein relation =
πη

a kT
D6
, D being the

diffusion constant and kT the thermal energy. The average ζ
potential and size were obtained from 3 to 4 successive
measurements. Each measurement includes 100−200 runs. The
same cuvette is used for both ζ potential and DLS
measurements. All experiments were performed at 25 °C.

5.4. Isothermal Titration Calorimetry (ITC). The binding
affinity of NK-2 to the lipids was measured using a VP-ITC
microcalorimeter produced by MicroCal Inc. (Northampton,
MA). In all experiments, the injection syringe was filled with
degassed LUV suspension. The sample cell (1.442 mL)
contains various concentrations of NK-2 dissolved in 1 mM
HEPES buffer (pH 7.4). The reference cell is filled with HEPES
buffer only. All solutions were degassed prior to filling the
syringe and ITC cells to eliminate air bubbles. A series of 28
injections, each of 8 μL, was introduced into the sample cell at
300 s intervals. All experiments were performed at 25 °C.
Interaction of NK-2 with lipids produces a characteristic heat
signal. The amount of heat of binding in every injection was
obtained by integrating individual calorimetry traces. In a
control experiment, LUV was injected into only buffer to
measure the heat of dilution. The heat of dilution (∼−0.1 μcal/
injection) was found to be small as compared to the actual
measurement. Other heat of dilution (∼−0.07 μcal/injection),
appearing from the dilution of NK-2, was even smaller, as
compared to dilution of the former case. However, we have
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obtained heat per injection by subtracting heat of dilution,
obtained from injecting LUV into buffer, from the actual
measurement. ITC data have been analyzed without altering
the lipid concentration. This would ensure that the peptides
interact with both monolayers of the membrane. All dilution
measurements show exothermic signal. The binding constant
(K) and binding enthalpy (ΔH) and Gibbs free energy (ΔG =
−RT ln K) and entropic contributions (TΔS = ΔH − ΔG) of
the binding kinetics can be obtained from the model, as
described by Domingues et al.31 A summary of the model is
described below.
5.5. Surface Partition Model with Electrostatic

Contributions. In a typical ITC experiment, when LUVs are
injected into the peptide solution, the total concentration of the
peptide is the sum of the concentration of bound peptides and
the free peptides. The apparent binding constant Kapp is defined
as Xb = KappCf, where Xb is the extent of peptide binding per
mole of lipid and Cf is the free peptide concentration of the
solution. When the charged peptide adsorbs, the membrane
becomes changed. Hence, further adsorption of peptide onto
the membrane is restricted by the electrostatic repulsion.
Therefore, Kapp is no longer a constant but rather changes with
Cf. Therefore, the most relevant binding parameter would be
the intrinsic binding constant Kint (Xb = KintCM), which is
assumed to be directly proportional to the surface concen-
tration of the peptide in the membrane. The model essentially
calculates Xb and CM for each injection of the ITC experiment.
As the CM of the peptide is governed by the electrostatic
contribution, it is determined by the Boltzmann distribution.

= ψ−C C e z F RT
M f

/p 0 (2)

where zp is the effective peptide charge. The maximum charge
of NK-2 is +10. F is the Faraday constant (= charge of 1 mol of
electron = electronic charge × Avogadro’s number = 96 485 C/
mol). ψ0 is the surface potential. R is the universal gas constant
and T is the absolute temperature. As the ψ0 is related to
surface charge density, σ, of the peptide, it can be estimated
from the well-known Gouy−Chapman theory. As the ζ
potential can be a good approximation to the surface potential,
we have taken ψ0 same as the ζ potential. Now we need to
know the ζ potential for each peptide-to-lipid molar ratio
obtained after every injection. However, we have measured the
ζ potential for few peptide-to-lipid ratios. To obtain the ζ
potential for all peptide-to-lipid ratios required for the
calculation of CM, we have fitted the ζ potential data to a
Hill equation originally used to describe cooperative binding of
ligand to macromolecules.35 Hence, we have obtained ζ
potentials for all required concentrations from interpolation
or extrapolation of the fitted curve. Now, for each data point,
the concentration of the free peptide and ψ0 have been
determined. Once Cf and ψ0 are known, CM can be calculated.
We now discuss briefly how Xb and Cf have been estimated
from an ITC experiment.
In an ITC experiment (lipids into peptide injection), the Xb

and the enthalpy change ΔH per mole of peptides can be
measured directly. The ΔH has been estimated from the sum
over all heat per injection divided by the number of moles of
peptide in the calorimeter cell.

δ
Δ =

∑
H

h

C V
i i

p
0

cell (3)

where δhi is the heat per injection in the ITC experiment. Cp
0 is

the initial molar concentration of peptide in the ITC cell, and
Vcell is the volume of the ITC cell. Now, the extent of peptide
binding, Xb, per mole of lipid after completion of ith is given by

δ
=

∑
Δ

X
h

HiV C
i k

i
k

b
inj L (4)

where Vinj is the volume of each injection with lipid of
concentration CL. Now, the fraction of bound peptide after ith
injection is given by

δ
=

∑
Δ

X
h

HV C
i k

i
k

p
cell p

0

where the free peptide concentration Cf can be obtained from

= −C C X(1 )i
f p

0
p (5)

Now, the Kapp can be obtained from the Xb and Cf. Therefore,
CM and Kint can be estimated for each pair of Xb and Cf,
obtained from experimental data, as discussed above.
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Wehave studied the effect of composition and the phase state of phospholipidmembranes on the emission spec-
trum, anisotropy and lifetime of a lipophilic fluorescence probe nile red. Fluorescence spectrum of nile red in
membranes containing cholesterol has also been investigated in order to get insights into the influence of choles-
terol on the phospholipidmembranes. Maximum emissionwavelength (λem) of nile red in the fluid phase of sat-
urated and unsaturated phospholipids was found to differ by ~10 nm. The λemwas also found to be independent
of chain length and charge of the membrane. However, the λem is strongly dependent on the temperature in the
gel phase. The λem and rotational diffusion rate decrease, whereas the anisotropy and lifetime increase markedly
with increasing cholesterol concentration for saturated phosoholipids, such as, dimyristoyl phosphatidylcholine
(DMPC) in the liquid ordered phase. However, these spectroscopic properties do not alter significantly in case of
unsaturatedphospholipids, such as, dioleoyl phosphatidylcholine (DOPC) in liquid disordered phase. Interesting-
ly, red edge excitation shift (REES) in the presence of lipid-cholesterol membranes is the direct consequences of
change in rotational diffusion due to motional restriction of lipids in the presence of cholesterol. This study pro-
vides correlations between themembrane compositions and fluorescence spectral featureswhich can be utilized
in a wide range of biophysical fields as well the cell biology.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Lipid bilayer is the building block of all biological membranes in
which cholesterol, proteins and other bio-active molecules are embed-
ded. Biological membranes are complex and regulated by various pro-
teins and cholesterol. Therefore, it is often useful to study the artificial
lipid bilayer as bio-mimetic system in order to gain insights into the
structure and functions of the membranes. Large unilamellar vesicles
(LUV) made from phospholipids serve as an excellent model system of
biological membranes. Besides the model system of biological mem-
branes, LUV are potential for diverse bio-technological applications
[1]. Cholesterol is a ubiquitous component of plasmamembranes. Struc-
ture and functions ofmembranes are greatly influenced by lipid compo-
sition, chain saturation and the membrane-cholesterol [2]. Cholesterol
provides rigidity and integrity to the plasma membrane and prevents
it from becoming overly fluid; It also helps to maintain its fluidity [3].
The cholesterol-rich domains, called rafts are believed to exist in the
membrane [4]. These rafts resemble with the cholesterol-rich liquid
ordered (lo) phase and cholesterol-poor liquid disordered (ld) phase
arising due to phase separation in the model membranes composed of
ternary mixtures of cholesterol with a saturated lipid, such as DPPC
and an unsaturated lipid, such as DOPC [5].

Fluorescence probes are widely used tools to characterize lo and ld
phases in the cellular as well as artificial membranes. The coexistence
of lo and ld phases can easily be envisaged using a fluorescence probe se-
lectively stain for lo phase [6]. Some environment sensitive probes
whose emission property depends on local polarity, hydration or fluid-
ity of the membranes, have also been used to characterize the lo and ld
phases [7,8]. Nile red (9-diethylamino-5H-benzo(α) phenoxazine-5-
one), is one such environment sensitive probe and is widely used to
monitor themembrane organization and dynamics [9]. It emits fluores-
cence in the presence of lipidmembrane [10]. However, its fluorescence
is significantly quenched in the aqueous or polar environment. Its fluo-
rescence properties are known to alter by the polarity of its immediate
environment due to a large change in its dipolemomentupon excitation
[11]. This property of nile red is utilized to monitor hydrophobic sur-
faces in proteins and hydrocarbon core in lipid membranes. Therefore,
the nile red is used on living cells as a fluorescence stain for the detec-
tion of intracellular lipid droplets if the proper spectral condition is
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chosen [12,13]. Lipid phase state and chain ordering, fluidity as well as
in plane lateral diffusion etc. has a significant implications in many bio-
logical functions. For example, lipid domains play a vital role in the pro-
cess of development of the embryo of zebra fish [14]. A basic and
relevant question we would like to address that, can we use spectro-
scopic properties of nile red to identify the type of lipids and their
phase state in themembrane? Further, in a cholesterol containing bilay-
er, is it possible to calibrate or estimate the amount of cholesterol and to
monitor the organization and heterogeneity induced by cholesterol in
bio- membranes?

Therefore, the aim of the present article is to use the fluorescence
properties of nile red to identify the lipid type, phase state or the com-
position. As the temperature is one of the crucial parameters to deter-
mine the membrane environment, the temperature dependency of the
emission properties of nile in the presence of phospholipid membranes
has also been investigated. Further, we would like to monitor the orga-
nization, fluctuations and heterogeneitymembranes containing choles-
terol. In the present study, we have systematically investigated
fluorescence properties of nile red in the presence of various lipids in
the gel and fluid phases. Effect of cholesterol on the spectral properties
of nile red in these phases has been studied in details. Here, we report
the effect of saturation of hydrocarbon chains on the emission spectra
of nile red. We have also shown that nile red can be used to calibrate
the amount of cholesterol in the membranes in lo phase. Rotational cor-
relation and hence rotational diffusion of nile red in the cholesterol con-
taining lipid membranes were also estimated from the present study.
Change in rotational diffusion due to motional restriction of lipids in
the presence of cholesterol has also been envisaged from red edge exci-
tation shift (REES). Our study suggests that spectroscopic properties of
nile red can be utilized tomonitor the functions, composition and struc-
ture of biological membrane at physiological condition.

2. Materials and Methods

2.1. Materials

Phospholipids, such as, 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (sodium
salt) (DOPG), 1,2-dioleoyl-sn-glycero-3 phosphoethanolamine
(DOPE), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dilauroyl-sn-
glycero-3-phosphocholine (DLPC) were purchased from Avanti Polar
lipids. 1,2-dioleoyl-3-trimethylammonium-propane, chloride salt
(DOTAP), Didodecyldimethylammonium bromide (DDAB), cholesterol,
nile red was obtained from Sigma Chemical Co., St Louis, MO, USA.

2.2. Preparation of LUV and SUV

Large unilamellar vesicles (LUV) were prepared using an extrusion
technique (LiposoFast from AVESTIN (Canada) as described by Hope
et al. [15]. Various phospholipids and phospholipid-cholesterol mix-
tures have been used for vesicle preparation. An appropriate amount
of lipid or lipid-cholesterol mixture in chloroform was transferred to a
5 ml glass vial. Chloroform solvent was removed by gently passing dry
nitrogen gas. The traces of the solvent were then removed by keeping
the sample in a vacuum desiccator for a couple of hours. Milli Q water
was added to the dried lipid film so that the final desired concentration
(1mM)was obtained. Vortexing of hydrated lipid film for about 30min
produces multilamellar vesicles (MLV). MLV suspensions were extrud-
ed through polycarbonate membranes of pore diameters 100 nm. This
results in a formation of fairly monodispersed LUV (average diameter
~100 nm). Size distribution and the polydispersity index were mea-
sured using, dynamic light scattering (See the supplementary informa-
tion). LUV solutionwas degassed prior to all measurements to eliminate
the artefacts caused by the air bubble formation. For lipid, such as, DPPC
whose chain melting transition temperature (Tm) is 42 °C, SUV were
prepared by ultrasonicating MLV at temperature (50 °C) much above
the Tm. For SUV preparation, all above steps up to formation of MLV re-
mains same. 0.1 wt% of nile red in aqueous solutionwas introduced into
the LUV or SUV solution and kept it for half an hour for equilibration.
The final concentration of nile red in the LUV solution is ~2.5 μM. We
have also incorporated nile red by co-drying it with the lipids in a chlo-
roform solvent. In this case we kept nile red to lipid ratio as 1:350.

2.3. Fluorescence Spectroscopy

2.3.1. Steady State Fluorescence Measurement
We have measured the steady state fluorescence emission intensity

of nile red labeled large unilamellar vesicles composed of various lipids
and lipid-cholesterol mixtures. Fluorescence measurements were car-
ried out using a PTI Quantamaster 400 spectrofluorimeter (Horiba-PTI,
Canada). We have measured the absorption spectrum of nile red and
optimum excitation wavelength was found to be at 550 nm. Therefore,
excitation wavelength has been kept fixed at 550 nm and emission
spectra of nile red were monitored for different lipids and at different
cholesterol concentration.We have also observed emission for different
excitation in order to check any red edge excitation shift. We have kept
the emission and excitation band pass filters at 5 nm for all measure-
ments. Emission spectrawere recorded only in thefluid phase for unsat-
urated lipids, such as DOPC, DOPG and DOTAP, and in the both fluid and
gel phases for saturated lipids, such as DMPC and DPPC. Spectra were
also observed at different cholesterol concentration at temperatures
below and above the chain melting transition for saturated lipids. The
effect of temperature on the emission spectrum has also been investi-
gated. Emission spectrum of nile red in the presence of short chain
phospholipid, DLPC and mixture of cholesterol with DOPC, DPPC and
DMPC has also been observed.

