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ABSTRACT 

The cholesterol condensing effect in DOPC bilayer was investigated via atomistic 

molecular dynamics (MD) simulation. The calculated partial-specific areas of lipids in 

DOPC/cholesterol lipid bilayer clearly show the condensing effect of cholesterol. The 

results showed that the total area of a PC/cholesterol bilayer is primarily determined by 

the molecular packing in the cholesterol sterol ring region. An alternative analysis of area 

per molecule within this region is proposed, which takes into account the cholesterol tilt 

angle and the practical incompressibility of cholesterol sterol rings. The new calculation 

shows that the majority of the area lost due to the cholesterol condensing effect is taken 

from PC molecules.  

MD simulation was also used to study the interactions between DAG, POPC, and 

cholesterol. Our results show that both DAG and cholesterol produce some very similar 

effects in POPC bilayers: increasing acyl chain order and bilayer thickness, reducing 

volume-per-lipid, and decreasing lateral diffusion of molecules. More significantly, DAG 

also produces a strong “condensing effect” in PC bilayers. In comparison, cholesterol is 

more effective than DAG in producing the above effects. Interestingly, our simulations 

also show that the largest spacing usually occurs between the first and the second nearest-

neighbor PC headgroups from a DAG due to the umbrella effect.  

In another studies, the docking of PKCα-C1 and PKCβ-C2 domains to 

POPC/POPS/POG lipid bilayers were investigated using MD simulation. In the systems 

that contain PKCα-C1 domain, the domain only docks to a lipid bilayer that contains 

POG. This docking is accommodated with significant conformational changes in the 

PKCα-C1 domain structure. The docking of PKCα-C1 domain to lipid bilayers 

containing POG shows a high specificity of PKCα-C1 domain toward diacylglycerol. On 

the other hand, the PKCβ-C2 domain adapts a parallel configuration when it docks to the 

lipid bilayer in the absence of POG; however, at the presence of POG, it adapts a 

perpendicular configuration. Furthermore, PKCβ-C2 domain shows no significant 

conformational change during the docking, which agrees with the experimental studies.  
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CHAPTER ONE 

1. INTRODUCTION 

1.1 Background 

Membrane. Biological membranes consist of lipids, proteins, and carbohydrates. 

Figure 1.1 shows the basic unit of the membrane which is the bilayer. Bilayer is formed 

by lipids organized in two layers with their polar headgroups along the two surfaces and 

their acyl chains forming the nonpolar domain in between. Integral membrane proteins 

are embedded in the lipid bilayers, which cannot be removed without disturbing the 

membrane.
1,2

 

 

Figure 1.1 Membrane component.
2
 

Membranes are responsible for the selective permeability of cell envelopes that 

enables cells to take up many nutrients and exclude most harmful agents. The 

permeability is determined by both lipid and protein component of membranes. Proteins 

in the membrane make channels and transporters for ions and hydrophilic substances. 
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Membrane is a very dynamic structure with constant activity on the surface as well as 

constant movements in the bilayer. The fluid nature of the membrane comes from the 

lateral movement. This movement enables interactions among proteins and between 

proteins and lipids to provide temporal associations that are important to membrane 

functions. 

Lipids. Lipids found in biomembrane are divided into three main classes of lipids, 

which are glycerophospholipids (or phospholipids), sphingolipids, and sterols and linear 

isoprennoids. The backbone of membrane phospholipids is the isomer called sn-glycerol-

3-phosphate. With fatty acyl chains in ester linkage on carbons 1 and 2, it becomes 

phosphatidic acid. The estrification of phosphatidic acid with another alchol creates the 

following phospholipids: phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphadidylserine (PS), phosphatidylglycerol (PG), and phosphatidylinositol (PI). These 

abbreviations are coupled with the abbreviated common names for acyl chains; for 

example, DOPC is dioleoylphosphatidylcholine, DPPC is dipalmitoylphosphatidyl-

choline, POPC is 1-palmitoyl-2-oleoyl-phosphatidylcholine, and DSPC is distearoyl-

phosphatidylcholine.
2
 Figure 1.2 shows the chemical structures of DOPC, DSPC, POPC, 

and DPPC. The phosphate groups and headgroups are the polar portions, and the acyl 

chains are the nonpolar parts of these amphiphilic molecules.  
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Figure 1.2 Chemical structures of DOPC, DSPC, POPC, and DPPC. 

Sphingolipids are built on sphingsine, a long-chain amino alcohol, to which a 

fatty acyl chain is attached in amide linkage.
3
 The most common sphingolipids are 

sphingomyelins and ceramides. The structures of both sphingomyelin and ceramide are 

shown in Figure 1.3. Ceramides are found in high concentrations within the cell 

membrane of cells. In mammalain cell membranes, the fatty acid is generally saturated 

with 16 to 24 carbons, making both “chains” of the sphingolipids fully saturated. 

Sphingolipids are important components of nerve membranes, and their carbohydrate 

moieties are vital in cell recognition and differentiation.
1
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Figure 1.3 Chemical structures of sphingomyelin and ceramide. 

Sterols and linear isopernoids are the third major type of lipids, which are 

compounds derived from five-carbon units called isoprene (2-methyl-1,3-butadiene). The 

dominant sterol in animal membranes is cholesterol. Figure 1.4 shows the chemical 

structure of a cholesterol molecule. Cholesterol is composed of a hydrophilic group 

which is the hydroxyl group, and it has a relatively large body of hydrophobic carbon 

ring structure and a small tail. The existence of cholesterol in various cell membranes 

varies from 0% to ~25%.  Eukaryotic cells have as much as 90% of their cholesterol in 

the plasma membrane, maintained by a dynamic cholesterol supply route from the 

Endoplasmic Reticulum (ER). Pure cholesterol cannot form a bilayer, and excess 

cholesterol (beyond 50-60 mol %) precipitates out of phospholipids bilayers. X-ray 

diffraction detection of the crystalline precipitate establishes precise cholesterol solubility 

limits of 66 mol % in PC and 51 mol % in PE bilayers.
1
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Figure 1.4 Chemical structure of Cholesterol.
1
 

Diacylglycerol (DAG) is cholesterol-like molecule that consists of two fatty acid 

chains covalently bonded to a glycerol molecule through ester linkages. DAG can be 

produced in cell membranes either as a result of the hydrolysis of phosphatidylinositol 

4,5-bisphosphate (PIP2) or phosphatidylcholine. DAG can have many different 

combinations of fatty acids, for example, Figure 1.5 shows on the left 1,2-dipalmitoyl-sn-

glycerol (DPG) and on the right 1-palmitoyl-2-oleoyl-glycerol (POG). DAGs play an 

important role in lipid metabolism and cell signaling and are well known for activating 

protein Kinase C and other enzymes and receptors.
4,5

 

 

Figure 1.5 Chemical structures of DPG and POG. 
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1.2 Methodology 

Computer simulation is a very useful technique to understand physical systems, 

where any system on the atomic scale can be represented by a group of atoms. Using 

computer simulation methods, we can calculate the physical quantities of this system. 

There are two important simulation techniques: Molecular Dynamics (MD) and Monte 

Carlo (MC). 

1.3 Molecular Dynamics Simulation  

Molecular Dynamics (MD) is a computer simulation technique in which atoms 

and molecules are allowed to interact for a period of time using the laws of classical 

mechanics. MD simulations solve Newton’s equations of motion for a system of N 

interacting atoms:
6
 

  
    

                              (1) 

The forces are the negative derivatives of a potential function V(r1, r2, … , rN): 

    
            

   
                (2) 

Equation (1) and (2) are solved simultaneously in small time steps. The 

coordinates as a function of time represent a trajectory of the system, which is written in 

the output. After equilibrium, the macroscopic properties can be calculated by averaging 

over equilibrium trajectory. The global flow scheme for molecular dynamics is given in 

Table 1.1, where it shows the main step in MD simulation. 

 

 

 

 



Texas Tech University, Mohammad Alwarawrah, May 2012 

 

7 

 

Table 1.1 The global MD algorithm.
6
 

 The Global MD algorithm 

Step 1: Input initial 

conditions. 

Potential interaction U as a function of atom positions, 

positions r of all atoms in the system and velocities v of all 

atoms in the system. 

Step 2: Compute 

forces. 

The force on any atom    is computed by calculating the force 

between non-bonded atom pairs:    ∑      plus the forces due 

to bonded interactions, plus restraining and/or external forces. 

The potential and kinetic energies and the pressure tensor are 

computed. 

Step 3: Update 

configuration. 

The movement of the atoms is simulated by numerically 

solving Newton’s equations of motion: 
    

     
  

  
. 

Step 4: Output. Write positions, velocities, energies, temperature, pressure, etc. 

 

Force Field. The force field is the description of the interaction between the 

atoms, and it is represented by the potential function. This potential function can be 

divided into three parts: non-bonded, bonded, and restraints. The total potential can be 

written as in the following equation:
7
 

      (   )                                            (3) 

The first term represents the non-bonded interactions, where it contains Lennard-

Jones potential          and coulomb potential        . The Lennard-Jones interaction is 

a mathematically simple model that describes the interaction between a pair of neutral 

atoms or molecules. The following equation describes the potential:
6
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   (   )       (
   

   
)
  

 (
   

   
)
 

                 (4) 

where     is the depth of the potential well, and     is the distance at which the inter-

particle potential is zero. The constants     and     can be calculated for two types of 

atoms from     √       and     
 

 
          respectively.  

The coulomb interaction describes the electrostatic force between charged atoms 

and it is given by: 

         
    

     
                 (5) 

where q is the electric charge of atom i or j,    is the relative dielectric constant, and f is 

the electric conversion factor 138.935485 kJ mol
-1

 nm e
-2

.
6
  

The second term in equation (3) represents the bonded interactions where they are 

bond stretching (2-body), bond angle (3-body), and torsion angle (4-body) interactions. 

The bond stretching is between the two covalent bond atoms i and j, and it is represented 

by a harmonic potential:
7
 

        
 

 
∑    

          
 

                  (6) 

where    
  is the bond constant between atom i and j, and     is the distance between atom 

i and j at equilibrium. 

The harmonic angle potential is the harmonic potential that comes from the bond 

angle vibration      between triplets of atoms i-j-k:
7
 

         
 

 
∑     

           
   

                   (7) 

where     
  is the angle constant between atom ij and kj, and     

  is the angle between 

atom ij and kj at equilibrium. The angle      can be expressed by the following equation: 
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                 (8) 

There are two types of torsion angles, the improper and proper dihedral angle. 