2.3.2. Fluorescence Anisotropy
Fluorescence anisotropy is widely used to characterize the extent of

linear polarization of fluorescence emission. Fluorescence anisotropy
was obtained using the PTI Quantamaster 400 spectrofluorimeter
(Horiba-PTI, Canada). Nile Red was excited at 550 nm with a vertically
polarised light. The intensity of emission was then measured at
630 nm through a polariser/analyser at crossed (Ivh) and parallel (Ivv)
positions of the analyser with respect to polarised excitation. Steady
state polarization anisotropy (r) is defined as

r ¼ Ivv − GIvh
Ivv þ 2GIvh

ð1Þ

where, G is an instrument and a wavelength dependent correction fac-
tor to compensate for the polarization bias of the detection system and
for the ratio Ihv

Ihh
. The Ivv, Ivh, Ihv and Ihh represents the excitation and emis-

sion fluorescence signal with the polarizer positions set at (0o, 0o), (0o,
90o), (90o, 0o) and (90o, 90o) respectively.

2.3.3. Fluorescence Lifetime
Fluorescence lifetimemeasurement was carried out using time-cor-

related single photon counting set up from Horiba Jobin-Yvon. The lu-
minescence decay data were collected on a Hamamatsu MCP
Photomultiplier (R3809) and were analyzed using IBH DAS6 software.
Rotational rate constant was estimated from the knowledge of fluores-
cence anisotropy and lifetime measurement using well known Perrin
equation

r0
r
¼ 1þ τ

θ
¼ 1þ 6DRτ ð2Þ

where, r0 is the intrinsic or fundamental anisotropy present between
absorption and emission transition moments. Assuming absorption
and emission transition moments are parallel, r0 can have value equal



Table 1
Summary ofmaximum emissionwavelength (λem) of nile red at temperature 25 °C in the
presence of LUV composed of various lipids and lipid mixtures. Numbers in bracket in the
first column represent themolar ratio of the two lipid mixture. Number in the second col-
umn represents the length and saturation of the hydrocarbon chains. All unsaturated
lipids listed here have one double bond at 9th position (Δ9-Cis). DDAB is a double-chain
(16 Carbon in each chain) cationic surfactant. For all experiments pHof the LUVdispersion
was kept.

Lipids Hydrocarbon
chains, charge

Phase
state

λem ± 2
(nm)

DOPC 18:1 Fluid 632
DOPG 18:1, – ve charge Fluid 634
DOTAP 18:1, + ve charge Fluid 632
DPPC 16:0, Gel (Fluid) 617 (623)
DMPC 14:0 Fluid 624
DLPC 12:0 Fluid 624
DOPC:DPPC (4:1) – Gel-fluid 628
DOPC:DOPE (4:1) – Fluid 632
DOPC:DDAB (3:1) + ve charged Fluid 631
DOPC: Cholesterol (4:1) – Liquid disordered 628
DPPC:Cholesterol (4:1) – Liquid ordered 594
DMPC:Cholesterol (4:1) – Liquid ordered 607
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to 0.4 [16]. θ and DR are the rotational correlation time and rotational
rate of fluorophore, respectively.

3. Results and Discussions

3.1. Effect of Different Phospholipids on the Emission Spectra of Nile Red

Nile red is an environment-sensitive probe, which shows fluores-
cence in the presence of lipid bilayer. The nile red is known to exhibit ef-
ficient fluorescence emission in hydrophobic environment and
increases its efficiency with increasing hydrophobicity or decreasing
the solvent polarity, resulting in a progressive blue shifted emission
maximum [9]. However, nile red shows a very low quantum yield in a
polar aqueous environment (Fig. 1). In our study, we have used large
unilamellar vesicles made from different phospholipids and observed
the emission spectra of nile red to understand the effect of lipid compo-
sition on the emission spectra. The nile red emission in the presence of
different phospholipid vesicles is summarized in Table 1. The λem (632
± 2 nm) of nile red fluid phase is found to be independent of unsaturat-
ed lipid types used in our experiment, when excited at 550 nm. Our re-
sult on DOPC is in agreement with the previous study by Kucherak et al.
[9]. However, much lower value of λem (~618 nm) was reported by
Mukherjee et al. [17]. Although, Mukherjee et al., in their experiment,
has incorporated the probe nile red by co-drying with the lipids, the
symmetric distribution of nile red in both leaflet of the bilayer, due to
negligible differences in curvature, cannot be the consequence of differ-
ent λem. Nevertheless, we have obtained same λem irrespective of
whether nile was incorporated before or after the preparation of LUV.
Moreover, the manner of probe insertion in the case is a moot point as
the flip-flop rate of nile red is very fast [9]. We have also found that
the λem is independent of solvent pH (see supporting information)
and consistently obtained the similar value of λem for all unsaturated
lipids. We trust our results on DOPC, as we have consistently obtained
the same results (within the experimental error) from several indepen-
dent experiments.

In order to explore the effect of charge and head group on the λem,
we have prepared LUV from charged phospholipids. The λem does not
seem to alter in the presence of negatively charged lipids (DOPG) and
positively charged vesicles made fromDOTAP and DOPC-DDABmixture
(4:1). Therefore, it is conceivable that the charge and head group of the
membrane has no role in the emission of nile red. To check the influence
of chain length on the λem, fluorescence experiments with DPPC, DMPC
andDLPC have been performed. Interestingly, theλem in the presence of
saturated lipids, such as DPPC, DMPC at temperatures above their chain
melting transition (Tm) was found to be very similar (within the error
Fig. 1. Emission spectrum of nile red in DOPC and DMPC LUV at 25° C. For comparison, the
emission spectrum of pure aqueous medium is also shown. The intensity of the emission
spectrum of water is negligible compared to that in the presence of LUV.
bar) when we have raised the temperature by 20 °C from the Tm for
all above lipids. This is to avoid the temperature dependency of the
λem in the fluid phase. As both the saturated phospholipids with differ-
ent chain length show similar emission, the length of the hydrocarbon
chain does not have any influence on the emission spectra of nile red.
This is contrary to the fact that nile selectively interacts with the hydro-
phobic sites of the bilayer. However, as found in the previous study [17],
the nile red is located at the interface between hydrocarbon chains and
the head group. The interaction length is about 10–15 Å from the inter-
face assuming the monolayer thickness ~26–30 Å. Therefore, it is ex-
pected that chain length should not influence the emission properties
of nile red. The fact that the saturated lipids DPPC, DMPC and DLPC in
the fluid phase show very different emission than that of DOPC, the
emission spectra indeed depend on the chain saturation of the mem-
brane even though all above lipids are in the fluid phase. As we can ac-
cess the gel phase of saturated lipids only, the emission spectrum in the
gel phase has been monitored and λem was found to be 617 ± 2 nm.
Since, λem does not depend significantly on head group and chain
length, it is possible to compare the λem of nile red in the fluid and gel
phases of two different phospholipid membranes having same head
group and similar chain length. Above emission properties of nile red
in the presence of vesicles, composed of various phospholipids, have
not been emphasized in earlier studies.

In summary, the emission spectrum of nile red in the fluid phase of
DOPC differs by 9 ± 2 nm from the fluid phase of DPPC. However, in
the fluid phase of two different phospholipids (DPPC and DMPC) with
saturated chains, the λem are very close. Interestingly, λem in the gel
phase of DPPC differs by 15 nm and 6 nm from the fluid phase of
DOPC and DMPC (or DPPC), respectively. These differences might be
the consequence of all trans conformation of hydrocarbon chains in
DPPC and the presence of kink (cis configuration) in DOPC·The hydro-
phobic dye, nile red is expected to penetratemore in the flexible hydro-
carbon chains of DOPC bilayer than the comparatively rigid chains of
DPPC. It is important to mention that it is difficult to identify two differ-
ent saturated phospholipids (DPPC andDMPC) as their emission spectra
are very close to each other. Although, we can identify the lipids in
terms of chain saturation by looking at the individual nile red spectra,
the chemical details of the lipids have to be determined from some
other experimental techniques. The obvious question that arises: can
we identify two different phospholipids from the spectrum of nile red
in the presence of DOPC-DPPC mixture? In order to check this possibil-
ity, we have measured the emission spectra of an equimolar mixture of
DOPC and DPPC at two different temperatures (see Table 1). It is known
from the previous studies that DOPC-DPPC mixture exhibits gel-fluid
coexistence below the Tm of DPPC [18,19]. Therefore, it is expected to
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have two characteristic emission wavelengths arising from the coexis-
tence of gel and fluid phases at 25 °C. However, we could not distinguish
two phases from the spectral decompositions using two Gaussian fit.
This could be due to a large difference in intensities of two coexisting
phases. A large difference in intensities would result the smearing out
the spectrum obtained from individual phases. To reduce such differ-
ence in intensities, we have also prepared LUV from different molar ra-
tios of themixture to change the relative amount of gel and fluid phases.
We have still not been able to distinguish two phases from the spectra.
We suggest that a good quality optical filter with a very narrow band
may be able to decompose two spectral lines arising from gel and fluid
phases. Further fluorescence microscopy experiments need to perform
in order to check this possibility.

A higher fluorescence intensity has been observed below the Tm (gel
phase) of DPPC as compared to above Tm (See supporting information).
This is in contrast with the fact that the more rigid gel phase must pre-
vent nile red to penetrate into the membrane core, resulting the de-
crease in local concentration, whereas, the loosely packed fluid phase
must have larger vacancy for nile red [9]. The increase in fluorescence
intensity at gel phase is thus intriguing. The transition from the fluid
phase to gel phase increases the number of defects in bilayer which
might favor the incorporation of nile red. Much above Tm (60 °C), the
thermal quenching is important due to opening up of completely non-
radiative relaxation pathways and hence it is expected to decrease the
fluorescence intensity although bilayer is too flexible to incorporate
the nile red. In order to confirm the thermal quenching, the emission
spectra were taken with increasing temperature (Fig. 2) for different
lipids. All of them show the decrease in fluorescence intensity with in-
creasing temperature in the fluid phase only. This is supported by the
fact that the fluorescence quenching does not occur below Tm of DPPC
and DMPC. It is known that bilayer becomesmore flexible, as evidenced
from the decrease in bending modulus and area compressibility modu-
luswith increasing temperature [20]. Therefore, the decrease in fluores-
cence intensity might be the consequence of the increase in water
penetration in the fluid phase, as compare to gel phase with increasing
temperature.This is also further supported by the fact that the bilayer
thickness decreases and the thickness of water layer increases in mem-
brane stacks with increasing temperature [21]. It is also important to
note that the λem of DPPC decreases initially in the gel phase and
again increases to a similar valuewhen temperature is further increased
from 30 °C as shown in the inset of Fig. 2. The hydration dynamics in the
vicinity of the nile red could influence the excited state leading to the
Fig. 2. Temperature variation of fluorescence emission intensity of nile red for different
lipids, as indicated in the figure legend. Maximum emission wavelength seems to be
blue shifted in the gel phase of DPPC and red shifted in the fluid phase of DPPC, DMPC.
However, the λem for unsaturated lipids DOPC, DOTAP does not seem to alter with
increasing temperature.
change in its emission wavelength. The temperature dependence of
the nile red emission has not been reported in any of the earlier studies.

3.2. Effect of Cholesterol on the Emission Spectra of Nile Red in the Presence
Different Phospholipids

Fluorescence emission of nile red has beenused to investigate the ef-
fect of cholesterol on the membranes. Previous literatures have shown
that ternary mixture composed of DPPC (or DMPC), DOPC and choles-
terol exhibits two phases, namely liquid ordered (lo) and liquid disor-
dered (ld) at temperature below Tm of saturated lipid [22] . The lo
phase is rich in cholesterol and saturated lipid (DPPC/DMPC) and ld
phase contains unsaturated lipid (DOPC) and little amount of cholester-
ol. Therefore, we have studied the binary mixtures of cholesterol with
DPPC, DMPC and DOPC in order to gain some insights into the lo and ld
phases, respectively. The location of cholesterol is believed to be in the
interfacial regions of head group and acyl chains of the membranes
[23]. Our previous study on the small angle x-ray diffraction have
shown a small peak in the electron density profile at a distance of 10
Å from the center of the bilayer, indicating the presence of cholesterol
at the interfacial regions [24]. Further, it is known that nile red shows
florescence when it penetrates into the membrane core region. There-
fore, it is conceivable that fluorescence properties of nile red are expect-
ed to alter in the presence of cholesterol and hence nile red can be an
useful probe to study the effect of cholesterol on the membranes. Fig.
3 shows the effect of cholesterol on the λem of nile red in the presence
of saturated lipid DPPC and DMPC and unsaturated lipids DOPC. It is
clearly evident that the λem decreases (blue shifted) very rapidly from
618 nm to 595 nm with increasing cholesterol concentration up to
10 mol% in the lo phase of DPPC-cholesterol membranes. Above
10 mol% of cholesterol, there is no significant decrease in the λem. How-
ever, λemdecreases progressively (blue shifted) with increasing choles-
terol concentration for DMPC-cholesterol membranes. On the other
hand, nile red emission maximum does not show significant decrease
in the ld phase, containing DOPC. The decrease in the λem at lower cho-
lesterol concentration (b 10 mol%) for DPPC is the consequence of the
two phase coexistence of gel and lo at cholesterol concentration below
10 mol% [24]. Further, this feature of DPPC can be attributed to the
fact that, gel phase of DPPC shows tilt of ~ 30 0 with respect to bilayer
normal. This tilt ensures the deeper insertion of the small nile red mol-
ecule, resulting the significantly blue shifted spectrum. Rough estimate
from area differences of lipid and cholesterol gives about 10–20mol% of
cholesterol that can be incorporated into the bilayer to remove the tilt
[25]. Once the tilt is removed, as in the case of lo phase nile red the
Fig. 3. Variation of maximum emission peak of nile red obtained from different
phospholipids at 25° C for different cholesterol concentration. Solid lines are intended as
guide to the points and not obtained from fit.
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λem shows nearly the same value, indicating that the nile red interacts
nonspecifically in the lo phase due to shallow penetration of nile red
into the bilayer.

It has been known that incorporation of cholesterol reduces the hy-
drophobicity in the membrane leading to an increase in water penetra-
tion [26]. The increase in water content in the bilayers was also
confirmed in terms of increase in d-spacing as seen the small angle x-
ray scattering experiment [24]. Therefore, the reduction of fluorescence
intensity with increasing cholesterol concentration could be due to an
increase in environmental polarity and increase water penetration in
the membrane interfacial region [17]. It is interesting to note that Fig.
3 can be used as a calibration curve of cholesterol content in the lo
phase containing saturated lipids by observing fluorescence emission
of nile red. The amount of blue shift in case of DMPC can be an estima-
tion of cholesterol concentration in the lo phase. However, no such pre-
diction is possible for ld phase as cholesterol has very little influence on
the emission spectrum of nile red for DOPC membrane. However, this
result does not rule out the possibility that ld phase contains very little
amount cholesterol.

3.3. Red Edge Excitation Shift (REES) of Nile Red in DOPC Vesicles Contain-
ing Cholesterol

A shift in the λem fluorescence emission toward higher wavelength
caused by a shift in the excitation wavelength (λex) toward the red
edge of absorption band is termed as REES. The slow rate of solvent re-
laxation relative to fluorophore lifetime due to reorientation of dipoles
around the excited state of fluorophore is known to be responsible for
REES. The solvent relaxation in the immediate vicinity of the
fluorophore indeed depends on the motional restriction of lipid mole-
cules induced by the cholesterol in the lipid bilayer. Therefore, the
REES effect has a direct consequence of change of rotational diffusion
of fluorophore in the presence of lipid-cholesterol membranes. There-
fore, it is conceivable that nile red, located in the confined water within
the bilayer as well as a hydration layer at the vicinity of the membrane,
is expected to show REES. We now focus on REES to monitor effect of
cholesterol in the membranes.

The shift in the λem of nile red in DOPC vesicles with increasing λex

(510 nm to 590 nm) for different cholesterol concentration is shown
in Fig. 4. As the λex is changed from 510 to 590 nm, the λem of nile red
displays the shift toward higher wavelengths. In the absence of the cho-
lesterol there is no significant shift in the λem. However, ~ 11 nm shift
Fig. 4. Variation of maximum emission wavelength (λem ± 2 nm) at different excitation
wavelength (λex) of nile red in the presence of DOPC-cholesterol membranes.
Cholesterol concentrations (mol%) are indicated in the figure legend. The red edge
emission shift (REES) has been shown in the inset of the figure. Solid lines are intended
as guide to the points and not obtained from the fit.
was observed for all cholesterol concentration studied. In case of satu-
rated lipid, DMPC, λem changes from 618 nm to 625 upon variation of
λex from 510 nm to 590 nm (data not shown). The significant REES de-
pendence of nile red in the presence of cholesterol indicates that rota-
tional diffusion of nile red is restricted within the bilayers as
cholesterol induces the straitening of the chains near the interface.
This result is further supported by the fact that the rotational diffusion
decreases with increasing cholesterol concentration (see later). As
discussed before, the λem obtained from our study and from Kucherak
et al. [9] at the excitation of 550 nm was in stark disagreement with
λem value reported by Mukherjee et al. [17]. Therefore, the data in Fig.
4 is expected to be different from the REES data presented in ref. 17.
This is the reason that we have again looked at these data, although
REES has already been reported in case of DOPC-cholesterolmembranes
[17]. Observation of REES in DOPC vesicles implies that the nile red is in
motionally restricted environment and is strongly interacting with the
solvent. The change in dipole moment during the excited state reaction,
as shown in previous study [11] enforces the solvent dipoles surround-
ing the nile red to reorganize around the excited state and to reach to
the equilibrium prior to the emission. Therefore, fluorescence emission
alters due to change in polarity of the surrounding environment.

3.4. Rotational Dynamics of Lipid Bilayers as Revealed from Steady State
Fluorescence Anisotropy

Steady state fluorescence anisotropy has been extensively used to
monitor the rotational diffusion rate of nile red embedded in the mem-
brane. As fluorescence anisotropy measures the extent of depolariza-
tion, i.e., the ability of the probe to reorient during the emission, it
must be sensitive to the packing of lipid acyl chains. The rigid environ-
ment surrounding the fluorophore probe increases the anisotropy.
Thus, the probable location of cholesterol in the membrane can also
be suggested bymonitoring the anisotropy. Therefore, the effect of cho-
lesterol on the lateral as well rotational diffusion of lipids in the mem-
branes can be envisaged from the anisotropy measurement. The
increase in anisotropy, in the presence of DMPC and DPPC bilayers con-
taining cholesterol, suggests that cholesterol restricts the rotationalmo-
tion of the nile red by providing the rigidity to the membrane (Fig. 5).
Interestingly, cholesterol does not change the anisotropy for DOPC
membrane. This is consistent with the fact that the bending rigidity
(κ~11 × 10–20 J) of DOPC membranes containing various amounts of
cholesterol did not change significantly [27]. However, it is believed
that the cholesterol orders the acyl chain of the saturated lipids above
the chain melting transition leading to an increase in κ. The anisotropy
(r) value is the lowest in the liquid disordered phase and highest in
the liquid ordered phase at higher cholesterol concentration. This is
Fig. 5. The steady state fluorescence anisotropy of nile red in the presence of DMPC, DOPC
and DPPC vesicles for different concentration of cholesterol at 25 °C. Solid lines are
intended as guide to the points and not obtained from the fit.



Fig. 7.Rotational rate of nile red in thepresence of threedifferent lipid vesicles (T=25 °C),
indicated in the figure legend for different cholesterol concentration (mol %).
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due to the relatively loose packing of the lipid acyl chains in the liquid
disordered phase. This is further supported by the fact that the affinity
of cholesterol to the phospholipid bilayers was known to decrease sig-
nificantly with increasing the degree of unsaturation of the acyl chains
[28].These results are consistent with those obtained from the Fig. 3.

3.5. Lifetime of Nile Red in Phospholipid Vesicles: Effect of Cholesterol

Fluorescence lifetime serves as a reliable indicator of the local envi-
ronment in which a fluorophore is localized. Fig. 6 shows the fluores-
cence lifetime of nile red in the presence of three different lipids
containing cholesterol. It is clearly evident that lifetime does not in-
crease significantly for DOPC, whereas it increases markedly for DMPC
and DPPC. This is consistent with the results obtained from emission
spectrum and anisotropy measurement.

The mean fluorescence lifetime of nile red in DMPC vesicles in-
creases from ~4.26 ns to 6.61 ns with increasing membrane cholesterol
content up to 50 mol%. For DOPC, lifetime increases from 3.52 nS to
4.11 nS. Cholesterol is known to decrease the water penetration signif-
icantly and increases the dipole potential of the membrane [29]. Fur-
ther, cholesterol in the membrane restricts the rotation of the
fluorophore in the rigid environment. Such rigidification of the feeble
parts of the molecules as well as increase in polarity of the membrane
would marginalize the role of the non-radiative pathway, resulting in
an increase of fluorescence lifetime [30]. The increase in membrane vis-
cosity when cholesterol is incorporated into the membrane could also
increase the lifetime of the nile red.

The rotational rate DR of nile red estimated from Eq. (2) in the pres-
ence of LUV with different concentration of cholesterol is shown in Fig.
7. There is no previous literature to verify the values of DR with our es-
timated value. In order to check the effect of rotational diffusion on the
anisotropy value, we assume a constant rotational rate (same as with-
out cholesterol) to estimate the anisotropy (r) from the measured
value of fluorescence lifetime with varying cholesterol concentration.
Such an estimation gives a much lower value of r and it does not alter
significantly with cholesterol concentration (See supporting informa-
tion). This analysis clearly indicates that increase in anisotropy in the
case of saturated lipids is due to motional restriction of lipids induced
by cholesterol and lifetime has no significant influence on the rotational
correlation time.

4. Conclusion

In thiswork,we havemonitored the organization, dynamics and sol-
vent relaxation characteristics by measuring emission wavelength,
Fig. 6. Steady state fluorescence lifetime of nile red in the presence of three different
phospholipids for difference cholesterol concentration (mol %) at 25 °C.
anisotropy and lifetime of nile red in various phospholipid membranes.
The spectroscopic properties of nile red change significantly in the pres-
ence of phospholipids with saturated acyl chains and not with the lipid
phase state. The effect of cholesterol can be envisaged onlywith the sat-
urated lipid and notwith theunsaturated lipidswhich is consistentwith
the fact that the elastic properties of themembrane does not alter signif-
icantly with increasing cholesterol concentration. Interestingly, in the
gel phase of DPPC, thefluorescence properties of nile red change rapidly
with cholesterol concentration up to 10mol%. Beyond that spectroscop-
ic properties of nile red donot change significantly. Therefore, themem-
brane in the gel phase can accommodate cholesterol up to 10mol% and
converted into the pure liquid ordered phase. This is also a consequence
of the fact that at lower concentrations of cholesterol, there exists two
phase coexistence of gel and lo. Therefore, above ~ 10 mol%, the gel
phase completely converted into the single lo phase. It is important to
note that ~ 10–15 mol% of cholesterol can remove the tilt of the hydro-
carbon chain of the lipids in the gel phase. Therefore, once the tilt is re-
moved, the nile red cannot penetrate into the membranes and it
remains in the solution. Hence nile red does not seem to show any sig-
nificant change in its spectroscopic properties. On the other hand, the
emission wavelength decreases and anisotropy as well as lifetime of
nile red in the fluid phase of DMPC membrane increases monotonically
with increasing cholesterol concentration. These results clearly indicate
that cholesterol can alter the acyl chain environment in the fluid phase
and membrane can accommodate the cholesterol till the miscibility
limit. Above spectroscopic properties remain unaltered in case of unsat-
urated lipid DOPC. The effect of temperature on the emission spectrum
of nile red in the presence of both saturated and unsaturated lipids has
been discussed. The lifetime measurement along with the steady state
anisotropy result provides us to estimate the rotational rate of nile
red. The acyl chain environment in turn affects the rotational diffusion
of nile red which is known to reside at the interface. Although one of
the primary objectives was to identify the lipid type from the spectral
properties of nile red, it is not straightforward to identify the lipid
type from the spectral analysis of nile red alone. However, correlations
between the membrane compositions and fluorescence spectral fea-
tures can be utilized in a wide range of biophysical fields as well the
cell biology. For example, effect of cholesterol on the emission spectra
can possibly be used in bioanalytical applications.
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ABSTRACT: Kinetoplastid membrane protein-11 (KMP-11),
expressed in all stages of leishmanial life cycle, is considered a
potential candidate for leishmaniasis vaccine. KMP-11 is found on
the membrane surface of the parasite. Although the biological
function of KMP-11 is unknown, we hypothesize from its sequence
analysis that it may interact with the macrophage membrane and
may influence the entry process of the parasite into the host cell.
To validate this hypothesis, we have investigated the interaction of
KMP-11 with unilamellar anionic phospholipid vesicles and
explored its pore-forming activity. The decrease in negative ζ-
potential of the vesicles and reduction in the fluorescence intensity
of membrane-bound dye DiI C-18 suggest a strong association of
KMP-11 with the membrane. The fluorescence leakage experiment
as well as phase contrast microscopy shows direct evidence of KMP-11-induced pore formation in an anionic membrane.
Incorporation of cholesterol into the membrane has been found to inhibit pore formation induced by KMP-11, suggesting an
important role of cholesterol in leishmaniasis. Interestingly, vesicles containing only neutral phospholipid do not exhibit any
tendency toward pore formation.

1. INTRODUCTION

Visceral Leishmaniasis (VL), which is the most severe form of
leishmaniasis, is caused by the species Leishmania donovani.1 It
is generally believed that specific pathogenic surface molecules
can behave as chemical opsonins to facilitate the entry of
pathogen into host cells by promoting host−pathogen
interactions.2 In this connection, it is well known that many
major pathogenic systems employ their pore-forming proteins
(PFPs) as virulence factors. PFPs are common among bacteria,
and about 25−30% of cytotoxic bacterial proteins are PFPs,
making them the single largest category of virulence factors.3,4

Because of their nearly universal presence in bacterial
pathogens, PFPs are a unique and important target for novel,
broadly applicable antimicrobial prophylactics and therapeu-
tics. PFPs function to perforate membranes of host cells,
predominantly the plasma membrane but also intracellular
organelle membranes.5 Several PFPs are reported to mediate
the pathogen’s internalization process through their membrane
pore formation activity.6 Evavold et al. reported one example in
which a pore-forming protein gasdermin D regulates IL1
release from hyperactive macrophages.7 Pore-forming proteins
are presumably responsible not only for the pathogenic entry
process but also for the significant immune suppression
process.8

Kinetoplastid membrane protein-11 (KMP-11) is a small
immunogenic protein expressed in large copy number on the
surface of L. donovani. Although the crystal structure is not
available, modeling studies suggest a helical structure (Figure
1), which has been supported by far-UV CD measurements.
KMP-11 shows strong immunogenic property and is believed
to be a potential vaccine candidate.9

The function of KMP-11 and its roles in the process of
infection are poorly understood. However, it is known that
KMP-11 has high expression on parasite surface.9 We have
recently observed that KMP-11 binds strongly to a synthetic
membrane.3 In addition, using a sequence analysis of KMP-11,
we find comparable antimicrobial index with the pore-forming
peptide magainin-II (Figure S1). All of these observations led
us to hypothesize that KMP-11 may have a PFP-like role of
forming pores at the host membrane, which may or may not be
relevant to the process of parasite internalization. Furthermore,
we observed significant sequence homology of KMP-11 with
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apolipoprotein A (Figure S2), which prompted us to speculate
further that cholesterol may influence its pore-forming activity
significantly. This is because apolipoprotein A is known for its
cholesterol transport properties.10 In recent years, the concept
of a “cholesterol connection” in infectious diseases has
emerged where pathogens have evolved a virulence factor
that reprograms eukaryotic cellular physiology. In particular,
cholesterol plays a significant role in controlling the parasite
entry into macrophage cells.11 It has already been reported that
cholesterol depletion from the macrophage reduces the ability
of leishmania to enter the host macrophages.12 There exists
extensive literature on cholesterol connection with the pore-
forming activity and antimicrobial activity of proteins.13 The
liposomal cholesterol delivery has been employed as a
treatment for intracellular parasite killing through the
successful enhancement of innate immunity.14 Moreover,
cholesterol regulates the activity of pathogenic PFPs in terms
of pore-forming nature and subsequent immune evasion.14