Improper dihedrals are meant to prevent molecules from flipping over to their mirror 

images. Proper dihedrals consist of four atoms, joined linearly through bonds.  These 

dihedrals can be represented either by a periodic or Ryckaert-Bellemans potential. The 

general term that is used to describe the potential of the torsion angle is:
7
 

         
 

 
∑ ∑      

   
      (         )                      (9) 

where      
   

 is the torsion angle constant,       is the torsion angle for            , m is 

the order of the periodic function, and    is the phase angle. The torsion angles”       

are defined in terms of three connected bonds, hence four atomic coordinates: 

   (     )    ̂     ̂                   (10) 

where             ,             , and  ̂  
 

 
. Figure 1.6 shows the bonded 

interactions for the bond stretching, bond angle, and torsion angle. 

 

Figure 1.6 Geometry of a simple chain molecule, illustrating the definition of interatomic 

distance r23, bend angle θ234, and torsion angle φ1234.
7
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The third term in the equation (3) is restraints potentials, which are special 

potentials used for imposing restraints on the motion of the system, either to avoid 

disastrous deviations or to include knowledge from experimental data. In either case, they 

are not really part of the force field, and the reliability of the parameters is not important. 

The types of restraints are position, angle, dihedral, distance, and orientation. 

The non-bonded potentials can be modified by a shift function. The purpose of 

this is to replace the truncated forces with forces that are continuous and have continuous 

derivatives at the cutoff radius. For long range electrostatics interaction, we use the 

Particle Mesh Ewald (PME) method.
8
 The PME method calculates direct-space 

interactions within a finite distance using a modification of Coulomb's Law, and in 

reciprocal space uses a Fourier transform to build a "mesh" of charges, interpolated onto 

a grid.  It is from this charge interpolation that long-range forces can be calculated and 

incorporated into the non-bonded interactions in a simulated system. The modification of 

the Lennard-Jones dispersion and repulsion is only minor, but it does remove the noise 

caused by cutoff effects. 

There are several techniques that can be used to update the configurations after 

each MD step. The GROMACS MD program utilizes the so-called leap-frog algorithm 

for the integration of the equations of motion.
6,9

 The leap-frog algorithm uses positions r 

at time t and velocities v at time  
  

 
; it updates positions and velocities using the forces 

F(t) determined by the positions at time t:
6 

 (  
  

 
)   (  

  

 
)  

     

 
             (11) 

              (  
  

 
)            (12) 

The GROMACS package provides several force fields, like GROMOS-87, 

GROMOS-96. It also supports force fields from different packages like OPLS/AA, 

Amber, and CHARMM. 
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MD Algorithms. There are several algorithms used in molecular dynamics to 

control the atoms or molecules in the simulation box. To minimize the edge effects in a 

finite system, we use periodic boundary conditions. The atoms of the system are 

simulated in a space-filling box, which is surrounded by translated copies of itself. Cutoff 

restriction is used through the minimum image convention, where it implies that the 

cutoff radius used to truncate non-bonded interactions must not exceed half the shortest 

box vector. Neighbor searching is an algorithm used to speed up the simulation, when the 

search is for the non-bonded pair forces that need to be calculated within some distance 

from the atoms. The search can be done by pair lists generation, a simple or grid search, 

and the search is typically updated every 10 steps. 

Temperature coupling is used for several reasons, like drift during equilibration, 

drift as a result of force truncation and integration errors, and heating due to external or 

frictional forces. We can either use the weak coupling scheme of Berendsen
10

 or the 

extended ensemble Nosé-Hoover scheme.
11,12

 In a similar fashion to temperature 

coupling, the system can also be coupled to a “pressure bath”. GROMACS supports both 

the Berendsen algorithm
10

 that scales coordinates and box vectors every step, and the 

extended ensemble Parrinello-Rahman approach.
13,14

 In the Parrinello-Rahman approach, 

the pressure is constant, where the box vectors are represented by the matrix that obey the 

matrix equation of motion. 

Energy minimization is used to relax the initial structure and remove any bad 

contact between the atoms. We mainly use two techniques for the lipids bilayer, the 

steepest descent and conjugate gradient. Steepest descent is not the most efficient 

algorithm for searching; on the other hand, it is robust and easy to implement. Conjugate 

gradient is slower than steepest descent in the early stages of the minimization but 

becomes more efficient closer to the energy minimum. Constraint algorithms can be 

imposed in GROMACS using LINCS
15

 or the traditional SHAKE method.
16

 LINCS is an 

algorithm that resets bonds to their correct lengths after an unconstrained update. The 
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SHAKE algorithm changes a set of unconstrained coordinates    to a set of coordinates 

    that fulfill a list of distance constraints, using a set   as reference.  

1.4 Contents and Structure of the Dissertation 

In the following three chapters, we will present results of three studies. In chapter 

two, we discuss how we used molecular dynamics (MD) simulation to study the 

interactions between phospholipid (PC) and cholesterol. We aim to understand the effect 

of cholesterol on PC (i.e. DOPC) and to explain the condensing effect of cholesterol in 

DOPC bilayer. In the third chapter, we investigate the interactions between 

diacylglycerol (DAG), phosphatidylcholine (POPC), and cholesterol using MD 

simulation. This study reveals a lot of information about DAG since it has not been 

previously studied using MD simulation. DAG importance emerges from its role as a 

second messenger in biomembranes and in activating protein kinase C (PKC). In chapter 

four, we investigate the interaction between diacylglycerol and PKC domains using MD 

simulation. We study the effect of 1-palmitoyl-2-oleoyl-sn-glycerol (POG) on the 

docking of PKCα-C1 and PKCβ-C2 domains to lipid bilayers composed of 1-palmitoyl-

2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-L-serine (POPS). In Chapter five, we provide a very brief conclusion together 

with an outline of possible future works.  
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CHAPTER TWO 

2. A MOLECULAR VIEW OF THE CHOLESTEROL 

CONDENSING EFFECT IN DOPC LIPID BILAYERS 

2.1 Abstract 

The condensing effect of cholesterol in dioleoylphosphatidylcholine (DOPC) lipid 

bilayers was systematically investigated via atomistic molecular dynamics (MD) 

simulation. Fourteen independent 200 ns simulations, spanning the entire range of 

cholesterol mole fraction (xc) in DOPC bilayers (i.e., from xc = 0 to 0.66), were 

performed at 323 K. The molecular areas occupied by DOPC and cholesterol at different 

distances from the bilayer center were analyzed using a slicing method based on the 

VDW radii of atoms. Curiously, while the average area per lipid and the cholesterol tilt 

angle, with respect to the bilayer normal, both show monotonic decreases as xc increases, 

the average bilayer height shows a significant decrease for xc > 0.35, following an initial 

increase. The calculated partial-specific areas of lipids clearly show the condensing effect 

of cholesterol. The VDW areal analysis showed that the condensing effect is limited only 

to the cholesterol sterol ring region, where the acyl chains of DOPC are severely 

compressed by cholesterol. As xc increases, the headgroups of DOPC gradually expand 

along the bilayer-aqueous interface to occupy more lateral area. Thus, it confirmed a key 

prediction of the umbrella model. At high cholesterol mole fractions, the calculated area 

per DOPC and area per cholesterol using some existing methods showed an inconsistent 

result: both increase while the overall area per lipid decreases. The inconsistency stems 

from the problematic assumption that cholesterol and DOPC have a cylindrical shape and 

the same height. Our results showed that the total area of a PC/cholesterol bilayer is 

primarily determined by the molecular packing in the cholesterol sterol ring region. An 

alternative analysis of area per molecule within this region is proposed, which takes into 

account the cholesterol tilt angle and the practical incompressibility of cholesterol sterol 

rings. The new calculation shows that the majority of the area lost due to the cholesterol 

condensing effect is taken from PC molecules. 
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2.2 Introduction 

The lipid bilayer is the fundamental structural scaffold of the cell plasma 

membrane. Phospholipids and cholesterol are the most abundant lipid constituents within 

these membranes, and the molecular interactions between the two molecules can greatly 

affect the biochemical and biophysical properties of a lipid bilayer. In the past decade, 

molecular dynamics (MD) simulation has been widely utilized in the study of cholesterol-

containing lipid bilayers at the atomistic scale.
1-9

 One of the most important effects of 

cholesterol on lipid membranes is the cholesterol condensing effect: The surface area of a 

cholesterol-containing lipid bilayer is less than the sum of areas of the individual bilayer 

components.
10-12

 The cholesterol condensing effect can be quantitatively described in 

terms of the average area per molecule, which reflects the molecular organization within 

a lipid bilayer. A seemingly straightforward question that interests many researchers is 

“what is the average area occupied by a phospholipid or by a cholesterol in a lipid 

bilayer?” For a pure PC bilayer simulation, the answer can be easily obtained by dividing 

the total area of the bilayer in the simulation box by the total number of PC molecules; 

however, there is no simple answer for a PC bilayer containing cholesterol. A number of 

methods have been developed for the purpose of calculating the area per PC and area per 

cholesterol from an MD simulation.
13-16

 These methods have been applied to various 

phospholipid bilayers and to different cholesterol mole fractions as well as at different 

system temperatures. One of these approaches was proposed by Hofsäβ et al.,
15

 in which 

the volume of cholesterol was considered to be constant. Additionally, phospholipids and 

cholesterol were assumed to have the same height in a lipid bilayer. Edholm and Nagle 

improved the volumetric component of the analysis but kept the same height 

assumption.
13

 Another method applied Voronoi analysis in two dimensions to find 

average areas per PC and per cholesterol as a function of xc;
16

 however, it has been 

suggested that this method may intrinsically overestimate the area occupied by smaller 

molecules and underestimate the area occupied by larger molecules.
17

 Finally, Falck et al. 

divided a lipid bilayer into horizontal slices and analyzed the molecular area within each 
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slice. They showed that there is indeed a z-dependence of the molecular areas when 

examined at an atomic level.
14

 

Edholm and Nagle recognized the existence of arbitrary features in the above 

methods and introduced the formalism of partial-specific area.
13

 Partial-specific area is 

defined as the increase of total bilayer area by adding one more lipid molecule at a 

particular bilayer composition. This method has been applied to DPPC/cholesterol, 

DOPC/cholesterol, and POPC/cholesterol bilayers.
5,13

 For example, in a DPPC bilayer 

containing 10 mol % of cholesterol, the calculated partial-specific area of cholesterol was 

about -0.19 nm
2
. The negative value results from the well-known cholesterol condensing 

effect. Therefore, a systematic analysis of bilayer area can shed light on the molecular 

origin of the cholesterol condensing effect. In this study, the cholesterol condensing 

effect in DOPC bilayers was systematically investigated using atomistic MD simulation. 