In the present study, we have systematically investigated the
interaction between KMP-11 and anionic membranes
composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine-1,2-di-
oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DOPC−
DOPG) (4:1). Since a wide variety of lipid components are
present in the native cell membrane, it is often useful to study a
model membrane of specific composition to obtain insights
into the individual features and activities of the membrane.
Although unsaturated lipids, such as DOPC, are abundant in
the macrophage membrane,4 negatively charged lipids
contribute to the subcellular targeting of proteins with cationic
domains via electrostatic interaction.15 This motivates us to
choose DOPG as the anionic component of the membrane.
Two types of model membranes have been used. The large
unilamellar vesicles (LUVs) were prepared to investigate the
interaction or binding affinity of KMP-11 with the membranes,
whereas giant unilamellar vesicles (GUVs) were used to
visualize the pore formation. Fluorescence release of calcein-
loaded LUVs and phase contrast microscopy of GUVs have
been successfully employed to obtain the evidence of pores in
the membranes induced by KMP-11. We have also explored
the effect of cholesterol on the pore-forming ability of KMP-
11. Microscopy images have been analyzed to obtain
dependence of protein concentration and vesicle size on the
kinetics of pore formation in the membrane. The binding
affinity of KMP-11 with the phospholipid membranes was
studied using the ζ-potential and fluorescence assay. The
membrane−membrane interaction induced by KMP-11 is
envisaged using dynamic light scattering. Our results showed,
for the first time, that KMP-11 induces pores in the model

membrane and cholesterol incorporation significantly reduces
the pore-forming activity. Collectively, our study suggests an
interplay of the binding and pore formation activity of KMP-11
with the architecture and composition of model membranes,
which further implicates the molecular mechanistic under-
standing of leishmaniasis.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. 1,2-Dioleoyl-sn-glycero-3-phos-

phocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-
glycerol) (DOPG) were purchased from Avanti Polar Lipids Inc.
(Alabaster, AL). The 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbo-
cyanine perchlorate (“DiI”; DiIC18(3)) dye was purchased from
Invitrogen (Eugene, Oregon). These were used without further
purification. All other necessary chemicals including salts were
obtained from Aldrich (St. Louis) and Merck (Mumbai, India).

2.2. Purification of KMP-11. Recombinant KMP-11 was
expressed and purified in Ni-NTA affinity chromatography using a
Qiagen-supplied protocol (Qiaexpressionisttm; Qiagen, Germany)
after slight modifications. The modifications included the use of 20
mM imidazole in both lysis and wash buffers during cell lysis. The
purified protein fractions were checked using 15% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The col-
lected protein-containing fractions were pooled together and dialyzed
using 20 mM sodium phosphate buffer of pH 7.4 to remove excess
imidazole. The concentration of the protein was determined using the
BCA Protein Assay Kit (Pierce, Thermo Scientific).

2.3. Preparation of Large Unilamellar Vesicles (LUVs). An
appropriate amount of lipid in chloroform (concentration of stock
solution is 25 mg mL−1) was transferred to a 5 mL glass vial.
Chloroform was removed by gently passing dry nitrogen gas. This
procedure resulted in the formation of a thin lipid layer on the bottom
inner wall of the vial. The vial was then kept in a vacuum desiccator
for 2 h to eliminate traces of leftover solvent. The required volume of
20 mM sodium phosphate buffer at pH 7.4 was added to the dried
lipid film to obtain the final desired lipid concentration of 10 mM.
Vortexing of the hydrated lipid film for about 30 min produced the
multilamellar vesicles (MLVs). Large unilamellar vesicles (LUVs)
were obtained by extruding MLVs using LiposoFast (AVESTIN,
Canada). MLV suspensions were extruded through polycarbonate
membranes of pore diameter 100 nm. This procedure resulted in the
formation of fairly monodisperse LUVs (average diameter ∼100 nm)
and LUVs. The size distribution was measured using dynamic light
scattering (DLS).

2.4. DLS and ζ-Potential Measurements. The ζ-potential and
vesicle size distribution were measured using a Zetasizer Nano ZS
(Malvern Instruments, U.K.). The instrument uses a 2 mW He−Ne
laser of wavelength 633 nm to illuminate the sample. A disposable
zeta cuvette was used for both size and ζ-potential measurements. In
DLS, back-scattered light at an angle of 173° was detected and fed to
the digital signal processing correlator. The intensity−intensity
autocorrelation function was measured, which was used to estimate
the average size of the LUV using the Stokes−Einstein relation

=
πη

a kT
D6
. D is the diffusion constant, and kT is the thermal energy.

The size distribution was obtained using three successive measure-
ments. The ζ-potential was measured from the electrophoretic
mobility by laser Doppler velocimetry using the Helmoltz−
Smoluchowski equation.

ζ μη
κ

=
ϵf a
3

2 ( ) (1)

where η and ϵ are the coefficient of viscosity and the permittivity of
the aqueous medium, respectively. f(κa) is the Henry function, which
depends on the inverse Debye length (κ) and the radius (a) of the
vesicle. In Smoluchowski approximation, the maximum value of the
function f(κa) is equal to 1.5 when particles are in aqueous media.16

However, when the particles are suspended in a nonaqueous medium,
the value of f(κa) would be 1 (Huckel approximation). In this study,

Figure 1. Model structure of KMP-11 as obtained from I-TASSER
software. The model structure suggests the α-helical character of the
protein. The red region indicates the point of tryptophan mutation
(Y48W).
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we have used f(κa) = 1.5 to calculate the ζ-potential from measured
electrophoretic mobility. The average ζ-potential was obtained using
three successive measurements. Each measurement included 10−100
runs.
2.5. Fluorescence Spectroscopy. We used a fluorescence-based

assay for studying the binding of wild-type(WT) KMP-11 with the
phospholipid membrane composed of a DOPC−DOPG (4:1)
mixture. The LUV sample of 1 mM concentration was used as the
stock. In each sample vial, 0.5 wt % membrane-specific DiI C-18 dye
was added, and the samples were kept at 37 °C for overnight
incubation. Subsequently, the appropriate amount of protein was
added into the vials by maintaining the lipid/protein molar ratio
between 1:0 and 50:1. The samples were then incubated at room
temperature (25 °C) for 2 h. The steady-state fluorescence emission
spectra were recorded using an excitation wavelength of 600 nm. The
decrease in the peak intensity with increasing protein concentration
for DOPC−DOPG LUV was fitted using a sigmoidal Hill equation

= +
−
+

F F
F F x

x K
( )
( )

n

n n0
e 0

(2)

where F and F0 refer to the fluorescence intensities of DiI C-18 in the
presence and absence of the protein, respectively. Fe denotes the
minimum intensity in the presence of a saturating concentration of
protein, and K is the equilibrium dissociation constant of the lipid−
protein complex. n is the Hill coefficient, which measures the
cooperativity of binding, and x is the concentration of the protein. A
PTI fluorimeter (Photon Technology International, Inc.) and a
cuvette with a 1 cm path length were used for the fluorescence
measurements.
2.6. Membrane Permeabilization Assay of Lipid Vesicles.

Calcein-loaded LUVs, prepared in 20 mM sodium phosphate buffer,
were separated from non-encapsulated free calcein by gel filtration on
a Sephadex G-75 column (Sigma) using an elution buffer of 10 mM
MOPS, 150 mM NaCl, and 5 mM EDTA (pH 7.4), and lipid
concentrations were estimated by complexation with ammonium
ferro-thiocyanate.17 Fluorescence was measured at room temperature
(25 °C) in a PTI spectrofluorometer using 1 cm path length cuvettes.
The excitation wavelength was 490 nm, and emission was set at 520
nm. Excitation and emission slits with a nominal bandpass of 3 and 5
nm were used, respectively. The high concentration (10 mM) of the
entrapped calcein led to self-quenching of its fluorescence, resulting in
low fluorescence intensity of the vesicles (IB). The fluorescence
intensity (IF) was monitored upon addition of proteins into calcein-
loaded vesicles. The enhancement of fluorescence due to release of
calcein from the LUV is a measure of the extent of vesicle
permeabilization. The experiments were normalized relative to the
total fluorescence intensity (IT) corresponding to the total release of
calcein after complete disruption of all of the vesicles by addition of
Triton X-100 (2% v/v). The percentage of calcein release in the
presence of KMP-11 was calculated using the following equation18

=
−
−

×
I I
I I

percentage of release
( )
( )

100F B

T B (3)

where IF and IB are the fluorescence intensities after and before
protein addition. IT denotes the fluorescence intensity after addition
of Triton X-100. It is important to mention that the resultant osmotic
stress of LUV might influence the membrane permeability. We used
the same buffer concentration (i.e., same osmolarity) to prepare
calcein-loaded vesicles and the solution outside the vesicles. As there
is no concentration gradient in the interior and exterior of the vesicles,
the osmotic stress is not expected to develop.
2.7. Preparation of GUV. GUVs were prepared in 0.1 M sucrose

in 1 mM N-(2-hydroxyethyl)piperazine-N′-ethanesulfonic acid
(HEPES) (pH 7.4) buffer using electroformation, as described by
Pott et al.19 Briefly, 20 μL of a 1 mM lipid solution in chloroform was
spread onto the surfaces of two conductive indium tin oxide (ITO)
glasses. The coated lipid solutions were then allowed to dry overnight
in a closed chamber containing saturated solution of NaCl. This is to
avoid complete drying of the droplets. The hydration of these droplets

facilitates the electroformation process. The electroformation
chamber was prepared using a Teflon spacer of ∼2 mm thickness.
This electroswelling chamber was filled with 0.1 M sucrose solution,
and an alternating voltage of 1.5 V and frequency of 15 Hz were
applied for 2 h at room temperature (22−25 °C). The vesicle solution
was then carefully transferred to an Eppendorf vial and kept at rest at
4 °C before use. The average diameter of the GUV obtained was 10−
100 μm. GUVs were diluted in 0.1 M glucose, prepared in 1 mM
HEPES (pH 7.4), for observation. A typical observation experiment,
using an inverted microscope, was made in an observation chamber
by mixing 30 μL of the GUV solution with 100 μL of a 0.1 M glucose
solution. The slight density difference between the inner and outer
solutions drives the vesicles to settle at the bottom of the slide and
provides better contrast while observing under phase contrast.

2.8. Phase Contrast Optical Microscopy. For the microscopy
experiment, different concentrations of KMP-11 dissolved in the
glucose solution prepared in 1 mM HEPES buffer (pH 7.4) were
added to the vesicle solution. The final concentrations of KMP-11 in
the observation chamber were chosen to be 5, 10, and 20 μM. Phase
contrast microscopy was performed using an inverted microscope
(DMi8) from Leica (Wetzlar, Germany). The observation chamber
consisted of a glass slide with rubber spacers. The chamber was then
closed immediately for observation under a phase contrast microscope
after placing the samples. Although we could not determine the exact
KMP-11/lipid molar ratio, a rough estimate was obtained. For
example, introducing 10 μL of diluted GUV solution (∼0.1 mM) to
the chamber containing 100 μL of 1 μM KMP-11 solution, we
estimated that the final KMP-11/lipid (molar ratio) would become
0.1 (number of moles = molar concentration × volume in liters). The
response of individual GUV when exposed to the protein solution was
continuously recorded with time using a CCD camera. Images were
analyzed using an image analysis software, ImageJ, as shown in Figure
2. A straight line was drawn across the GUV to obtain an intensity

profile. The peak-to-peak intensity (Iptp) across the halo region was
calculated. Average Iptp was obtained from several line profiles across
the GUV. The time in seconds versus Iptp was plotted to observe any
significant change in the intensity profile of the GUV.

2.9. Fluorescence Emission of Laurdan: Generalized Polar-
ization (GP). Laurdan is a widely used environment-sensitive probe.
Laurdan is introduced in the membrane to monitor the change in
membrane rigidity with increasing cholesterol content. Laurdan
excitation and emission spectra are extremely sensitive to the local
environments, such as solvent polarity and the phase state of lipids. In
the gel phase (more rigid membrane), it shows a blue emission (440
nm), but the spectrum gets red shifted (490 nm) when the membrane
is in a fluid phase (flexible membrane). The amount of water
penetrating into the membranes determines the extent of the red shift.
This feature can be used to identify the transition from cholesterol-
poor liquid-disordered (Ld) to cholesterol-rich liquid-ordered (Lo)
phases. The phase state of the membrane can be obtained from the
generalized polarization (GP) defined as

= − +I I I IGP ( )/( )440 490 440 490 (4)

where I440 (I490) is the intensity of the blue (red shifted) emission.

Figure 2. Estimation of the peak-to-peak intensity (gray value), Iptp,
across the halo region of the phase contrast micrograph of GUV.
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3. RESULTS AND DISCUSSION

3.1. Interaction of KMP-11 with Phospholipid LUV.
The membrane-specific dye DiI C-18 is widely used to monitor
the large-scale inhomogeneity on the surface of a living cell,
including rafts and protein organization in artificial mem-
branes.20,21 We used here a previously reported fluorescence
assay using DiI C-18 to investigate the interaction of KMP-11
with DOPC−DOPG LUV.3 In the presence of membrane, DiI
C-18 showed strong fluorescence at λem = 675 nm (λex = 600
nm), while in aqueous buffer or a buffer containing KMP-11,
its fluorescence was very low or absent (Figure 3a). Figure 3b
shows that the fluorescence of DiI C-18 (in the presence of
LUV) decreased with increasing KMP-11 concentrations. This
happened because of the protein−lipid association. The
average lifetime of the dye (in the presence of the membrane)
decreases as we add the protein, indicating a significant
contribution of dynamic quenching, as reported in our
previous study.3 The change in relaxation behavior in the
excited state of DiI C-18 could be due to an alteration of
hydration dynamics at the membrane−solvent interface as well
as due to the change in translational diffusion of fluorophore.
In addition to these processes, we cannot eliminate the
possibility of expulsion of DiI C-18 due to adsorption of KMP-
11, which could also result in the decrease in fluorescence. We
fitted the fluorescence decrease with protein concentration
using a standard Hill equation (eq 2) and determined the
values of binding constant (K) and cooperative index (n). The
K value of KMP-11 was found to be (2.46 ± 0.15) × 105 M−1,
which was consistent with the results obtained in our earlier
study with LUV containing pure DOPC.3 Unlike the binding
of KMP-11 with DOPC, we found non-cooperative binding of
KMP-11 with PC-PG, as the cooperative index (n) was found
to be ∼1.
We complemented the above DiI C-18 binding experiments

using steady-state fluorescence measurements. For this, we
used a single tryptophan mutant of KMP-11 (Y48W), as wild-
type KMP-11 does not contain any tryptophan residue in its
sequence. This single tryptophan mutant (Y48W) showed
similar secondary conformation to that of wild-type KMP-11,
and the tryptophan residue was found to be fully buried inside
the hydrophobic core region.22,23 Y48W showed maximum
intrinsic fluorescence intensity at wavelength 327 nm. The
addition of DOPC−DOPG LUVs significantly decreased the
fluorescence intensity of tryptophan (Figure 3c). The
fluorescence assay of the Trp residue shows similar binding

affinity to that obtained from DiI C-18. The binding constant
obtained from the Trp assay (K = 2.64 × 105 M−1) is in
agreement with that obtained from the DiI C-18 assay (2.46 ×
105 M−1), confirming protein binding with the membrane.
To obtain further insights into the protein−lipid inter-

actions, we used ζ-potential and hydrodynamic radius
measurements. The ζ-potential is a good approximation to
the surface potential at moderate electrolyte concentration. As
both protein and the membrane were charged, the binding
between the protein and lipid was expected to change the value
of ζ-potential. In addition, the binding might also increase the
hydrodynamic radius. However, mild aggregation due to the
lipid−protein interaction could not be ruled out. Figure 4a,b

shows the variation of ζ-potential and hydrodynamic radius
with different protein-to-lipid (P/L) ratios. It was interesting
to note that the change of these two parameters (ζ-potential
and hydrodynamic radius) did not seem to match very well,
although they were expected to represent the same event
(KMP-11−LUV interaction). While the change in hydro-
dynamic radius was somewhat slow occurring in one step, ζ-
potential variation had two steps. The first step was a rapid
increase (occurring within P/L ∼ 0.02), which was followed by
a slow decrease. While any mechanistic understanding of the
early rapid increase in ζ-potential is not available, we speculate
that this is probably a rapid reorganization of the protein−lipid
binding interface or the water environment. To understand the
behavior of ζ-potential and to obtain insights into the binding
phenomenon and protein activity, it is now important to
investigate the charge distribution of the amino acid residues of
the entire protein.

Figure 3. (a) Fluorescence emission spectra of DiI C-18, showing significant intensity in the presence of LUV, while fluorescence is very low or
absent when the dye is present in aqueous buffer or buffer containing KMP-11 only. (b) Shows the decrease in fluorescence intensities of DiI C-18
(present in solution of LUV) with increasing concentration of KMP-11. The solid red line is the fit using the Hill equation. The inset shows the
fluorescence spectrum for increasing concentrations of KMP-11 indicated by an arrow. (c) Change in tryptophan emission with increasing
concentration of DOPC−DOPG (4:1) LUVs. In this experiment, a single tryptophan mutant (Y48W) was used. The inset in (c) shows the
fluorescence emission spectra with increasing LUV concentrations.

Figure 4. (a) Variation of ζ-potential of LUV made from a PC/PG
(4:1) mixture with increasing protein-to-lipid (P/L) ratio. (b)
Average hydrodynamic radius of the LUV with increasing P/L
obtained from the DLS measurement.
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3.2. Charge Distribution of the Protein KMP-11. KMP-
11 possesses a negative charge (−1.7) at physiological pH as
determined by the protein calculator v3.4 server (http://
protcalc.sourceforge.net/). The association of negatively
charged protein with anionic membranes was thus intriguing.
We speculate that a local positively charged region might be
able to initiate the binding process, which would be later
facilitated by other factors, like nonpolar interactions. We used
EMBOSS software (Figure S3, Supporting Information) to
determine the local cationic regions in the sequence. As shown
in Figure S3, two stretches of the positively charged sequence
could be identified: one between residues 10 and 30 and the
other between residues 40 and 70. Subsequently, we resorted
to the theoretical approach to spot active regions of KMP-11
and look for the antimicrobial sequence stretch or domain (see
the Supporting Information for details). We found out that
KMP-11 contains prominent antimicrobial propensity at the
region 60−80 of its sequence (Figure S1), and this sequence
stretch (with microbacterial property) was close to one of the
two positively charged regions. Since pore formation is the
prerequisite of the antibacterial property of a peptide stretch,
we hypothesize that an efficient binding through these local
positive regions may trigger the pore formation property of the
protein.
3.3. Formation of Transmembrane Pores Induced by

KMP-11. 3.3.1. KMP-11 Induced Leakage in Phospholipid
Membrane. We then studied experimentally the ability of
KMP-11 to form pores by measuring the fluorescence intensity
of calcein-loaded LUV with time. Figure 5 shows the

enhancement of fluorescence intensity over time at three
different concentrations of KMP-11, indicating the release of
entrapped dye from the vesicles. Such an increase in intensity
was attributed to the formation of transmembrane pores.24 It is
important to mention that fluorescence intensity did not
increase in the absence of KMP-11 (Figure 5).
This result clearly indicated that KMP-11 induced pores in

the membrane, through which calceins were released. The pore
size must be larger than the size of the calcein molecules
enabling their translocation from the interior of the vesicle
through pores. We found that the kinetics of pore formation
was dependent on protein concentration (Figure 5, inset). The
rate of calcein release was determined by fitting the data using
an exponential rate equation, the variation of which with
protein concentration is shown in the inset of Figure 5. The
growth rate was found to be ∼6.4 × 10−3 s−1 when calcein-
loaded vesicles were exposed to 20 μM and decreased with
reducing protein concentration. Unlike the antimicrobial
peptide melittin, showing the pore formation in the DOPC
membrane,25 we found that KMP-11 exhibited a higher rate of
calcein release in DOPC LUV containing DOPG (Figure S4).
This result suggested a significant role of anionic lipids
(DOPG) in pore formation. This is indeed the requirement of
many antimicrobial peptides where they only target negatively
charged membranes and remain inert to the neutral
phospholipids.26,27 It may be noted that a previous report by
Yeung et al. indeed has shown that the negative surface charge
of the inner leaflet of the plasma membrane determines the
targeting of proteins with a cationic domain.15 Therefore, the
negatively charged surface of macrophage may be required for
targeting the immunogenic protein KMP-11, which eventually
forms pores to facilitate the internalization of leishmania
parasite.

3.3.2. KMP-11 Induced Pore Formation as Evidenced from
the Phase Contrast Micrographs of GUV. As KMP-11 showed
the evidence of strong binding with the membrane, especially
with anionic vesicles, and has an antimicrobial sequence, it
would be interesting to monitor directly the formation of pores
using optical microscopy. Such an experiment would further
validate the pore formation hypothesis and complement the
results obtained from calcein release experiments. For this
purpose, we explored phase contrast microscopy of GUVs
exposed to protein solution. In this method, any change in the
morphology of GUV can be directly visualized without
introducing the fluorescence probe. Therefore, the issue of
alteration of membrane properties or the protein−membrane

Figure 5. Calcein release assay showing the leakage of entrapped
calcein from the LUV composed of PC/PG (4:1). This experiment
has been performed using three different concentrations of KMP-11.
The rate constant of calcein for three different protein concentrations
is shown in the inset of the figure. The typical lipid concentration was
taken as 20 μM.

Figure 6. Phase constant images of GUVs composed of DOPC−DOPG (4:1), which are exposed to 20 μM KMP-11. The protein-to-lipid (P/L)
ratio ∼0.02. The diameter of the vesicle is ∼34 μm.
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interaction due to the presence of fluorophores can be avoided.
We could observe GUV with a good contrast in the halo
region, as vesicles are prepared in a sucrose solution and
diluted with glucose solution. GUV, made from DOPC and
mixtures of DOPC with DOPG, were observed with three
different protein concentrations (5, 10, and 20 μM). GUVs
were prepared in a 100 mM sucrose solution and diluted with a
100 mM glucose solution. Identical concentrations of glucose
and sucrose solutions were used to eliminate any resultant
osmotic stress. Figure 6 shows the time sequence of phase
contrast images of GUV exposed to 20 μM KMP-11 solutions.
GUV images for 5 and 10 μM concentrations of KMP-11 are
shown in Figure S5 (Supporting Information). The halo region
in the GUV image was formed due to the difference in contrast
between the interior and exterior of GUV. Once the pores
were formed on the membranes, we would expect leakage of
internal fluid through the pores. As a result, halo regions were
expected to disappear with time and GUV should look similar
to that without diluting in glucose. The change in the
difference of the gray value (Iptp) of the halo region with time
for DOPC−DOPG (4:1) GUV indicated exchange of fluid
between the interior and exterior of the GUV, leading to the
loss of contrast.
Figure 7a shows that Iptp decreased until GUV, in the

presence of KMP-11, completely lost its contrast in the halo
region. The analysis of phase contrast images to predict the
pore formation has not been described in any of the earlier
studies. It is important to mention that aqueous dispersion of
GUVs in the absence of KMP-11 was found to be very stable
and did not show any variation of Iptp (Figure 7, red circle). In
addition, GUVs prepared from only DOPC did not show any
significant decrease of Iptp when exposed to KMP-11 (Figure

7b). This result clearly indicated the importance of the
negatively charged membrane in the pore formation, which
was found to be consistent with the results obtained from
calcein release experiments.
The prepared GUVs were found to show heterogeneity in

terms of the time they take to start the pore formation process.
As a result, we could not precisely determine the time point
that initiates pore formation for a particular GUV. In addition,
we have also experienced some heterogeneity due to GUV size
variations. As a result, the presented data represented the
average response of several (at least three) GUVs (Figure S6).
Nevertheless, we could unambiguously determine the behavior
of the rate constants for different protein concentrations. GUV
exposed to 5 μM KMP-11 took longer time to form pores, and
complete disappearance of the halo region was obtained at a
much higher time scale compared to one exposed to 10−20
μM KMP-11 (Figure S7, Supporting Information). The change
in Iptp with time was fit to a single exponential decay function
to obtain the time constant (τ) (Figure 7a). The rate constants
for two different concentrations 10 and 20 μM were found to
be 1.2 × 10−3 s−1 (Figure S7) and 0.7 × 10−3 s−1 (Figure 7a),
respectively. For 5 μM KMP-11, we have not observed
significant decrease in Iptp with time. The growth rate (6.4 ×
10−3 s−1) of the calcein release experiment was consistent with
the decay rate obtained from the analysis of phase contrast
images. This differences of the rate constants obtained from
two different experimental techniques could arise due to the
difference in vesicle size, as well as the intrinsic concentration
of KMP-11 in the vicinity of the membrane.

3.3.3. Effect of Cholesterol on the Pore Formation.
Previous studies have already shown that the presence of
cholesterol strongly affects the process of internalization of

Figure 7. (a) Decay of Iptp (peak-to-peak intensity) with time for DOPC−DOPG and (b) DOPC GUVs. The solid line represents the fit, which
was obtained from a single exponential decay. The decay rate constant (τ) was found to be (0.7 ± 0.06) × 10−3 s−1. For comparison, red circles in
(a) have been obtained from GUV without KMP-11.

Figure 8. Calcein release assay showing the leakage of entrapped calcein from the LUV composed of PC/PG (4:1) at (a) 10 mol % and (b) 20 mol
% cholesterol. These experiments have been performed at 20 μM concentration of KMP-11, and the typical lipid concentration was kept as 20 μM.
(c) Peak-to-peak intensity across the halo regions at two different cholesterol concentrations, indicated in the figure legend. GUV containing
cholesterol does not show any significant leakage in microscopy experiments. For comparison, we have again shown the decay curve for 0 mol %
cholesterol.
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parasite into host macrophages.11,14 Therefore, it would be
interesting to know the role of cholesterol in the pore-forming
activity of a protein. Figure 8a,b shows the percentage of
calcein release from the LUV containing different mol % of
cholesterol when exposed to 20 μM KMP-11. The percentage
of calcein release, which was measured by the increase in
fluorescence intensity, decreased significantly with increasing
cholesterol concentration. Further, as a control experiment, we
found no calcein release in the absence of KMP-11 (Figure
8a,b) and 100% leakage was found when LUVs were treated
with triton X-100, and this 100% leakage was used to calculate
the percentage of dye leakage from the LUVs at different
cholesterol percentages. To complement this leakage assay, we
also performed the GUV assay to find out the pore-forming
activity of KMP-11 in the presence of different molar contents
of membrane cholesterol. The phase contrast microscopy
experiment on GUV, containing 10 and 20 mol % cholesterol,
did not seem to show any significant decay of the Iptp across
the halo region (Figure 8c). This result indicated that there
was no significant leakage or exchange of fluid in the presence
of cholesterol, suggesting that incorporation of cholesterol
tends to inhibit KMP-11-induced pore formation.
The driving force of pore formation is the membrane

tension (σ), whereas line tension (γ) around the pore
determines the stability of the pores. Therefore, energetics of
the pore of radius r would be given by Epore = 2πrγ − πr2σ. The
intrinsic scale of membrane tension is determined by the
spontaneous curvature and bending modulus of the mem-
branes, whereas mechanical tension is governed by its
stretching modulus.28 We can argue that the role of KMP-11
would be to create stress, which is equivalent to membrane
tension required for the formation of pore. In addition, these
elastic parameters would change for a membrane containing
cholesterol. However, it is known from the previous literature
that the effect of cholesterol on the membrane tension is not
universal; rather, it depends on the specific architecture of the
lipid building the membrane.29,30 Various experimental
techniques, such as fluctuation spectroscopy, micropipette
aspiration, electrodeformation, etc., are insensitive to give
change in the stiffness of a membrane made from a DOPC−
cholesterol mixture.31 However, it is well known that increase
in cholesterol content leads to a liquid-ordered (Lo) phase
(cholesterol-rich), which has higher rigidity than that of the
cholesterol-poor liquid-disordered (Ld) phase.32 To validate
this, we investigated the fluorescence emission of an environ-
ment-sensitive probe Laurdan. At room temperature, DOPC−
DOPG (4:1) LUVs remain in the Ld phase, which is
confirmed by the emission maximum at 490 nm (Figure 9).
It is clearly evident from Figure 9 that emission spectra get
blue-shifted with increasing cholesterol concentrations. Fur-
ther, GP of Laurdan increases with the increasing cholesterol
content in the vesicles. These results indicate that membrane
rigidity increases with cholesterol. Further, it has been found in
our previous study that the association constant of wild-type
KMP-11 decreases with increasing cholesterol concentration.3