Fourteen independent 200 ns simulations, spanning the entire possible range of 

cholesterol mole fraction in DOPC bilayers, were performed at 323 K. The molecular 

areas occupied by DOPC and cholesterol at different distances from the bilayer center 

were analyzed using a slicing method based on the VDW radii of atoms. The analysis 

revealed that as xc increases, the areas occupied by PC and cholesterol both decrease in 

the cholesterol sterol ring region; however, PC headgroups actually occupy more lateral 

area at the bilayer aqueous interface. Thus, it confirmed an important prediction of the 

umbrella model.
18

 The reduction of area per cholesterol in the cholesterol sterol ring 

region is primarily due to the decrease of cholesterol tilt angle with respect to the bilayer 

normal, while the reduction of area per PC in the same region is due to the compression 

of acyl chains by the cholesterol sterol rings. The area per molecule was calculated using 

the method of Hofsäβ et al. as well as the method of Edholm and Nagle over the entire 

range of cholesterol mole fraction. Interestingly, in the high cholesterol region, which has 

been rarely studied by MD simulation, the calculated area per cholesterol as well as the 

area per PC both increases, while the average area per lipid decreases. This inconsistency 

stems from the built-in assumption by both methods that PC and cholesterol were of 

cylindrical shape and of the same height. Our analysis shows that the total area of a 
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PC/cholesterol bilayer is primarily determined by the packing of cholesterol and PC in 

the cholesterol sterol ring region. We propose an alternative method for calculating area 

per PC and area per cholesterol in this region that gives a more informative description of 

the cholesterol condensing effect at the molecular level. 

2.3 Simulation Methods 

Fourteen independent 200 ns simulations were performed at 323 K, with a time 

step of 2.0 fs. In the simulations of DOPC bilayers containing 0, 1.95, 5.08, 10.16, 14.84, 

20.31, 25, 30.08, 35.16, 39.84, 44.92, and 50 mol % of cholesterol, the total number of 

lipids (i.e., DOPC + cholesterol) was kept at 512. For the systems containing 57% and 

65.63% of cholesterol, the total numbers of lipids were 200 and 128, respectively. All 

systems contained 28.625 water molecules for each lipid. The phospholipid force field 

was from Berger et al.,
19

 and the force field for cholesterol was based on the GROMOS 

force field from Holtje et al.
20

 The simple point charge (SPC) model was used for water 

molecules. The force field parameter files for phospholipids were obtained from Dr. Peter 

Tieleman’s Web site, and the file for cholesterol was obtained from the GROMACS Web 

site. The MD simulations were performed using GROMACS 4.0.
5,21

 and the analysis was 

done using the GROMACS tools as well as our own programs. The LINCS algorithm 

was used to keep the lengths of all bonds constant. The cutoff distance for Lennard-Jones 

interactions and electrostatic interactions were both set at 1.0 nm. Long-range 

electrostatic interactions were handled with the particle mesh Ewald (PME) method.
22

 All 

systems were run for 200 ns in the NPT ensemble using a Berendsen thermostat and 

barostat with a coupling time constant of 0.1 and 1.0 ps, respectively. The pressure 

normal and parallel to the bilayer were coupled separately at 1 bar. 

The pure DOPC bilayer was constructed by first obtaining the PDB coordinates 

file of a single DOPC molecule from the Dundee PRODRG2 Server.
23

 A single DOPC 

was placed inside a solvent box, and a simulation was performed to relax the lipid. 

Afterward, bilayers of 128 and 200 DOPCs were constructed from this relaxed DOPC. 

Initial equilibration simulations of the two systems consisting of fully solvated 128 and 
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200 DOPC lipids were performed for 200 ns. Following this, the GROMACS
21

 utility 

“genconf” was employed to replicate the system of 128 DOPC and thus generate a new 

starting configuration consisting of 512 DOPC lipids. To insert cholesterol molecules into 

the bilayers, a number of DOPCs in each leaflet were randomly selected and replaced 

with cholesterol. During the replacement, the COM of cholesterol coincided with the 

COM of the replaced DOPC, and the cholesterol was rotated by a random angle in 

respect to its principal axis. The VMD program was then used to remove any bad links or 

overlaps that could happen after cholesterol insertion. In constructing the systems with 

57% and 65.63% cholesterol from pure DOPC bilayers, DOPCs were replaced by 

cholesterol molecules gradually: after replacing about 20 DOPC molecules in each 

leaflet, the systems were equilibrated for 50 ns before the next replacement. All initial 

structures went through energy minimization using both the steepest descent and the 

conjugate gradient algorithms; each ran for 10,000 steps to eliminate any bad contacts 

between atoms. 

2.4 Area per Molecule Calculation 

Method 1. The first method was proposed by Hofsäβ et al.
15

 In this method, the 

volume of cholesterol was considered to be a constant (VCHOL = 0.593 nm
3
), independent 

of cholesterol concentration. The volume per PC was calculated by subtracting the 

volumes of water and cholesterol from the total volume of the simulation box: 

          
                        

            
     (1) 

where Nlipid is the total number of lipids in the simulation box, NW is the number of water 

molecules, and V(xc) is the volume of the simulation box. vW is the volume of a water 

molecule; this value (0.031546 nm
3
) was obtained from a separated simulation of pure 

water at 323 K under the same conditions. The average thickness of the lipid bilayer h(xc) 

was calculated using the equation
15

 

      
          

     
     (2) 
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The area occupied by a PC and by a cholesterol molecule in the bilayer can be 

written in terms of the volume and thickness as 

          
          

     
 and           

      

     
     (3) 

An important assumption, which is built into eq 3, is that PC and cholesterol 

molecules are assumed to have the same height.  

Method 2. Edholm and Nagle improved the volumetric part of the analysis of 

method 1:
13

 vDOPC(xc) and vCHOL(xc) are obtained by fitting volume per lipid vs xc using 

the linear equation 

                                      (4) 

Assuming a constant volumetric ratio of cholesterol to PC f(xc) = 

vCHOL(xc)/vDOPC(xc), Edholm and Nagle calculated area per PC and area per cholesterol 

using 

          
     

             
 and                              (5) 

where a(xc) is the area per lipid. Note that eq 5 also contains the built-in assumption that 

PC and cholesterol have the same height. 

Partial-Specific Areas. Edholm and Nagle proposed the formulism of partial-

specific molecular area for PC and cholesterol.
13

 The partial-specific areas ai for a bilayer 

consisting of i = 1, ..., m types of molecules is defined as 

       
           

   
     

     (6) 

where A is the total area, Ni is the number of i type lipid per leaflet, X indicates a set of m 

lipid mole fractions (x1, ..., xm), and the partial derivative is taken with Nj constant for all j 

≠ i. A convenient graphical way to obtain the partial-specific areas is first plotting 

a(xc)/(1 - xc) vs xc/(1 - xc) using 
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              (7) 

then aCHOL(xc) can be estimated directly from the slope of the tangent, and aDOPC(xc) can 

be estimated from the intercept of the tangent at xc = 0. 

2.5 Results and Discussion 

The chemical structures of cholesterol and DOPC are shown in Figure 2.1. The 

orientation of a cholesterol molecule is characterized by a vector connecting C21 and C5 

atoms of the cholesterol. 

 

Figure 2.1 Chemical structures of cholesterol and DOPC. The vector connecting C21 and 

C5 atoms of cholesterol (red arrow) is used to represent the orientation of a cholesterol 

molecule, and the angle between this vector and the bilayer normal is defined as the 

cholesterol tilt angle. 

Area per Lipid. Area per lipid, apl, is an essential parameter for describing the 

state of molecular packing within a lipid bilayer. In an MD simulation, it is calculated by 

dividing the total area of the simulation box in x-y plane by the total number of lipid 

molecules in one leaflet of the bilayer. Table 2.1 lists the average area per lipid for 14 

simulations that covered the entire possible range of cholesterol mole fraction in DOPC 

bilayers. The maximum solubility of cholesterol in DOPC bilayers determined by light 

scattering, fluorescence anisotropy, and cholesterol oxidase activity assay was 0.66.
24,25

 

Some lower values have also been reported, but these likely resulted from problematic 
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sample preparation.
26,27

 In most simulations, the area per lipid reached a stable value 

quickly (data not shown); however, in certain simulations with high cholesterol content, a 

stable value was not reached until about 150 ns because replacing PCs with a large 

number of cholesterol significantly perturbed the system. Slow diffusion of molecules at 

high cholesterol content also slowed the re-establishment of equilibrium.
15

 Therefore, the 

average values of area per lipid (Table 2.1 and Figure 2.3) were calculated using only the 

last 50 ns of the 200 ns simulations. 

Volume per Lipid and Bilayer Thickness. Figure 2.2 shows volume per lipid 

vpl(xc) and the bilayer thickness h(xc) as functions of cholesterol mole fraction. Volume 

per lipid was calculated by subtracting the volume of water from the volume of the 

simulation box and then dividing it by the total number of lipids. The relation between 

vpl(xc) and xc is almost linear, which is consistent with the measured volumes of 

DOPC/cholesterol bilayers.
28

 The bilayer thickness was calculated using eq 2. An 

important feature of Figure 2.2 is that the bilayer thickness initially increases as xc 

increases, but reaches a maximum around xc = 0.35, and then shows a gradual decrease at 

higher xc values. From xc of 0.4 to 0.66, the total decrease of bilayer thickness is about 

0.4 nm (or 0.2 nm per leaflet). As to be discussed later, the decrease of bilayer thickness 

at high cholesterol mole fraction is due to the movement of DOPC headgroups toward the 

bilayer-aqueous interface in order to cover more cholesterol. 
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Table 2.1 Area per Lipid (apl(xc)), Bilayer Height (h(xc)), Average Tilt Angle of 

Cholesterol (θavg), and Area per DOPC (aDOPC) and per Cholesterol (aCHOL) Calculated 

Using Methods 1 and 2 and in the “Areal-Determining Plane” (ADP). 

xc(mol%) apl(xc)(Å
2) h(xc) (Å) θavg(deg) 

method 1 method 2 in ADP 

aDOPC 

(Å2) 

aCHOL 

(Å2) 

aDOPC 

(Å2) 

aCHOL 

(Å2) 

aDOPC 

(Å2) 

aCHOL 

(Å2) 

0 67.1±0.5 39.4±0.3  67.1±0.6  67.1±0.6  67.1±0.5  

1.95 65.7±0.5 39.8±0.3 29.7±4.7 66.4±0.5 29.8±0.2 66.5±0.5 27.3±0.2 66.2±2.1 43.7±2.1 

5.08 63.3±0.4 40.5±0.3 28.7±2.7 65.1±0.5 29.3±0.2 65.3±0.5 26.8±0.2 64.4±1.2 43.3±1.1 

10.16 59.6±0.6 41.6±0.4 27.3±2.0 63.1±0.7 28.5±0.3 63.3±0.7 26.0±0.3 61.5±1.0 42.7±0.7 