Such a change in the elastic property of the membrane and
decreases in the binding affinity of KMP-11 in the presence of
membrane cholesterol may not facilitate the pore formation
induced by KMP-11.
3.4. Conjecture on the Mechanism of Parasite Entry

and Implications in Leishmaniasis. The present study
describes the pore-forming activity of the protein KMP-11 in
model membranes in view of the understanding of the host−

pathogen relationship in the context of leishmaniasis. While it
is only an in vitro study and the actual disease scenario is
expected to be complex, a simplified understanding of the
parasite entry process (Figure 10) could be hypothesized based
on our present results. As reported in our previous study, an
abundant immunogenic membrane protein, KMP-11, ex-
pressed on the surface of parasite plays a vital role in
modulating membrane properties when binds to the macro-
phage membrane.3 Therefore, this protein helps in the
internalization of parasite for productive infection. In the
present study, we indeed found an efficient binding of KMP-11
onto the membrane, which facilitates pore formation. We
believe that this process may eventually help the parasite to
enter into the host macrophage (Figure 10). A similar
mechanism was found in the case of an antimicrobial
peptide.33 It is established that parasites can translocate via
transmembrane pores for their survival.
It has been reported that cholesterol in the host macrophage

plays a vital role in leishmania infection.34 Therefore,
interaction of KMP-11 with the model membranes is expected
to alter in the presence of cholesterol. We indeed found that
cholesterol affects the pore-forming ability of KMP-11 as found
in both calcein release and optical microscopy experiments.
Further study is required to understand the cholesterol
connection in leishmaniasis.

4. CONCLUSIONS
A systematic investigation on the interaction of KMP-11 with
anionic phospholipid membranes reveals, for the first time, that
KMP-11 is able to induce pores in the anionic phospholipid
membrane. Both the calcein release fluorescence assay of large
unilamellar vesicles and phase contrast microscopy of giant
unilamellar vesicles have been employed to show the leakage of
internal fluid and exchange of fluids, suggesting the formation
of transmembrane pores. The rate of increase in the
fluorescence intensity due to calcein release is consistent
with the rate of decay in intensity across the halo region of
phase contrast micrographs of GUV. We also explored the
pore-forming activity of KMP-11 on the membrane containing
cholesterol. No significant growth of intensity in the calcein
release experiment on LUV containing 10−20 mol %
cholesterol suggests that cholesterol inhibits pore formation
in membranes. Further studies on the interaction of KMP-11
with the negatively charged membranes using fluorescence
spectroscopy and ζ-potential revealed that KMP-11 has a
strong affinity to the membrane. The nature of decay of the

Figure 9. Laurdan emission spectra of DOPC−DOPG (4:1) LUVs
containing 0 mol % (black), 10 mol % (blue), and 20 mol % (red)
cholesterol. The inset shows the generalized polarization (GP) values
of Laurdan obtained from 0, 10, and 20 mol % cholesterol.
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fluorescence intensity of DiI C-18 and decrease in the negative
value of ζ-potential suggest the non-cooperative binding of
proteins. The binding constant obtained from fluorescence
(DiI C-18) decay is in agreement with that obtained earlier in
the case of the DOPC membrane. Based on our results, we
hypothesize that the strong interaction of KMP-11 and its
pore-forming activity toward an anionic membrane may have
implications in the process of internalization of leishmania
parasite into macrophages for parasite survival and replication.
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A B S T R A C T   

NK-2, a peptide derived from a cationic core region of NK-lysin, has emerged as a promising candidate for new 
antibiotics. In contrast to classical antibiotics, antimicrobial peptides target bacterial membranes and disinte-
grate the membrane by forming the transmembrane pores. However, complete understanding of the precise 
mechanisms of cellular apoptosis and molecular basis of membrane selectivity is still in dispute. In the present 
study, we have shown that NK-2 forms trans-membrane pores on negatively charged phospholipid membranes 
using phase contrast microscopy. As bacteria mimicking membranes, we have chosen large unilamellar vesicles 
(LUV) and giant unilamellar vesicles (GUV) composed of negatively charged phospholipid, dioleoyl phosphatidyl 
glycerol (DOPG) and neutral phospholipid, dioleoyl phophatidylcholine (DOPC). Leakage of internal fluid of 
giant unilamellar vesicles (GUV), leading to decrease in intensity in the halo region of phase contrast micro-
graphs, suggests the formation of transmembrane pores. No such reduction of intensity in the halo region of 
DOPC was observed, indicating, neutral vesicles does not exhibit pores. Rate constant reckoned from the 
decaying intensity in the halo region was found to be 0.007 s− 1. Further, significant interaction of NK-2 with 
anionic membranes has been envisaged from zeta potential and dynamic light scattering. Binding free energy and 
other interaction parameters have been delineated using theoretical ansatz. A proliferation of average Size of 
anionic LUV on increasing NK-2 concentration indicates membrane-membrane interaction leading to peptide 
induced large aggregates of vesicles.   

1. Introduction 

Antimicrobial peptides (AMPs) are the unique and diverse group of 
molecules which are part of innate immune response found in all animal 
and human body [1]. They are the host defense peptides and work 
against invading pathogens, such as viruses, fungi, bacteria etc. [2,3]. 
AMPs are known to disrupt the bacterial membranes directly without 
interacting with any specific receptor [4]. AMPs commonly possess 
amphipathic structures and cationic in nature which strongly bind to the 
bacterial membranes. This results in a formation of trans-membrane 
pores which eventually rupture the essential cellular contents by dis-
integrating lipid organization [5]. There are several proposed mecha-
nisms that AMP uses to destroy the cellular membrane (cell lysis) [6]. 
The essential and common feature of these mechanisms is the formation 
of trans-membrane pores [7]. Therefore, foremost study for an AMP 
would to be to investigate the ability to form the transmembrane pores 
in order to gain insights into its antimicrobial activity. This motivates us 
to look at the pore forming activity of a promising peptide NK-2. 

Bacterial membranes are usually negatively charged. Therefore, 
interaction of positively charged AMP with the bacterial membranes 
initiates with the electrostatic attraction. Besides charge, orientation of 
the peptide, the hydrophobicity index plays an important role in 
determining the antimicrobial activity [8,9]. Selectivity of the anionic 
membranes encourages us to use anionic lipid DOPG to prepare bacteria 
mimicking membranes [10]. The implications of AMP as a replacement 
of conventional antibiotics demands that, AMP should be inert to the 
phophatidylcholine (PC) which is the major constituent of the eukary-
otic cellular membrane. Earlier study indeed found that NK-2 does not 
interaction significantly with PC membranes, but exhibit strong affinity 
with PG and PE membranes [9,11,12]. Ideally, one should use PE-PG 
mixture to mimic the composition of bacterial membrane. But unfortu-
nately, such mixture does not form GUV. Therefore, as model system, we 
have taken PC/PG mixture. 

NK-2 is the cationic (charge +10 at physiological pH) peptide with 
27 residues derived from highest density positively charged core region 
of NK-lysin (residues K39–K65) [13]. The high positive charges within 
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the NK-2 promote strong binding to the negatively charged membranes 
[11]. A variety of experimental and simulation studies have surmised 
the formation of transmembrane pores as the prerequisite of antimi-
crobial activity. For example, fluorescence leakage experiments of 
Magainin 2 [14], optical microscopy along with micropipette aspiration 
of giant unilamellar vesicles [15] in the presence of Melittin clearly 
show the evidence of pores. The formation of transmembrane pores is 
the consequence of increase in membrane tension induced by AMP 
leading to a membrane thinning effect [16]. Recently the stretch acti-
vated stable pores are reported in Magainin − 2 [17]. The kinetic process 
involving the interaction of AMP with the membrane can directly be 
visualized in giant unilamellar vesicles (GUV). Previous studies have 
shown that the onset of activity of pore formation occurs above a 
threshold lipid to peptide ratio (~70 for melittin) [15,16]. This 
threshold seems to be different for different peptide. 

Previous study of NK-2 by Olak et al. [18], have shown that NK-2 
adopts unordered random coiled conformation when dissolved in 
different aqueous solutions. However, it adopts α helical conformation 
in the presence of negatively charged amphiphiles. The electrostatic 
interaction between positively charged residues of the peptide with the 
negatively charged head group of amphiphiles are responsible for the 
conformational transition from random coil to helix [18]. As already 
established that the NK-2 can be used as therapeutics to kill malaria 
parasite Plasmodium falciparum [19]. It also shows activity against 
Escherichia coli [20] and preferentially kills cancer cells [9]. Further, low 
toxicity towards human cells [21] is a great advantage for the devel-
opment of antibiotics. Therefore, NK-2 derived from the natural killer 
cell NK-lysin is expected to have a potential for therapeutic applications 
for the replacement of conventional antibiotics. 

Different AMP seems to follow different pathways to create trans- 
membrane pores. Therefore, in spite of a large number of attempts, 
mechanism of trans-membrane pore formation is still poorly under-
stood. Although, several mechanisms such as barrel-stave’, ‘carpet’ or 
‘toroidal-pore have been proposed in the literatures [4], detailed un-
derstanding the adverse effect of AMP on bacterial membranes needs to 
be elucidated. Molecular electroporation was proposed as the mecha-
nism of membrane pore formation, induced by NK-lysin. [6]. Recent 
computer simulations have successfully employed in order to under-
stand and gain insights into the underlying mechanics of antimicrobial 
activity [22,23]. A comparison between the free energy transfer of NK-2 
from DOPC to DOPG (− 56 KJ/mol) and from DOPC to DOPE (− 10 KJ/ 
mol) suggested the binding affinity of NK-2 in the order DOPC < DOPE <
DOPG [22]. This finding was also verified by our recent experimental 
findings [11]. Such trend of binding affinity also indicates high selec-
tivity of prokaryotic than Eukaryotic cells. Although the major contri-
bution to the free energy of interaction is enthalpic, the significant 
entropic contribution arises due to release of counter ions as well as 
orientation of peptides as evidenced from the decrease in area per 
molecules and increase in the order parameter of hydrocarbon chains 
[23]. 

In our previous study, we have discussed interaction of NK-2 with 
lipid membranes of different composition in view of understanding the 
effect of composition on the antimicrobial activity [11]. Although it has 
been known from the previous studies that the NK-2 interact strongly 
with the negatively charged membrane and can be a potential candidate 
for the replacement of conventional antibiotics, there is no direct evi-
dence of pore formation in this system. Therefore, the present study 
attempts to observe membrane permeabilization due to pores on the 
membrane induced by NK-2 using optical phase contrast microscopy. 
We have chosen model systems, composed of DOPG and mixtures of 
DOPG with DOPC. These lipids also show fluid phase at room temper-
ature (25 ◦C). We have used giant unilamellar vesicles to observe the 
evidence of transmembrane pores. As PC-PG mixture is used for GUV 
preparation for phase contrast microscopy experiments, it is always 
good to show the interaction of these mixture with NK-2 and some 
theoretical aspect to illustrate the free energy transfer. Therefore, we 

have also investigated the interaction of NK-2 with negatively charged 
membranes in the form of large unilamellar vesicles using DLS, zeta 
potential. Binding free energy and effective peptide charge have been 
estimated using theoretical ansatz. 

2. Materials and methods 

2.1. Materials 

Dioleoyl Phosphatidylcholine (DOPC) and Dioleoyl Phosphatidyl- 
glycerol (DOPG) were purchased from Avanti Polar Lipids and peptide 
NK-2 (KILRGVCKKIMRTFLRRISKDILTGKK-NH2) from WITA GmbH, 
Berlin, Germany. They were used without further purification. 

2.2. Preparation of unilamellar vesicles 

2.2.1. Preparation of LUV 
A required amount of phospholipid in chloroform (10 mg/mL) has 

been transferred to a 10 mL glass vial. The solvent was removed by 
gently passing nitrogen gas on the wall of the glass vial. The traces of the 
solvent was then removed by keeping the glass vial for couple of hours in 
a vacuum desiccator. This procedure leads to the formation of a thin 
dried lipid film on the wall of the vial. 2.5 mL of 1 mM HEPES (pH 7.4) 
was added to the dried lipid film and the final desired concentration was 
obtained. Multilamellar vesicles (MLV), prepared by vortexing of hy-
drated lipid film for about 30 min, were extruded successively through 
polycarbonate membranes having pore diameters of 400, 200 and 100 
nm using LiposoFast-Pneumatic from AVESTIN (Canada). This results in 
a formation of LUV of diameter ~ 100 nm. The average size of the 
vesicles was measured by dynamic light scattering. Vesicles prepared in 
this method are fairly monodisperse, as indicated by the polydispersity 
index obtained from the width of the distribution. A range of concen-
tration of NK-2 from 0 to 100 μM was used in experiments. Final con-
centration of NK-2 present in the membrane in terms of molar ratio of 
NK-2 to lipid is important and is discussed in the results and discus-
sion section. 