14.84 55.8±0.4 43.1±0.3 25.6±1.6 60.7±0.5 27.5±0.2 61.1±0.5 25.1±0.2 58.1±0.7 42.1±0.6 

20.31 52.2±0.8 44.3±0.7 23.5±1.2 58.7±1.0 26.8±0.4 59.3±1.0 24.4±0.4 54.9±0.9 41.4±0.4 

25 48.8±0.3 45.8±0.3 21.1±1.1 56.4±0.4 25.9±0.2 57.2±0.4 23.5±0.2 51.5±0.4 40.7±0.3 

30.08 46.6±0.2 46.2±0.2 18.9±0.8 55.6±0.3 25.7±0.1 56.6±0.3 23.3±0.1 49.4±0.3 40.2±0.2 

35.16 44.3±0.2 46.7±0.3 16.6±0.8 54.6±0.3 25.4±0.1 55.9±0.3 23.0±0.2 46.9±0.3 39.6±0.2 

39.84 43.2±0.2 46.4±0.2 14.8±0.8 54.8±0.3 25.6±0.1 56.4±0.3 23.2±0.1 45.7±0.2 39.3±0.1 

44.92 41.6±0.1 46.4±0.2 13.7±1.0 54.6±0.3 25.6±0.1 56.5±0.3 23.2±0.1 43.6±0.2 39.1±0.2 

50 40.6±0.1 45.7±0.2 12.4±0.5 55.2±0.3 26.0±0.1 57.5±0.3 23.7±0.1 42.3±0.2 38.9±0.1 

57 39.5±0.2 44.6±0.3 11.5±0.7 56.5±0.5 26.6±0.2 59.4±0.4 24.4±0.2 40.4±0.2 38.8±0.1 

65.63 38.7±0.2 42.5±0.4 10.7±0.7 59.4±0.7 27.9±0.3 63.1±0.5 26.0±0.3 38.8±0.2 38.7±0.1 
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Figure 2.2 Volume per lipid Vpl(xc) and bilayer thickness h(xc) vs cholesterol mole 

fraction in DOPC bilayers. The linear fit to the volume per lipid data is Vpl(xc) = 1.316 - 

0.775xc. 

Partial-Specific Areas. Figure 2.3 shows the area per lipid and partial-specific 

area of the DOPC and cholesterol. Since the cross-sectional area of cholesterol is less 

than that of a DOPC, as expected, area per lipid shows a monotonic decrease as a 

function of cholesterol mole fraction. Intriguingly, partialspecific area of cholesterol, 

aCHOL(xc), is negative for xc < 0.2. By definition, aCHOL(xc) is the change of total bilayer 

area at the bilayer composition xc by adding one more cholesterol molecule to the bilayer, 

while keeping all other parameters constant. Therefore, at low cholesterol concentrations, 

adding cholesterol to DOPC bilayers actually causes a net reduction of total bilayer area. 

The negative partial-specific area of cholesterol was first reported in 

DPPC(di16:0PC)/cholesterol systems by Edholm and Nagle, who interpreted it as a 

manifestation of the condensation effect of cholesterol on the surrounding lipids.
13

 We 

believe this to be the correct interpretation. Experimentally, a negative partial-specific 

area of cholesterol has been observed in DPPC/cholesterol monolayers at the air-water 

interface.
29

 Although there are some important differences between a lipid monolayer and 

a lipid bilayer, interestingly, the changing manner of the partial-specific areas of both the 

cholesterol and phospholipid in lipid monolayers is quite similar to that calculated for 

DOPC lipid bilayers. 
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Figure 2.3 Area per lipid and partial-specific areas of DOPC and cholesterol vs 

cholesterol mole fraction. Circles: average area per lipid; square: DOPC partial-specific 

area; triangles: cholesterol partial-specific area. 

Cholesterol Tilt Angle. Figure 2.4 shows the distributions of cholesterol tilt 

angle at some selected cholesterol mole fractions. The tilt angle is defined as the angle 

between the vector connecting C21 and C5 atoms of cholesterol (see Figure 2.1) and the 

bilayer normal. As shown in Figure 2.4A, the distributions of cholesterol tilt angle are 

quite broad at low cholesterol concentrations. As xc increases, the distributions become 

sharper and the peaks also shift toward a smaller angle. Figure 2.4B shows the average 

cholesterol tilt angle as a function of xc. The average cholesterol tilt angle monotonically 

decreases from 29.7° at xc of 0.0195 to 10.7° at xc of 0.6563. Thus, cholesterol becomes 

more orientationally ordered and more parallel to the bilayer normal at higher cholesterol 

mole fractions. 
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Figure 2.4 (A) Tilt angle distributions between the bilayer normal and the vector 

connecting C21 and C5 atoms of cholesterol in DOPC bilayers at some selected 

cholesterol concentrations. (B) Average cholesterol tilt angle versus cholesterol mole 

fraction. 

Acyl Chain Order Parameter. The order parameter of DOPC acyl chains was 

calculated using the last 50 ns of the simulation and was averaged from the two leaflets. 

Figure 2.5 shows the order parameter of the two chains at each carbon atom position. In 

general, as observed in some other MD simulation studies,
5,14

 the higher the cholesterol 

mole fraction, the higher the chain order parameter. Also, the cis double bond at C9 

position produces a very sharp drop of chain order parameter. A new result in Figure 2.5 

is that the chain order parameter at xc = 0.6563 becomes slightly lower than that at xc = 
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0.50 at some positions. To verify this result, we ran the simulation at xc = 0.6563 for 

another 100 ns (i.e., 300 ns total). The result remained the same. xc of 0.6563 is 

practically at the maximum solubility of cholesterol in DOPC bilayer (0.66). Above this 

mole fraction, excess cholesterol precipitates from the bilayer to form cholesterol 

monohydrate crystals.
26

 According to the umbrella model, the ability of DOPC to cover 

nonpolar bodies of cholesterol has been stretched to the limit at the solubility limit, and 

each DOPC needs to cover two cholesterol molecules on average.
18

 The bilayer is forced 

to adapt a few lateral distributions of lipids that can still satisfy the coverage requirement. 

Thus, the acyl chains of DOPC become slightly more disordered at the maximum 

solubility of cholesterol. 

 

Figure 2.5 Acyl chain order parameter vs the carbon atom number in DOPC bilayers at 

some selected cholesterol concentrations. 
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Slicing Bilayers. In order to understand the cholesterol condensing effect at 

atomic scale, we used the slicing method of Falck et al.
14

 with a modification. Instead of 

making a grid and counting the numbers of grids occupied by PC, cholesterol, water, and 

void, we count the VDW areas that belong to these molecules. We first “sliced” the 

bilayer in z direction at 0.1 nm intervals. z is the distance from the bilayer center in the 

direction of bilayer normal. Within each slice, we counted the numbers of atoms that 

belong to PC, cholesterol, or water. The area associated with each atom was calculated 

using the van der Waals radius.
30

 The total VDW area occupied by DOPC, cholesterol, or 

water in each slice was obtained by summing together all corresponding VDW areas. The 

remaining areas that were not occupied by DOPC, cholesterol, or water were counted as 

free areas. Overall, our results were similar to those obtained by Falck et al. for 

DPPC/cholesterol bilayers using their grid counting method. Figure 2.6 shows the 

calculated area profiles as functions of z for a DOPC bilayer containing 20.31 mol % of 

cholesterol.  

 

Figure 2.6 VDW areal fractions as functions of z for a DOPC bilayer containing 20.31 

mol % of cholesterol. z is the distance from the bilayer center in the direction of bilayer 

normal. The areal fractions are normalized by total bilayer area. DOPC VDW areal 

fraction 〈ADOPC(z)〉/ 〈Atotal〉 (solid line); cholesterol VDW areal fraction 〈ACHOL(z)〉/〈Atotal〉 
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(dotted line); water areal fraction 〈Awater(z)〉/〈Atotal〉 (dot-dot-dash line); and free area 

fraction 〈Afree(z)〉/〈Atotal〉 (dashed line). 

Figure 2.7 shows a few selected areal slice snapshots for a DOPC bilayer 

containing 20.31 mol % of cholesterol at the end of a 200 ns simulation. At the bilayer 

center (Figure 2.7A), the free area is quite large and almost no water is present. Some 

cholesterol tails from one leaflet extend into the opposite leaflet. Figure 2.7B shows the 

region where DOPC acyl chains and cholesterol sterol rings are tightly packed. The 

amount of free area is lowest in this region. Figure 2.7C is a cross-sectional slice of the 

bilayer at a distance z ~ 1.8 nm from the bilayer center. Many cholesterol hydroxyl 

headgroups are present in this slice, but they occupy a small fraction of total area. The 

amount of free area in this slice is smaller than the free area in the bilayer center. Figure 

2.7D shows a crosssectional slice at z ~ 2.3 nm. In this slice, there are substantial 

amounts of water and some DOPC headgroups, but no cholesterol.  

 

Figure 2.7 Snapshots of cross-sectional slices of a DOPC bilayer with 20.31 mol % of 

cholesterol at 200 ns. DOPC elements are colored in red, cholesterol in green, and water 

in blue. The remaining area is the free area. (A) z ≈ 0, i.e., at bilayer center; (B) z ≈ 1.2 
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nm, where many cholesterol sterol rings resided; (C) z ≈ 1.8 nm, where many cholesterol 

headgroups resided; (D) z ≈ 2.3 nm, where many DOPC headgroups resided. 

Figure 2.8 shows the VDW area occupied by DOPC, VDW area of cholesterol, 

and free space as functions of location z at various cholesterol concentrations. Together, 

Figures 2.6-2.8 provide some important details about the packing of cholesterol in DOPC 

bilayers and the cholesterol condensing effect. The structure of a cholesterol-containing 

PC bilayer can be roughly divided into three regions: the bilayer center region, 

cholesterol sterol rings region, and PC headgroup region. (i) In the bilayer center region, 

as shown in Figure 2.8B, the density of cholesterol is low, since cholesterol has only a 

short acyl chain. The free space is largest at the bilayer center, as shown in Figure 2.8C. 