2.2.2. Preparation of GUV 
GUV were formed in 100 mM Sucrose prepared in 1 mM HEPES (pH 

7.4) buffer using electroformation, as described by Pott et al. [24]. In 
brief, 2 mM LUV suspension, prepared by extrusion method, was 
deposited on both the ITO glasses as few small droplets. These droplets 
were allowed to dry overnight in a closed chamber containing saturated 
solution of NaCl. This is to avoid complete drying of the droplets. The 
hydration of these droplets facilitates electroformation process. Elec-
troformation chamber was made using Teflon spacer of thickness ~ 2 
mm. Chamber was filled with 100 mM sucrose solution prepared in 1 
mM Glucose using disposable syringe. An alternating voltage of 1–2 
Volts (peak to peak amplitude) and 10 Hz frequency was applied to the 
chamber for a couple of hours. The average diameter of the GUV ob-
tained was 20–100 μm. GUV were diluted in 100 mM Glucose, prepared 
in 1 mM HEPES (pH 7.4), for observation. GUV were also prepared from 
the lipid in a chloroform solution following the conventional electro-
formation method [25] for the preliminary experiments on Magainin 2. 
In this case, the chloroform solution of phospholipids instead of LUV was 
deposited onto the both conducting side of ITO electrodes. Solvent was 
allowed to evaporate and then kept the lipid deposited ITO glass in 
vacuum desiccator connected to a vacuum pump for couple of hour in 
order to remove the traces of the solvent. Now electroformation cham-
ber was made using Teflon spacer and rest procedure is same as 
described above. 

2.3. Experimental techniques 

2.3.1. Measurement of zeta potential and size distributions using DLS 
The zeta potential and average size of LUV have been determined 
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with a Zetasizer Nano ZS from Malvern Instruments, UK. The instrument 
uses 2 mW He–Ne Laser of wavelength 633 nm to illuminate the sam-
ple. In DLS experiment, back scattered light at an angle of 173o is 
detected. A digital signal processing correlator measures the intensity 
fluctuations of scattered light to obtain intensity autocorrelation func-
tion G(τ). The rate of decay of intensity auto-correlation function G(τ) 
was fitted to an exponential decay [G(τ)~ exp (− q2Dτ)] to determine the 
diffusion constant D. Average hydrodynamic radius a of the LUV was 
estimated from the Stokes-Einstein relation a = KBT

6πηD. KB is the Boltzman 
constant and T being the absolute temperature. 

Zeta potential, ζ is measured from the electrophoretic mobility (μ) by 
laser Doppler velocimetry. The following Helmoltz-Smolushowski 
equation was used to determine ζ [26]. 

ζ =
3μη

2ϵf (κa)
(1) 

Where, η and ϵ are the coefficient of viscosity and the permittivity of 
the aqueous medium, respectively. In this study, the zeta potential is 
estimated from the Smoluchowski approximation, in which the Henry 
function f (κa) takes its maximum value 1.5. The mean zeta potential 
and size of LUV were obtained from three successive measurements. 
Each measurement includes 100 runs. Same cuvette is used for both zeta 
potential and DLS measurements. All experiments were performed at 
room temperature (25 ◦C). 

We now present a theoretical description of the interaction in terms 
of binding free energy, binding constant and other binding parameters 
pertaining to the system. The minimal and maximal values of the zeta 
potentials were used to infer binding free energies for NK-2 using the 
following ansatz. 

Theory: The overall binding free energy, ΔGapp denoted as apparent 
binding free energy for a given lipid composition, is given by 

ΔGapp = ΔGel + ΔGint (2)  

where, ΔGel is the electrostatic and ΔGintthe intrinsic binding free en-
ergy. The intrinsic binding free energy presumably arises from the 
amphiphilic nature of the peptide and the lipids leading to binding af-
finity via the hydrophobic effect. The electrostatic binding free energy is 
given by 

ΔGel = qpζ (3) 

Where, ζ is the zeta potential and qp be the effective peptide charge 
which is the charge of the bare peptide (qP = + 10 e) minus the charge of 
the counterions released upon peptide binding. Therefore, we require to 
determine the effective peptide charge qp. As ΔGel and hence, ΔGapp, 
depend on ζ which varies with peptide concentration, cP, both free en-
ergies also depend on cP. As the liposomes are negatively charged and 
the peptide is cationic, the binding affinity will be highest in the limit of 
low peptide concentrations, that is, the values of ΔGel and ΔGapp are 
lowest in the limit cP → 0. The value of ΔGapp in this limit denoted as 
ΔGapp, 0 obeys 

ΔGapp,0 = qpζ0 + ΔGint. (4) 

This quantity is denoted as standard binding free energy. It is a 
measure for the affinity of NK-2 to membranes with a given lipid 
composition in the limit of low peptide concentrations where, inter-
molecular interactions between different NK-2 molecules can be 
neglected (dilute peptide concentrations). 

The experiments show that for increasing peptide concentrations, the 
zeta potential increases and eventually becomes positive. If ζ > 0 also 
the electrostatic binding free energy is positive. The maximal surface 
coverage by the cationic peptides, indicated by the plateau in the zeta 
potential at the maximal value ζmax is reached when ΔGapp = 0, hence 
qpζmax + ΔGint = 0, i.e. 

ΔGint = − qpζmax (5) 

This implies ΔGint < 0 as we indeed find in the present study. The 
maximal surface charge, σmax is inferred via the Grahame or Gouy 
equation, 

σmax =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
8εwϵ0RTCion

√
sinh

(
eζmax

2KBT

)

(6)  

where εw = 80 denotes the relative dielectric permittivity (or dielectric 
constant) of water, ϵ0 the relative dielectric permittivity of vacuum, R (=
8.31 J. K− 1. Mol− 1) is the universal gas constant, KB (= 1.38 × 10− 23 J/ 
K) is the Boltzmann constant, and T = 300 K the absolute temperature. 
Cion being the concentration of ions present in the electrolyte. Here we 
approximate the surface potential by zeta potential. This is a good 
approximation at low peptide concentration. It is assumed that's surface 
charges are smeared uniformly over the entire membrane surface and 
solvent is treated as continuous medium of fixed dielectric constant. 
Although use of Gouy Chapman theory underestimate the membrane 
association for high peptide concentration and overestimate due to 
adsorption of multivalent ions on the membrane, we could estimate the 
order of magnitude of maximal surface charge [27,28]. From σmax the 
surface charge due to the membrane-bound peptides, σP is estimated 
from 

σP = σmax − σ0 (7) 

Here, σ0 is the surface charge at peptide-free conditions which is 
estimated from ζ0 using Eq. (6), replacing σmax by σ0 and ζmax by ζ0. 
From σ0, the surface charge from membrane-bound counterions, σI is 
estimated via 

σI = σ0 − σL (8) 

Here, σL denotes the surface charge from the lipids. For pure DOPG, 
σL is given by σL = − e

aL 
where aLdenotes the average area per lipid. The 

area per lipid for pure DOPC and DOPG was determined from the MD 
simulations [29], yielding aL, PC = 0.73 nm2 for DOPC And aL, PG= 0.65 
nm2 for DOPG [30]. The average area per lipid for the 4:1 DOPC/DOPG 
mixture, aL, mix was determined from aL,mix =

4 aL,PC+aL,PG
5 . The surface 

charge from membrane-bound counterions is σI = α e
aL

, where α denotes 
the fraction of lipids binding a counterion, i.e., α = σ0 − σL

σL
. Hence, the 

charge of counterions released upon peptide binding, qI, is estimated via 

qI = α e nL (9) 

Here, nL is the number of lipids covered by a membrane-bound 
peptide as determined from. 

nL = aP
aL

, where aP denotes the area of the peptide. To estimate aP, we 
consider that NK-2 when bound to a membrane is α-helical and that an 
α-helix has a thickness of d = 0.54 nm and a length of l = 0.15 nm times 
the number of residues, N, which is N = 27 here. Assuming that the helix 
is parallel to the membrane surface in agreement with the experimental 
observation by Olak et al. [18], the peptide thus covers a membrane area 
of aP = dlN = 2.2 nm2 From qI, the effective peptide charge is obtained 
via 

qp = qP − qI (10)  

2.3.2. Phase contrast optical microscopy 
Phase contrast microscopy was performed with a DMi8 inverted 

microscope from Leica. Observation chamber consists of a glass slide 
with rubber spacers. Appropriate amount of NK-2 solution from the 50 
μM stock solution in HEPES buffer was added to 200 μl of Glucose and 
uniformly mixed. Final NK-2 concentration was ~1–2 μM. 10–20 μl of 
GUV suspension was added to the chamber. The chamber was then 
closed immediately for observation under phase contrast microscope. In 
the present experiment, it is not possible to determine the exact NK-2 to 
lipid molar ratio. However, we can roughly estimate the NK-2/lipid. For 
example, if we introduce 10 μl of diluted GUV solution (~ 0.1 mM) to 
the chamber containing 100 μl of 1 μM NK-2 solution, the final NK-2/ 

A. Halder and S. Karmakar                                                                                                                                                                                                                  



Biophysical Chemistry 282 (2022) 106759

4

lipid (molar ratio) becomes 0.1 (Number of moles = molar concen-
tration× volume in litre). Response of individual GUV when exposed to 
the peptide solution was continuously recorded with time using a CCD 
camera. 

Images were analyzed using image analysis software, ImageJ. A 
straight line was drawn across the GUV to obtain an intensity profile 
(Fig. 1). Peak to peak intensity (Iptp) across the halo region is calculated. 
Average Iptp is obtained from the several line profiles across the GUV, as 
described in our recent paper [31]. The time in second versus Iptp was 
plotted in order to observe any significant change in the intensity profile 
of the GUV. 

3. Results 

We have used two types of model membranes, namely large uni-
lamellar vesicles (LUV) and giant unilamellar vesicles (GUV) in order to 
obtain some insights into the specific interaction of the NK-2 with the 
membranes and pore formation activity, respectively. Direct evidence of 
pores induced by NK-2 has not been reported by any of the earlier lit-
eratures in this system. The formation of pores is the consequence of the 
strong affinity towards the anionic membranes [11,32]. Therefore, it is 
important to discuss how the electrostatic and thermodynamic 

properties of the membranes get modified upon adsorption of the NK-2. 
As NK-2 interacts with negatively charged membranes significantly 
[11], we have used negatively charged phospholipid DOPG and mixture 
of DOPC and DOPG at 4:1 for preparing both LUV and GUV. Before we 
present our phase contrast microscopy results to show the evidence of 
pores, it is important to delineate the interaction of NK-2 with 
membrane. 

3.1. The membrane-membrane interaction induced by NK-2 

Size distribution of LUV, made from DOPG and DOPC-DOPG 
mixture, has been measured before and after the interaction of NK-2 
using dynamic light scattering (DLS). DLS technique can, in principle, 
provide the evidence of membrane-membrane interaction induced by 
NK-2. Fig. 2 shows the size distribution of LUV exposed to NK-2. The 
extrusion of MLV gives the average diameter of the vesicle ~100 nm. As 
the NK-2/lipid (molar ratio) is increased, the size of LUV increases 
gradually and eventually sample exhibits high value of average size as 
well as large polydispersity. This result suggests the formation of large 
aggregates due to membrane-membrane interaction (Fig. 2). The pro-
cess of aggregation is also evident from the high degree of fluctuations 
near the tail of the auto correlation curve. Further, the appearance of 

Fig. 1. Determination of the peak-to-peak intensity (gray value), Iptp, across the halo region of the phase contrast micrograph of GUV. Average Iptp was obtained by 
taking average of at least three such line profiles. 

Fig. 2. Size distribution of LUV in the presence of NK-2. The increase in the size 
distribution is interpreted as the aggregation of vesicles induced by NK-2, as 
shown in schematic picture in the figure. The error bars in the Fig. 2 represent 
the width of the distribution which is a measure of polydispersity of LUV. 

Fig. 3. Zeta potential of phospholipid LUV at various NK-2 to Lipid molar ratio. 
Charge neutralization occurs at lipid to NK-2 ratio for DOPG ~6 and for DOPC- 
DOPG ~30. Solid lines are intended only as guides to the points. Error bars 
indicate the width of the distribution profile of zeta potential. 
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turbid vesicle solution at a larger NK-2/lipid supports the evidence of 
aggregates induced by NK-2. The increase in size distributions of LUV 
due to binding of NK-2 is a consequence of stronger affinity of NK-2 
towards negatively charged membranes. As found in our earlier study 
that NK-2 does not exhibit significant interaction with the PC mem-
branes [11]. It is indeed desirable for an AMP not to interact with the PC 
membranes, as it is the major component of eukaryotic cells. 

3.2. Binding affinity of NK-2 with negatively charged membrane as 
determined from zeta potential 

The ζ was obtained from LUV dispersion prepared from DOPG and 
DOPC-DOPG (4:1) mixture before and after introducing peptide. As 
illustrated in Fig. 3, ζ increases with increasing NK-2 to lipid molar ratio 
(NK-2/L). This is an expected result, as found for any other cationic 
peptide interacting with negatively charged membrane [33]. The charge 
neutralization occurs at L/NK-2–6 and 30 for DOPG and DOPC-DOPG 
mixture, respectively. Therefore, charge neutralization ratio of DOPC 
to DOPG membrane is 4:1. As DOPC is present in the mixture at 4:1, it is 
expected that charge neutralization should also happen at the similar 
ratio as DOPC possesses no charge. In other word, this difference is due 
to the fact that charge neutralization occurs with the amount of charge 
present in the membrane, i.e., with respect to charge lipids. Interest-
ingly, the value of ζ continues to increase even after charge neutrali-
zation, which is known as over charge compensation. Therefore, the ζ 

was found to exhibit its saturation value, indicating overcharge 
compensation, at different NK-2/L for PG and mixture of PC-PG vesicles. 
The overcharge compensation at different zeta values suggests the sig-
nificant contribution of entropy besides electrostatic interaction as dis-
cussed in our previous paper [11]. It is important to mention that 
hydrophobic interaction is entropic in origin arising mainly due to 
conformational and orientational change of peptide and release of water 
molecule upon adsorption of peptide. The effect of hydrophobic inter-
action was also revealed from the endothermic heat contribution to the 
isothermal titration calorimetry traces [11]. 