Thus, the molecular packing is quite loose at the bilayer center, and molecular 

interactions in this region do not determine the total area of the bilayer. (ii) In the 

cholesterol sterol ring region, the density of cholesterol is at its peak due to its dense 

sterol rings. As cholesterol mole fraction increases, the density of cholesterol (normalized 

to per cholesterol) shows little change (Figure 2.8B), indicating the sterol rings are rigid 

and not compressible. The largest change for cholesterol is its tilt angle with respect to 

the bilayer normal (Figure 2.4). As the cholesterol mole fraction increases, the average 

tilt angle decreases and the tilt angle distribution becomes narrower, which indicate that 

cholesterol is more ordered and becomes more parallel to the bilayer normal. In contrast, 

as shown in Figure 2.8A, the density of DOPC (normalized to per PC) shows a 

significant decrease as cholesterol mole fraction increases. The rigid sterol rings of 

cholesterol compress the acyl chains of DOPC, causing the tight packing and the increase 

of order parameter of acyl chains (Figure 2.5), which is a well-known effect of 

cholesterol.
31

 As expected, the free space is the lowest in this region (Figure 2.8C). The 

cholesterol condensing effect is most significant in this region, where cholesterol’s sterol 

rings cut into the space originally occupied by the acyl chains of PC and reduce the 

overall bilayer area. (iii) In the PC headgroup region, the density of cholesterol is very 

low. However, the behavior of the PC density profile is more complex: As a result of 

increasing cholesterol mole fraction, the density of PC increases in this region as the acyl 
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chains of DOPC become more ordered and the thickness of the bilayer increases. When 

xc is above 0.2, the density profile of PC shows a small peak in this region. Furthermore, 

for xc > 0.39, the peak becomes large and sharp and also shifts slightly toward the bilayer 

center. This shift is directly related to the decrease of bilayer height at high cholesterol 

shown in Figure 2.2. It is unknown whether such a shift also exists in a DPPC/cholesterol 

system, since the highest xc in the previous study was 0.50.
14

 Therefore, cholesterol does 

not produce a condensing effect in the PC headgroup region: In contrast, PC headgroups 

gradually expand to cover more lateral area along the bilayer-aqueous interface as xc 

increases. 
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Figure 2.8 VDW area per DOPC (A), per cholesterol (B), and free space per lipid (C) 

versus location z at some selected cholesterol concentrations. 
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The condensing of PC acyl chains and the lateral expansion of PC headgroup can 

be elegantly explained by the umbrella model.
18,32

 The model suggests that the small 

headgroup/body ratio of cholesterol determines its mixing behavior in a lipid membrane. 

The cholesterol OH is a small polar head that cannot cover its larger nonpolar steroid ring 

body. In a bilayer, nonpolar cholesterol relies on polar phospholipid headgroup coverage 

to avoid the unfavorable free energy of cholesterol contact with water. Driven by the 

coverage requirement, cholesterol molecules need to squeeze into the acyl chain region 

and partially hide under the headgroups of neighboring PCs, which will restrict the 

motions of the acyl chains and increase the chain order parameter. While this requirement 

causes the condensing of PC acyl chains, the headgroups of PC need to reorient and 

expand at bilayer-aqueous interface in order to cover more cholesterol. Curiously, the 

expansion of PC headgroups shown in Figure 2.8A was explicitly predicted in the 

umbrella model.
18

 Recently, MD simulation studies showed that the umbrella effect of 

cholesterol is present in both saturated and unsaturated PC bilayers.
33

 Furthermore, a 

coarse grain simulation demonstrated that no cholesterol condensing effect could be 

observed if cholesterol structure is modified slightly by the addition of an extra 

hydrophilic headgroup or a reduction in size of the hydrophobic body.
2
 The study 

confirmed that the cholesterol condensing effect originates directly from the mismatch 

between cholesterol’s small polar headgroup and its large nonpolar body, not from the 

VDW attraction between cholesterol and phospholipids. 

Area per PC and Area per Cholesterol. Figure 2.9 and Table 2.1 show the area 

per DOPC and area per cholesterol calculated using different methods of analysis. The 

value of aCHOL(xc) calculated by method 1 varies between 0.298 and 0.254 nm
2
, and 

aDOPC(xc) varies between 0.671 and 0.546 nm
2
. We noticed that volume per lipid vs xc in 

our system is quite linear (Figure 2.2), similar to DPPC/cholesterol system. Therefore, 

following the procedure used by Edholm and Nagle,
13

 we first fit the volume per lipid 

using a linear function that assumes vDOPC and vCHOL are independent of xc. The linear 

regression shown in Figure 2.2 gives vDOPC = 1.316 nm
3
 and vCHOL = 0.541 nm

3
. The area 

per DOPC and area per cholesterol calculated by method 2 were plotted in Figure 2.9 as 
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well. The values of aCHOL(xc) lie in the range 0.273-0.230 nm
2
, and aDOPC(xc) is within 

0.671-0.559 nm
2
, similar to the result obtained using method 1. The most important 

feature in Figure 2.9 is that both area per DOPC and area per cholesterol initially 

decrease with xc but start to increase when xc is greater than 0.40. The increase has not 

been observed in previous studies as the highest cholesterol mole fraction attempted was 

0.50.
5
 The decreases of area per PC and area per cholesterol have been interpreted as the 

result of the cholesterol condensing effect. However, this interpretation becomes 

problematic at high cholesterol mole fractions, since both calculated area per cholesterol 

and area per PC increase for xc > 0.40, while the area per lipid continues to decrease 

(Figure 2.3). The inconsistency was caused by the assumption built into methods 1 and 2: 

Both PC and cholesterol have cylindrical shapes and the same height. As shown in 

Figures 2.6-2.8, this is a problematic assumption: Cholesterol is shorter than DOPC, and 

the cross-sectional area of molecule varies widely as a function of z. Thus, both methods 

intrinsically overestimate area per DOPC and underestimate area per cholesterol. 

Fundamentally, the lipid bilayer is a three dimensional structure: Treating it as a two-

dimensional structure will yield unpredictable results. 

 

Figure 2.9 Area per DOPC and area per cholesterol calculated using different methods. 

Area per DOPC: by method 1 (open squares) and by method 2 (open triangles). Area per 

cholesterol: by method 1 (filled squares) and by method 2 (filled triangles). Area per 
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cholesterol in the areal-determining planes (i.e., cholesterol sterol ring region): filled 

circles. Area per DOPC in the areal-determining planes: open circles. 

Lipid Areas in the Areal-Determining Plane. Since the heights of the two 

molecules are different, Figures 2.6-2.8 show that there is a strong z-dependence between 

the cross-sectional areas of PC and cholesterol. Therefore, the average area per lipid and 

area per cholesterol are poorly defined parameters. Partial-specific areas of lipids 

correctly assess the change of total bilayer area when a lipid is added to or removed from 

the bilayer. On the basis of the discussion above, it can be concluded that the molecular 

packing in the cholesterol sterol ring region determines the total area of a cholesterol-

containing lipid bilayer. Here, we define the horizontal plane, in which the VDW 

crosssectional area of cholesterol reaches the maximum (Figure 2.8B), as the “areal-

determining plane”. The packing density of cholesterol and PC together is highest within 

this plane, and the PC-cholesterol interactions in this plane essentially determine the 

total area of the bilayer. Figure 2.10 shows the VDW areas of DOPC and cholesterol as 

functions of cholesterol mole fraction within the areal-determining plane. The data were 

averaged over the last 50 ns of simulation. At each cholesterol mole fraction, the peak 

position of the VDW area of cholesterol (Figure 2.8B) was used to locate the areal-

determining plane. The VDW area of DOPC in the areal-determining planes decreases 

from 0.431 to 0.308 nm
2
 due to the compression by cholesterol sterol rings. For the same 

reason, the free area per lipid also decreases continuously. An important feature of Figure 

2.10 is that the VDW area of cholesterol in this region decreases from 0.366 to 0.322 

nm
2
. Since cholesterol sterol ring structure is rigid and does not change shape in a PC 

bilayer, this decrease must be caused by the decrease of cholesterol tilt angle with respect 

to the bilayer normal as cholesterol mole fraction increases. In order to visualize the 

effect of cholesterol tilt angle, the VDW area of cholesterol in the areal-determining 

plane was fitted by the function Ao/cos(θ(xc)) in Figure 2.10 (the red dashed line). θ(xc) is 

the average cholesterol tilt angle in Table 2.1 and Figure 2.4B, and Ao is a fitting 

constant, which is the VDW area of cholesterol sterol rings at zero tile angle. The best fit 

was obtained with Ao = 0.3179 ± 0.0026 nm
2
. This good fit between cholesterol VDW 
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area and Ao/cos(θ(xc)) indicates that the decrease of VDW area of cholesterol with the 

increasing of xc indeed results from the decreasing of cholesterol tilt angle. 

 

Figure 2.10 VDW areas of DOPC and cholesterol and free area per lipid as functions of 

cholesterol mole fraction in the areal-determining planes. The red dashed line is the 

fitting function Ao/cos(θ(xc)), where θ(xc) is the average cholesterol tilt angle plotted in 

Figure 2.4B, and Ao is the fitting constant (0.3179 ± 0.0026 nm
2
). 

On the basis of the above analysis, we reached the conclusion that the area lost 

due to the cholesterol condensing effect is primarily the VDW area and the free area 

originally belonged to PC. Therefore, we propose the following approach to 

quantitatively analyze the cholesterol condensing effect within the areal-determining 

planes: (i) The volume and shape of cholesterol fused rings are essentially independent of 

cholesterol mole fraction in a lipid bilayer. However, the average cholesterol tile angle 

has a large influence on the bilayer area. The area per cholesterol in the areal-determining 

plane is simply calculated using 

          
  

           
     (8) 

where ao is the cross-sectional area of cholesterol within the areal-determining plane with 

zero tilt angle plus some free area associated with the cholesterol, and θ(xc) is the average 
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tilt angle of the cholesterol as a function of xc. (ii) The rest of the area is assigned to PC: 

The area per DOPC in the areal-determining plane is calculated by 

          
                    

     
     (9) 

where A(xc) is the total lateral area of the simulation box and NCHOL and NDOPC are the 

numbers of cholesterol and PC in each leaflet, respectively. 

The VDW areas of PC and cholesterol shown in Figure 2.10 are bare areas. As 

pointed out by Edholm and Nagle,
13

 the free area or free volume is naturally a part of 

lipid bilayers. For pure PC lipid bilayers, all free area or free volume should be assigned 

to PC. The difficulty is how to divide the free area between PC and cholesterol when a 

bilayer contains cholesterol. The physical meaning of the parameter ao is the area 

occupied by the cholesterol sterol rings in a hypothetical pure cholesterol bilayer with 

zero tilt angle, which includes some free area associated with a cholesterol. Since the 

maximum solubility of cholesterol in many PC bilayers is 0.66,
24,25

 the value of ao cannot 

be obtained from either experiment or simulation. However, the possible range of ao can 

be narrowed down through following considerations: (i) The cross-sectional area of 

cholesterol in cholesterol monohydrate crystals was determined to be 0.36 nm
2
 by Craven 

using X-ray diffraction.
34

 (ii) At the air-water interface, in pure cholesterol monolayers at 

a lateral pressure similar to that of a lipid bilayer (30 mN/m),
35

 the measured area per 

cholesterol is 0.37-0.39 nm
2
.
36,37

 This area includes the free area surrounding a 

cholesterol in the monolayers. (iii) The bare area of cholesterol sterol rings (without any 

free area) at zero tilt angle (i.e. Ao) was extrapolated to be 0.3179 ± 0.0026 nm
2
 in this 

study. This value should be considered as the lower limit of ao. Although the relevance of 

the molecular area of cholesterol in a crystal or a monolayer to that in a bilayer is a 

concern, we estimate that the reasonable value for ao should be between 0.35 and 0.40 

nm
2
. In this study, we choose ao = 0.38 nm

2
 for the calculation. 

The calculated area per DOPC and area per cholesterol in the areal-determining 

plane are also plotted in Figure 2.9. Because our definition is obviously different from 
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that of methods 1 and 2, the obtained values are very different as well. The area per 

cholesterol in the areal-determining plane decreases from ~0.438 nm
2
 at low cholesterol 

to ~0.387 nm
2
 near its maximum solubility limit (xc = 0.66). The decrease is caused by 

the decrease of cholesterol tilt angle with respect to the bilayer normal. On the other 

hand, area per DOPC in the areal determining plane decreases from the pure DOPC 

bilayer value of ~0.671 to ~0.388 nm
2
 near xc = 0.66. This large decrease of area per 

DOPC, about 40% of its original area, is caused by the compression of DOPC acyl chains 

by cholesterol’s rigid sterol rings and reflects the true magnitude of the cholesterol 

condensing effect. 

2.6 Conclusion 

Based on the analysis of cross-sectional areas of molecules using the slicing 

method, the condensing effect of cholesterol is found to be limited to the cholesterol 

sterol ring region where the acyl chains of DOPC are severely compressed by cholesterol. 

As xc increases, the headgroups of DOPC gradually expand along the bilayer-aqueous 

interface to cover more cholesterol. The results are in good agreement with the umbrella 

model. Our analysis showed that the total area of a PC/cholesterol bilayer is primarily 

determined by the molecular packing in the cholesterol sterol ring region, more precisely, 

in the areal-determining plane. The calculated partial-specific areas of lipids clearly show 

the condensing effect of cholesterol. A cholesterol-containing PC bilayer is indeed a 3-

dimensional structure; therefore, average area per PC and area per cholesterol are not 

well-defined quantities. An alternative approach for calculating area per molecule within 

the areal-determining plane is proposed. In this region, the cholesterol tilt angle largely 

determines the area occupied by a cholesterol molecule, and the compression of PC acyl 

chains by cholesterol sterol rings is directly responsible for the well-known cholesterol 

condensing effect. Although the new method still has some arbitrary features, the 

calculated areas are more meaningful in describing the molecular packing and cholesterol 

condensing effect in a lipid bilayer: Our calculation showed that the majority of the area 

lost due to the cholesterol condensing effect is taken from PC molecules. 
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CHAPTER THREE 

3. MODIFICATION OF LIPID BILAYER STRUCTURE BY 

DIACYLGLYCEROL: A COMPARATIVE STUDY OF 

DIACYLGLYCEROL AND CHOLESTEROL 

3.1 Abstract 

Diacylglycerols (DAGs) are important second messengers in biomembranes, and 

they can activate protein kinase C and many other enzymes and receptors. However, their 

interactions with cholesterol and other lipids have not been previously studied using 

molecular dynamics (MD) simulation. In this study, nine independent atomistic MD 

simulations were performed to specifically investigate the interactions between 

di16:0DAG, 16:0,18:1-phosphatidylcholine (POPC), and cholesterol. Despite of their 

substantial differences in chemical structure, DAG and cholesterol produce some very 

similar effects in POPC bilayers: increasing acyl chain order and bilayer thickness, 

reducing volume-per-lipid, and decreasing lateral diffusion of molecules. More 

significantly, DAG also produces a strong “condensing effect” in PC bilayers. In 

comparison, cholesterol is more effective than DAG in producing the above effects. The 

driving force for the condensing effect is their molecular shape: DAG and cholesterol 

both have small polar headgroups and large hydrophobic bodies. In a lipid bilayer, in 

order to avoid the unfavorable exposure of their hydrophobic parts to water, neighboring 

phospholipid headgroups move toward cholesterol or DAG to provide cover. Thus, 

seemingly complex interactions between DAG, cholesterol and phospholipid can be 

clearly explained using the Umbrella Model. Our simulations confirmed the hypothesis 

that DAG increases the spacing between phospholipid headgroups, which is important for 

activating protein kinase C and other enzymes. Interestingly, our simulations also show 

that the conventional wisdom that the spacing created by a DAG is directly above the 

DAG molecule is incorrect; instead, the largest spacing usually occurs between the first 

and the second nearest-neighbor PC headgroups from a DAG, due to the umbrella effect. 
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3.2 Introduction 

Diacylglycerols (DAGs) play important roles in lipid metabolism and cell 

signaling, and are well known for activating protein kinase C and other enzymes and 

receptors.
1,2

 DAG can be produced in cell membranes either as a result of the hydrolysis 

of phosphatidylinositol 4,5-bisphosphate (PIP2) or phosphatidylcholine. It has been 

shown that DAGs can modify the phospholipid bilayer structure significantly or even 

induce non-bilayer phases at high concentration.
3,4

 As a molecule with a small headgroup 

and a large hydrophobic body, DAG increases the spacing between phospholipid 

headgroups in lipid bilayers. Using 
2
H NMR and ESR techniques, Schorn and Marsh 

found that DAGs are incorporated into bilayer membranes similar to phospholipids 

incorporation, but are situated approximately two CH2 groups deeper in the hydrophobic 

interior.
5
  

In a fluid-phase lipid bilayer, cholesterol increases the order of acyl chains and 

bilayer thickness, and reduces the lateral diffusion of lipids. The most well known effect 

of cholesterol is the “cholesterol condensing effect”, i.e., the total area of a lipid bilayer 

becomes less than the sum of the areas of phospholipids and cholesterol.
6-8

  Molecular 

dynamics (MD) simulation has become a powerful tool to investigate detailed 

interactions between molecules at the atomistic level. Although the interactions of 

cholesterol with phospholipids have been extensively studied in the past decade
9-17

, 

DAG-cholesterol-phospholipid interactions have not yet been investigated using MD 

simulation. Recently, Pandit et al. showed that ceramide and cholesterol have a very 

similar effect on POPC bilayers, although ceramide is less effective in increasing chain 

order compared to cholesterol.
18

  In this study, various effects of di16:0DAG on POPC 

bilayers with or without cholesterol have been investigated. By comparing the effects 

produced by cholesterol or by DAG, the molecular driving force of DAG-phospholipid 

interaction will be examined. 

The chemical structures of di16:0DAG, cholesterol, and POPC are shown in 

Figure 3.1a. Despite their vast differences in structure, DAG and cholesterol produce 
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some very similar effects on POPC bilayers: increasing acyl chain order and bilayer 

thickness, reducing area per lipid, and decreasing lateral diffusion. More significantly, we 

found that DAG also induces strong “condensing effect” in PC bilayers. However, 

cholesterol is more effective than DAG in producing such effects, probably due to its 

rigid sterol rings. We hypothesize that the similarity in their effects on PC bilayers is 

resulted from their similarity in molecular shape: DAG and cholesterol both have small 

hydrophilic headgroups and large hydrophobic bodies. In a lipid bilayer, cholesterol 

mainly relies on the coverage of neighboring phospholipid headgroups to avoid the 

unfavorable exposure of its hydrophobic part to water, as described by the Umbrella 

Model.
19,20

 The cholesterol condensing effect is resulted from the tight packing between 

cholesterol and PC needed to achieve the coverage. The same mechanism also produces 

the condensing effect of DAG. Our result clearly explains the previous experimental 

finding that cholesterol can “amplify” DAG’s activity.
21

 An important consequence of the 

umbrella coverage is that the largest spacing created by a DAG in a lipid bilayer is not 

directly over the DAG molecule, as described in some papers; rather, we find it to be 

between the first and the second nearest-neighbor PC headgroups from a DAG. 

 

Figure 3.1 (a) Chemical structures of cholesterol, di16:0DAG, and POPC. The vector 

connecting C21 and C5 atoms of cholesterol (red arrow) represents the orientation of a 

cholesterol molecule. Atom indices, such as C4 and O2 of DAG, are the atom indices 

names in the corresponding molecules structure PDB files.  (b) Illustration of a 

headgroup of PC orienting toward cholesterol (in yellow) to provide the umbrella 

coverage. The red spheres are oxygen atoms. (c) Illustration of the lateral insertion of 

DAG chains (in green) and the umbrella coverage by PC headgroup to DAG. 



Texas Tech University, Mohammad Alwarawrah, May 2012 

 

45 

 

In terms of cross-sectional area, DAG has a smaller headgroup/body ratio than 

cholesterol. Our 2D radial distribution functions of molecules show that DAGs receive 

more Umbrella coverage than cholesterol in POPC bilayers.  Interestingly, we found that 

unlike cholesterol, DAG is not solely relying on the Umbrella coverage, it can also 

reduce the unfavorable exposure by inserting its acyl chains into surrounding chain 

matrix (i.e., lateral insertion), particularly at low DAG concentrations. Our electron 

density profiles show that DAG in the POPC/DAG bilayer is situated about 1.9 Å deeper 

into the bilayer interior than POPC, which agrees well with previous experimental 

results.
5
 

3.3 Simulation Methods 

Nine independent simulations of pure, binary and ternary mixtures consisting of 

POPC, DAG, and cholesterol, were performed at 310 K with a time step of 2.0 fs. The 

first four systems in Table 3.1 were run for 500 ns, and the rest five were run for 300 ns. 