We have estimated binding free energies and other binding param-
eters from the minimal and maximal values of the zeta potential dis-
cussed in the theory (Section 2.3.1). The results of our analyses for the 
two different lipid compositions are listed in Table 1. The relative 
standard binding free energy for DOPG is ΔΔGDOPG= − 35 (±) 13 kJ/mol. 

It was suggested by previous studies of various AMP that antimi-
crobial activity is accompanied by the formation of trans-membrane 
pores in the phospholipid vesicles [15,17]. Experiments of LUV, dis-
cussed above, do not reveal pore formation activity directly. Therefore, 
it is desirable to look at GUV, exposed to NK-2 in-order to obtain com-
plementary information of the system studied here. We have avoided in 
incorporating any fluorescence dye into the membrane, as the interac-
tion of AMP with membranes might be affected by fluorescence dye. 

Table 1 
Minimal and maximal zeta potentials observed experimentally, ζ0 and ζmax,and quantities hence inferred. σ0: the surface charge at peptide-free conditions; σmax : the 
maximum surface charge density; qp: the effective peptide charge; ΔGint:the intrinsic binding free energy; ΔGapp, 0: the total standard binding free energy.  

Lipids Zeta potential (mV) Surface charge (C/m2) Effective peptide Charge qp (e) Binding free energies KJ/mol 

ζ0 ζmax σ0 σmax ΔGint ΔGapp, 0 

DOPG − 61 ± 18 47 ± 8 − 5.5 × 10− 3 3.8 × 10− 3 6.69 − 36 − 75 
DOPC/DOPG 

(4:1) 
− 43 ± 20 30 ± 11 − 3.5 × 10− 3 2.3 × 10− 3 7 − 20 − 59  

Fig. 4. (a–i) Microscopy images of GUV (diameter = 48 μm), made from DOPC-DOPG (4:1) mixture, exposed to 0.45 μM NK-2. Numbers, below the images, indicate 
time sequence in second at which images are captured. This is a direct visualization of membrane leakage induced by NK-2 due to pore formation without perturbing 
membrane with any fluorescence dye. (j) Kinetic of pore formation obtained at Cnk2 = 0.45 μM (△) and Cnk2 = 1.3 μM (▽). Diameters of GUV in these two Cnk2 are 
24 μm and 48 μm, respectively. For comparison kinetics of DOPC GUV(diameter 22 μm), exposed to NK-2 at Cnk2 = 0.45 μM, is shown in (k). Rate constantk, obtained 
from the fit to exponential decay function (Indicated by solid lines) were 0.007 and 0.03 Sec− 1 for Cnk2 = 0.45 and 1.3 μM, respectively. Iptp, indicated by circles (●) 
are obtained from GUV, having no density contrast between interior and exterior of it. Iptp indicated by diamond (◊) show GUV without exposed to NK-2, but having 
contrast between interior and exterior of it. Error bars are standard deviations of three independent measurements of Iptp in a single GUV. 
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3.3. Observation of trans-membrane pores (microscopy results) 

Phase contrast microscopy on GUV has been performed in order to 
visualize directly the antimicrobial activity of NK-2 and also to obtain 
complementary information on the results obtained from DLS and zeta 
potential measurements. Previous studies of some other AMP have re-
ported the evidence of transmembrane pores using fluorescence leakage 
[34] and micro-pipette aspiration [15]. We have avoided incorporating 
any fluorescence dye into the membrane, as the interaction of AMP with 
membranes might be affected by fluorescence dye. GUV, made from 
DOPC and mixtures of DOPC with DOPG at 4:1, were observed with 
three different Cnk2 (1.3, 0.9, 0.45 μM). Pure DOPG did not seem to form 
GUV. The tendency to adhere the negatively charged lipid into the 
positive electrode might prevent the swelling of lipid film, which may 
not facilitate the formation of GUV [35]. Therefore, we have not used 
pure DOPG for GUV formation. The halo region of phase contrast images 
appears due to mismatch of refractive indices between interior (Glucose) 
and exterior (Sucrose) of the GUV. Therefore, there will be contrast in 
the intensity gray value across the halo region. If NK-2 forms pores in the 
membranes, we would expect leakage of internal fluid through the 
pores. Therefore, halo regions are expected to disappear (contrast loss) 
with time and GUV should look similar to that without diluting in 
glucose. Experiments on GUV, exposed to NK-2, show direct evidence of 
formation of trans-membrane pores. Fig. 1 shows the calculation of peak 
to peak intensity (Iptp) in the halo region of the phase contrast micro-
graph of GUV. Change in the difference of the gray value (Iptp) of the halo 
region with time for DOPC-DOPG (4:1) GUV, as shown in Fig. 4 (a–i), 
indicate leakage of internal fluid, leading to the loss of contrast. Iptp 
decreases until GUV completely loses its contrast in the halo region. We 
have compared Iptp between GUV, exposed to NK-2 and GUV without 
NK-2, but the interior and exterior regions contain the same glucose 
solution. (Fig. 4j). This behavior is attributed to the fact that pores are 
large enough to permeate the sucrose and glucose molecules and fluids 
between the interior and exterior of the GUV, leading to loss of contrast 
in the halo region. Pores are not found to be transient, as contrast loss 
across the halo region of GUV remain stable with time. If it would have 
been transient pores, one would not expect such contrast loss due to 
exchange of fluids as time scale of pore fluctuations is much faster than 
rate of exchange or diffusion of large size molecules, like glucose or 
sucrose. Since we have looked at an average response of many GUV, 
exposed to NK-2, it was not possible to determine the exact ratio of NK- 
2/L. However, rough estimation yields NK-2/L = 0.05 to 0.1 where, zeta 
potential already show saturation. Previous isothermal calorimetric 
study also exhibit saturation of heat signal at these NK-2/L [11]. 
Different GUV seems to take different time to initiate pore formation. 
Therefore, we cannot precisely determine the time point to initiate pore 
formation for individual vesicle at different Cnk2, as the average 
response of many GUV was obtained in our study. However, we can 
unambiguously determine the behavior of the rate constant (k) for 
different Cnk2. Decaying part in Fig. 4j (j) was fitted to exponential decay 
in order to estimate k. For 0.45 μM of NK-2, k was found to be 0.007 s− 1. 
For Cnk2 = 0.9 and 1.3 μM, k were obtained as 0.01 and 0.03 Sec− 1 

respectively. Therefore, Iptp (Fig. 4) decreases much faster at higher Cnk2 
than that of lower Cnk2. We did not seem to observe any significant 
change in size of GUV with time. GUV does not show any significant 
change in Iptpwith time in the absence of NK-2 (as shown by a diamond 
symbol in Fig. 4 j). GUVs, made from DOPC do not show significant 
decrease in Iptp in the presence of NK-2, indicating NK-2 does not form 
pores on these membranes. This behavior is supported by the fact that 
NK-2 has very weak binding affinity to PC, which is consistent with the 
results obtained from zeta potential [11]. 

It is clear from our observation (Fig. 4) that NK-2 modifies the 
permeability of the membranes, which is in agreement with previous 
studies of similar system [16,34,36]. Leakage of internal fluid, leading to 
decrease in Iptp suggests the formation of transmembrane pores in DOPC- 
DOPG GUV (Fig. 4 a–i and j). No significant change in Iptp as shown in 

Fig. 4j (k) for DOPC, suggests that NK-2 has no significant influence on 
PC vesicles, in contrast with other AMP, such as melittin [16] and 
Maculatin [34]. 

4. Discussion 

The results of zeta potential along with DLS clearly reveal that 
interaction of NK-2 with membranes is primarily driven by electrostatic 
interaction. Therefore, NK-2 has a stronger affinity towards the nega-
tively charged lipids. This is indeed an essential requirement for an AMP 
to exhibit antimicrobial activity. It is interesting to mention that no 
significant effect was found in the gel phase of DPPC as reported by 
Willumeit et al. [12]. Further, NK-2 has no considerable influence even 
on fluid phase of POPC as revealed by x-ray scattering and Fourier 
transform infra-red spectroscopy. We indeed have found in our previous 
study that NK-2 has no significant effect on neutral lipid DOPC [11]. NK- 
2 with membrane is primarily governed by electrostatic attraction, it is 
expected that NK-2 would have very little effect of no influence on the 
neutral membrane. Therefore, it is inappropriate to compare earlier 
results on neutral membrane with our zeta potential of the anionic 
membranes. Our analysis of experimental results are in agreement with 
the simulation study by Knetch et al., where they showed the stronger 
affinity of negatively charged vesicles and also estimated the binding 
free energies of transfer of NK-2 on the membrane [22]. The decrease in 
maximal surface charge membrane and concomitant decrease the free 
energy in DOPC-DOPG membrane suggests that presence of PC inter-
action becomes much weaker. Further previous study already estab-
lished that NK-2 does not exhibit significant interaction with the DOPC 
membranes. This study implicates that NK-2 primarily interacts with the 
negatively charged membranes which is indeed the pre-requisite for 
antimicrobial activity. Therefore, the difference in composition of the 
membrane helps NK-2 to discriminate the bacterial membrane from the 
eukaryotic cells. 

Besides electrostatic contribution, hydrophobic interaction as well as 
the increase in membrane tension due to adsorption of NK-2 on the 
membrane play a significant role in antimicrobial activity. Although we 
have not explored effect of hydrophobicity and membrane tension in 
this study, we could as well hypothesize that the role of these parameters 
in the context of antimicrobial activity of NK-2 would also be similar as 
in the case of other alpha helical cationic peptides [17,37,38]. Further, 
we have reported earlier the significant entropic contribution of the NK- 
2 membrane interaction, suggesting the hydrophobic interaction be-
tween the hydrophobic part of NK-2 and hydrophobic core of the 
membranes [11]. 

Phase contrast microscopy experiments on GUV show evidence of 
transmembrane pores in anionic membranes. The time scale involved to 
initiate the pore formation process for various Cnk2 was difficult to 
conclude in the present study, as Iptpwas found to decrease at different 
time for various GUV at a given Cnk2. The difference in amount of PG in 
each GUV could result such behavior, as NK-2 mainly interacts with PG. 
A slight variation of Cnk2 in different parts of the sample, pore size, size 
of GUV are also key factors in determining the time scale involved in the 
process of pore formation. Dependence of k with the Cnk2 was derived at 
three different Cnk2. Larger k at higher Cnk2 (Fig. 4 (j)) can be a result of 
larger pore size or larger number of pores than that of lower Cnk2. 
Structure and charge of AMP might have an important role in deter-
mining the time scale involved in the process of pore formation. 

Recent experiments on non-labelled antimicrobial peptide PGLa 
suggest the translocation of peptide without pore formation [39]. 
However, previous literatures also suggest that PGLa forms trans-
membranes pores [40,41]. Further, a computer simulations at all- 
atomistic level reported that individual peptide spontaneously trans-
locate across the membrane without forming pores [42]. Such trans-
location begins with tilting of individual peptide and finally deep 
insertion in the membrane core occurs due to interaction three peptide 
in mutual contact. This process facilitates the opening of transient water 
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channel through which peptide enters into the lumen of GUV. In the 
present study we could rule out this possibility as the contrast loss of 
GUV remains stable. Further, aggregation of vesicles due to membrane 
–membrane interaction in the presence of peptide, as evidenced from 
DLS study supports the fact that the leakage induced by NK-2 is indeed a 
collective phenomenon. Therefore, it is unlikely that NK-2 will trans-
locate without pore formation. In order to validate and complement our 
conclusion on pore formation, we have also looked at GUV in the 
presence pore forming peptide magainin 2. In preliminary experiment 
we have found similar exchange of fluid between interior and exterior of 
GUV (Fig. 5). As it is well established that magainin 2 forms trans-
membrane pores [16,17]. As we have observed similar contrast loss, as 
in the case NK-2, we expect that contrast loss is due to pore formation 
and not due to any other process, reported in some simulation study 
[42]. 

It is clearly evidenced from the zeta potential results that the stronger 
electrostatic interaction along with some entropic contribution to the 
binding of NK-2 to the membrane. It is important to mention that the 
zeta potential measurements are blind to provide the information on the 
translocation of NK-2 from outer leaflet to the inner leaflet of the bilayer, 
leading to change in binding isotherm. Further, vesicles, as impermeable 
charged sphere, assumed in the zeta potential analysis was also not able 
to capture the translocation feature of the NK-2. However, we proposed 
a mechanism of action that NK-2 may translocate through trans- 
membrane pores as evidenced from the change in the binding 
isotherm obtained from isothermal titration calorimetry [11]. Previous 
study have shown that transfer of NK-2 into the membrane results in an 
increase in area per molecule and hence increases membrane tension 
[15,16]. Although simulation study did not predict the tension induced 
pores, the micropipette experiments on another AMP, such as, melittin 
showed increase in membrane tension upon melittin adsorption on the 
membrane [15]. We believe that NK-2 also increases the membrane 
tension, as the structure is very similar to the melittin. 

5. Conclusion 

We have explored pore formation activity of the anionic phospho-
lipid membrane induced by an antimicrobial peptide NK-2. The charge 
driven interaction, as envisaged by zeta potential of the membrane, has 
been analyzed in details. The binding free energy, effective surface 
charge due to release of counter ion have been estimated from the 
minimal and maximal zeta potential. Phase contrast optical microscopy 
experiment on GUV reveals the formation of trans-membrane pores. 
Further, DLS study shows high value of hydrodynamic diameter, sug-
gesting the aggregates of the LUV. The turbid solution appearing at 
higher NK-2 to lipid ratio conforms the disruption of the LUV. Therefore, 
DLS results along with the evidence of pores on these membranes in the 

present study implies antimicrobial activity of NK-2. We compare pore 
formation in negatively charged membrane with neutral membrane. 
This study suggests that interactions of NK-2 with lipids are mainly 
governed by negatively charged lipids which are major constituents of 
the bacterial membranes. As neutral lipid, such as phosphatidylcholine 
(PC) is a major constituent of eukaryotic cell membranes, it is indeed an 
important and necessary prerequisite that NK-2 should not interact with 
PC significantly in order to reinforce the development of peptide anti-
biotics. It is important to mention that pore formation in the membrane 
are not always associated with the cell death. However, cell death by 
antimicrobial peptides are known and well establish fact that peptide 
induced pores before disintegrate of cellular content. 
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