The total number of lipids in each system was kept at 512. The phospholipid force field 

was from Berger et al.,
22

 and the cholesterol force field was based on the GROMOS force 

field from Holtje et al.
23

 Since DAG has not been previously studied using MD 

simulation, its force field must be created.  DAG force field (see Supporting Information) 

was constructed from the bonded and non-bonded parameters of GROMOS87 force 

field
24

 implemented in GROMACS as ffgmx. The atomic charges for a DAG were 

obtained using QM calculations. The partial charges were calculated using ORCA 

package (http://www.thch.uni-bonn.de/tc/orca/) at hybrid functional B3LYP/G level as 

defined in Gaussian program system
25-28

 with 6-31G* basis set
29-31

. All systems were run 

in the NPT ensemble using a Nosé-Hoover thermostat
32

 and Parrinello-Rahman barostat
33

 

methods with a coupling time constant of 0.1 and 1.0 ps, respectively. The pressure 

normal and parallel to the bilayer were coupled separately at 1 bar. The LINCS algorithm 

was used to keep the lengths of all bonds constant. Long-range electrostatic interactions 

were handled with the particle mesh Ewald (PME) method.
34

 The cutoff distances for 

Lennard-Jones interactions and electrostatic interactions were both set at 1.0 nm.  All 

other simulation conditions were identical to that in our previous studies.
9,11
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Creating initial structures. The lipid bilayer was constructed by first obtaining 

the PDB coordinates file of a single POPC molecule from Dr. Peter Tieleman’s 

Website,
38

 and the initial structure of di16:0DAG was constructed using the Dundee 

PRODRG2 Server
35

. A single POPC was placed inside a solvent box, and a short 

simulation was performed to relax the lipid. Afterward, bilayers of 32, 64 and 512 POPCs 

were constructed from this relaxed POPC. The 32-POPC bilayer was used to construct 

POPC/18.75%CHOL and POPC/18.75%DAG bilayer subunits. Three Cholesterol 

molecules and three DAGs were inserted as a group to create POPC/18.75%CHOL and 

POPC/18.75%DAG bilayer subunits, respectively. To construct the POPC/DAG/CHOL 

bilayer subunit, we used the 64-POPC bilayer and inserted cholesterols and DAGs 

together in two groups (i.e., 1DAG+2cholesterol and 2DAG+1cholesterol). The VMD 

program (http://www.ks.uiuc.edu/Research/vmd/) was then used to remove any bad links 

or overlaps that could happen after the cholesterol and DAG insertion.
36

 Following this, 

the GROMACS
37

 utility “genconf” was employed to replicate the systems of 32 and 64 to 

generate a new starting configuration consisting of 512 lipids for POPC/18.75%CHOL, 

POPC/18.75%DAG, and POPC/DAG/CHOL. All initial structures went through energy 

minimization using both the steepest descent and the conjugate gradient algorithms; each 

ran for 1000 steps to eliminate any bad contacts. 

Acyl Chain Order Parameter. The order parameter was calculated differently at 

the double bond locations (i.e., carbon number 8 and 9 in Fig. 4b) from the previous 

simulations.
9,38,39

  Current g_order tool in GROMACS (version 4.0.7) calculates the order 

parameter of an alkene carbon using the same equation for a methylene carbon, which is 

incorrect. We modified g_order tool, and used     
    

 

 
    

 

 
    for saturated chain 
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    for unsaturated chain, where Sxx, Syy, Szz, and Syz 

are the order parameter tensors for angles between molecular axis and the bilayer normal 

calculated using the equation: 
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This modification is similar to g_order_new331 tool that was modified by Dr. 

Samuli Ollila.
40

 

3.4 Results and Discussion 

Initial and Final Snapshots. Figure 3.2 depicts the initial and final snapshots of 

the top leaflets of the POPC/18.75%CHOL, POPC/18.75%DAG, and POPC/DAG/CHOL 

systems. For clarity, cholesterol and DAG are represented by the space-filling models, 

POPCs are represented by thin lines, and water molecules are not shown. In the initial 

configurations of POPC/18.75%CHOL and POPC/18.75%DAG (Figs. 3.2a & 3.2c), 

cholesterols and DAGs were arranged in 16 clusters and each cluster contained three 

molecules. The clusters in the initial POPC/DAG/CHOL system (Fig. 3.2e) were either 

1CHOL+2DAG or 2CHOL+1DAG. After 500ns simulation, the original artificially 

arranged clusters of cholesterol have dispersed, primarily into monomers (Fig. 3.2b). In 

comparison, DAGs have a less tendency to disperse as monomers; some DAGs are in 

small clusters (Fig. 3.2d). As shown in previous studies, cholesterol has a strong tendency 

be a monomer in a lipid bilayer, because the free energy cost of covering a cholesterol 

cluster by neighboring PC headgroups increases rapidly with the size of cluster.
11,19
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Figure 3.2 (a) and (b): The initial and final snapshots of POPC/18.75%CHOL system. 

Only the lipids on the top leaflet are shown.  POPCs are represented by thin lines, and 

cholesterol molecules (in yellow) are represented by the space-filling model. The red 

spheres are O6 atoms of cholesterol.  (c) and (d): The initial and final snapshots of 

POPC/18.75%DAG system. DAGs (in green) are represented by the space-filling model.  

The red spheres are O2 atoms of DAG.  (e) and (f): The initial and final snapshots of 

POPC/DAG/CHOL system. 

An important feature in Fig. 3.2d is that some DAGs appear to extend their acyl 

chains laterally into the surrounding chain matrix (i.e., lateral extension). A visual 

inspection of 3D snapshots shows that the separation between two acyl chains is quite 

large for some DAGs. In order to judge whether it is statistically meaningful, we 

calculated the average distance between two acyl chains of POPC and compared it with 

that of DAG. The distance between C42 carbon of sn-1 chain and C24 carbon of sn-2 

chain was used to represent the distance between two POPC chains; and the distance 
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between C33 carbon of sn-1 chain and C15 carbon of sn-2 chain was used to represent 

the distance between two DAG chains (see Fig. 3.1a). As shown in Table 3.1, in every 

case, the average distance between two acyl chains of DAG is larger than that of POPC.  

Thus, DAG molecules have a statistical tendency to spread their chains. We believe that 

this type of chain conformation is resulted from the molecular shape of DAG. Although 

DAGs also have small hydrophilic headgroups and large hydrophobic bodies, they do not 

solely rely on the coverage from neighboring PC headgroups to avoid the unfavorable 

exposure to water: DAG can also insert their acyl chains into surrounding, as illustrated 

in Fig. 3.1c. Figure 3.2f is the final snapshot of the POPC/DAG/CHOL system. 

Interestingly, the lateral extension of DAG acyl chains near cholesterol molecules is 

suppressed by the presence of bulky sterol rings of cholesterol. As a consequence, DAGs 

become more relying on the umbrella coverage from PC headgroups in a lipid bilayer 

containing cholesterol. 

Table 3.1 Average distances between two acyl chains of POPC or DAG. 

Systems CHOL% DAG% POPC (C24-C42) (nm) DAG (C15-C33) (nm) 

Pure POPC 0 0 1.12±0.02 - 

POPC/18.75%CHOL 18.75 0 0.96±0.02 - 

POPC/CHOL/DAG 9.375 9.375 0.98±0.02 1.10±0.04 

POPC/DAG 

0 18.75 0.99±0.02 1.06±0.03 

0 12.50 1.04±0.02 1.16±0.03 

0 6.25 1.09±0.02 1.22±0.06 

0 4.69 1.10±0.01 1.27±0.06 

0 3.13 1.10±0.02 1.24±0.09 

0 1.56 1.12±0.02 1.24±0.10 



Texas Tech University, Mohammad Alwarawrah, May 2012 

 

50 

 

Area per Lipid, Bilayer Thickness, and Volume per Lipid. The area per lipid 

(Apl = 2Abox/Nlipid), volume per lipid (Vpl = (Vbox - Nwatervwater)/Nlipid), and bilayer thickness 

(h = Vpl/Apl) were calculated by averaging over the last 100 ns of the simulations, and the 

results are listed in Table 3.2. Apl for pure POPC bilayer is 0.653 nm
2
, which agrees 

reasonably well with the experimental values [0.63-0.68 nm
2
]

41,42
 and previous 

simulations results [0.65-0.67 nm
2
]
18,39

. For the POPC/18.75%CHOL bilayer, the area per 

lipid is 0.503 nm
2
, which is close to the experimental value of 0.53 nm

2 42
 and the 

simulated value of 0.516 nm
2
 by Pandit et al.

18
 for POPC with 20% of cholesterol. Figure 

3.3 shows Apl for POPC/DAG bilayers as a function of DAG mole fraction. Since the 

cross-sectional area of DAG is less than that of POPC, as expected, Apl shows a 

monotonic decrease as a function of DAG mole fraction. At the same DAG or cholesterol 

mole fraction (18.75%), the area per lipid of POPC/DAG system is larger than that of the 

POPC/18.75%CHOL system. On the other hand, the bilayer thickness of POPC/ 

18.75%DAG system is smaller than that of POPC/18.75%CHOL system. Table 3.2 

clearly shows that DAG decreases area per lipid and volume per lipid and increases 

bilayer thickness, which is similar to cholesterol in DOPC bilayers.
9
 This behavior is 

expected, since DAG and cholesterol both are small-headgroup molecules. 
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Table 3.2 Area per lipid (Apl), bilayer height (h), and volume per lipid (Vpl) in various 

systems. 

Systems CHOL% DAG% Apl(nm
2
) h (nm) Vpl(nm

3
) 

Pure POPC 0 0 0.653±0.005 3.87±0.03 1.264±0.004 

POPC/18.75%CHOL 18.75 0 0.503±0.004 4.44±0.04 1.116±0.004 

POPC/CHOL/DAG 9.375 9.375 0.524±0.004 4.38±0.04 1.147±0.004 

POPC/DAG 

0 18.75 0.538±0.005 4.38±0.04 1.177±0.004 

0 12.50 0.575±0.006 4.19±0.04 1.206±0.004 

0 6.25 0.616±0.006 4.01±0.04 1.235±0.004 

0 4.69 0.626±0.006 3.97±0.04 1.242±0.004 

0 3.13 0.634±0.005 3.94±0.03 1.249±0.004 

0 1.56 0.644±0.006 3.90±0.04 1.256±0.004 

 

Partial-Specific Areas. Figure 3.3 also shows the partial-specific areas of POPC 

and DAG in POPC/DAG bilayers, calculated using the method of Edholm and Nagle.
13

  

The partial specific area of DAG, aDAG(x) stays within a range of low value, between 0 

and 0.1 nm
2
. Since the measured area for a lipid with two tightly packed saturated chains 

is about 0.42 nm
2
,
43

 one would expect that a DAG molecule occupies at least 0.42 nm
2
 

lateral area in a fluid-phase PC bilayer. By definition, aDAG(x) is the increase of total 

bilayer area at the bilayer composition x by adding one more DAG molecule to the 

bilayer, while keeping all other parameters constant. Thus, the low partial-specific area of 

DAG indicates a far less than expected increase of total bilayer area by adding a DAG to 

a POPC bilayer. This result clearly shows that DAG produces the “condensing effect” in 

POPC bilayers. Previously, other researchers have found that cholesterol has a negative 
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partial-specific area in DOPC and POPC lipid bilayers at low cholesterol mole fractions, 

and the value becomes positive above cholesterol mole fraction of 0.1.
9,13,18

  Thus, 

comparing to DAG, cholesterol produces a stronger condensing effect. On the other hand, 

the partial specific area of POPC, aPOPC(x), stays at a narrow range, from 0.653 to 0.638 

nm
2
. This shows that the condensing effect is mainly produced by DAG, not by POPC. 

What causes the condensing effect in lipid bilayers? We have suggested that the 

condensing effect is a consequence of the umbrella interaction between cholesterol and 

PC.
20,44

 A recent coarse-grained simulation by de Meyer and Smit demonstrated that the 

condensing effect is indeed directly resulted from the mismatch between cholesterol 

small polar head and its large nonpolar body.
12

 Pandit et al. showed that ceramide, 

another lipid molecule with a small polar head, also induces condensing effect in POPC 

bilayers.
18

  Our result further supports the conclusion.  

 

Figure 3.3 Area per lipid (Apl(x)), and partial-specific areas of POPC (aPOPC(x)) and DAG 

(aDAG(x)) vs. DAG mole fraction in POPC/DAG bilayers. 

Acyl Chain Order Parameter. Figure 3.4 shows the order parameters of POPC 

and DAG chains at each carbon atom position. It has been well established that the higher 

the cholesterol mole fraction, the higher the order parameter.
9,45

 We modified g_order 

tool in GROMACS (see SIMULATION METHOD), and our order parameters for pure 

POPC are very close to the experimental results
46

 and some previous simulation 
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results
18,40,47

. The order parameter for POPC with 18.75 % of cholesterol is also close to 

the previous simulation result for POPC with 20 % of cholesterol.
18

 The acyl chains of 

POPC have the highest order in the POPC/18.75%CHOL system. The cis double bond in 

sn-2 chain of POPC produces a sharp local drop of chain order parameter. Similarly, the 

order parameter of acyl chains of DAG increases with DAG concentration as shown in 

Fig. 3.4c and 3.4d. Since the order parameter of DAG chains is higher in 

POPC/DAG/CHOL system (with 9.375% of DAG and 9.375% of cholesterol) than that in 

POPC/12.5%DAG system, it indicates that cholesterol also increases the order parameter 

of DAG chains. A general picture emerges from Figure 3.4 that the addition of 

cholesterol, or DAG, or both can all increase the order of chains. At the same 

concentration, cholesterol is slightly more effective than DAG in ordering POPC acyl 

chains.  

 

Figure 3.4 (a) and (b): The order parameter of POPC acyl chains. (c) and (d): The order 

parameter of DAG acyl chains. 
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Cholesterol Tilt Angle. The cholesterol tilt angle is defined as the angle between 

the vector connecting C21 and C5 atoms of cholesterol (see Figure 3.1a) and the bilayer 

normal. It is well known that cholesterol tile angle decreases and the order of a bilayer 

increases as cholesterol concentration increases.
9,14,15,17

 Using solid-state NMR, the 

cholesterol tilt angle in DPPC bilayer containing 30% cholesterol at 47 °C was 

determined to be 18.1° by Guo et al.
48

 The cholesterol tilt angle in DPPC bilayer 

containing 20% cholesterol at 50 °C was found to be 19.8° in a number of MD simulation 

studies.
49-51

 The tilt angle is larger in DOPC bilayers: Previous MD simulations showed 

that the cholesterol tile angle in DOPC bilayer containing 20% cholesterol at 50 °C is 

about 23.5°-24.7°.
9,49

 Figure 3.5 shows the probability distributions of cholesterol tilt 

angle for POPC/18.75%CHOL and POPC/DAG/CHOL systems. The average cholesterol 

tilt angle in POPC/18.75%CHOL system is 21.71.5°, which is in line with other studies.  

Interestingly, the average cholesterol tilt angle in the POPC/DAG/CHOL system 

(21.62.2°) is very similar to that in the POPC/18.75%CHOL system. Since the 

POPC/DAG/CHOL system contained 9.375% of cholesterol and 9.375% of DAG (Table 

3.2), our data shows that DAG also decreases cholesterol tilt angle; otherwise, one would 

expect a larger cholesterol tilt angle in POPC/DAG/CHOL system. 

 

Figure 3.5 Tilt angle distributions between the bilayer normal and the vector connecting 

C21 and C5 atoms of cholesterol in POPC/18.75%CHOL and POPC/DAG/CHOL 

bilayers systems. 
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Electron Density. Figure 3.6 shows the electron density profiles of POPC, 

cholesterol, DAG and water across the lipid bilayers in four systems. For the electron 

density profiles of POPC (Fig. 3.6a), the addition of cholesterol, or DAG, or both, 

produces two noticeable effects: (i) The profiles expand in the direction of bilayer 

normal, indicating an increase of bilayer thickness; (ii) the peaks, that largely correspond 

to the distribution of POPC headgroups,
9
 become sharper, indicating that POPC 

headgroups become more parallel to the bilayer-aqueous interfaces. The effects are 

largest in the POPC/18.75%CHOL system and smallest in the POPC/18.75%DAG 

system, closely correlated to the order of acyl chains (Fig. 3.4). The electron density 

profile of DAG in the POPC/DAG/CHOL system is also very similar to that in the 

POPC/18.75%DAG system (Fig. 3.6c). 
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Figure 3.6 The electron density profiles of POPC (a), cholesterol (b), DAG (c), and water 

(d) across the bilayer in various systems. 

 The relative positions of POPC, DAG, and CHOL in the bilayers are illustrated in 

Figure 3.7. In the POPC/18.75%CHOL system, on average, O6 atom of cholesterol is 

located ~2.0 Å below the C13 atom of POPC. The C4 atom of DAG is located ~1.9 Å 

below the C13 atom of POPC in the POPC/18.75%DAG system.  Our result is consistent 

with Schorn and Marsh’s experimental finding that DAGs are situated approximately two 

CH2 groups deeper in the hydrophobic interior.
5
 Finally, in the POPC/DAG/CHOL 

system, O6 atom of cholesterol and C4 atom of DAG are located about 1.4 Å and 2.4 Å 

below the C13 atom of POPC, respectively. These relative positions are consistent with 
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our interpretation that headgroups of POPC provide the umbrella coverage for both 

cholesterol and DAG (Fig. 3.1b and 3.1c). 

 

Figure 3.7 The electron density profiles of C13 atom of POPC, O6 of cholesterol, and C4 

of DAG, which illustrate the relative positions of these lipids in the lipid bilayers. (a) in 

POPC/18.75%CHOL; b) in POPC/18.75%DAG; and c) in POPC/DAG/CHOL system. 

The Umbrella Effect. Figure 3.8a quantifies the Umbrella effect on cholesterol in 

the POPC/18.75%CHOL bilayer. Two 2D radial distribution function (RDF) were 

calculated in the plane parallel to the bilayer surface: one between the O6 atom of 

cholesterol and the N4 atom of PC’s choline group, and a second between cholesterol O6 

and PC’s phosphate residue P8, represented by the two white dashed lines in Fig. 3.1b. 

Similar to a previously study,
11

 the RDF of O6CHOL-N4POPC is higher than the RDF of 

O6CHOL-P8POPC for the distance less than ~0.4 nm from a cholesterol, and the relation is 

reversed for the distance between ~0.4 and ~0.8 nm, which indicates that the first layer of 

PC headgroups next a cholesterol molecule (≤ 0.8 nm) has a statistical tendency to extend 

their P-N vectors toward the cholesterol in order to cover cholesterol’s hydrophobic 

body, as illustrated in Fig. 3.1b. The two RDFs cross over several more times between 

0.8 and 3 nm, indicating that the orientation order of PC head groups extends up to about 

three molecules away from a cholesterol molecule. An important new result in this study 

is that POPC headgroups also provide the umbrella coverage for DAGs: In the 

POPC/18.75%DAG system, the RDF of O2DAG- N4POPC is higher than the RDF of 

O2DAG- P8POPC for the distance less than 0.25 nm from a DAG, and the relation is also 

reversed for the distance between 0.25 and 0.65 nm (Fig. 3.8b). It appears that the first 
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layer of POPC headgroups next to a DAG hydroxyl group is about 1.5 Å closer than that 

next to a cholesterol hydroxyl group. This is understandable, since a DAG does not have 

the bulky sterol rings of cholesterol to prevent surrounding PCs getting closer. In 

addition, the second layer of PC headgroups, located roughly between 0.7 to 1.7 nm from 

a DAG, is also ordered with their P-N vectors preferentially pointing to the DAG, likely 

due to the dipole-dipole interaction with the headgroups of PC in the first layer. To 

facilitate the discussion, we define a numerical parameter, named the “Umbrella Index” 

(UI), to quantitatively describe the orientational order of phospholipid headgroups 

surrounding a cholesterol or a DAG.  For cholesterol, UI is defined as UI  ∫ 

|RDF(O6CHOL-N4PC) - RDF(O6CHOL-P8PC)| dx for x from 0 to 3 nm. Visually, UI is the 

total area between the two RDF from 0 to 3 nm in Figure 3.8. A larger UI value would 

indicate a higher orientational order of PC headgroups. The calculated UI is 0.206 for 

cholesterol in the POPC/18.75%CHOL system and 0.239 for DAG in the POPC/ 

18.75%DAG system, suggesting that a DAG receives more PC headgroup coverage than 

a cholesterol molecule, at the same concentration. The difference is likely resulted from 

the smaller headgroup/body areal ratio of DAG.  Both DAG and cholesterol have 

hydroxyl as their hydrophilic head. Although DAG is in a fluid-phase in POPC bilayer, 

the lower limit of its cross-sectional area in its hydrophobic acyl-chain region, 42 Å
2
, can 

be estimated from a gel-phase lipid bilayer
43

. On the other hand, the estimation of the 

cross-sectional area of cholesterol’s sterol rings is ranging 32-38 Å
2
.
9
 Thus, it is 

reasonable that DAG needs more umbrella coverage from POPC headgroups. 
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Figure 3.8 The umbrella coverage on cholesterol or DAG by POPC headgroups 

quantified by radial distribution functions (RDF). (a) and (c): The RDFs between 

cholesterol oxygen O6 and POPC nitrogen N4 of choline group or phosphate P8. (b) and 

(d): RDFs between DAG oxygen O2 and POPC nitrogen N4 of choline group or 

phosphate P8. 

We have shown that our simulation data is consistent with the umbrella model; 

however, we did not compare our results with the Condensed-Complex model.
52,53

 The 

primary reason is that the model does not have a prediction for the physical structure of 

the hypothesized lipid-cholesterol stoichiometric complex.  In addition, it becomes 

increasingly clear that the condensing effect can be induced by a number of membrane 

molecules, including cholesterol, DAG, ceramide,
18

 and other sterols,
17,54

 although their 

effectivenesses may vary. These molecules have different chemical structures but share a 

common molecular shape: a small hydrophilic headgroup and a large hydrophobic body. 
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Thus, these results strongly indicate that the condensing effect is more associated with the 

shape of molecule than the stoichiometric complex.   

Figures 3.8c and 3.8d illustrate the umbrella coverage for DAG and cholesterol in 

the POPC/DAG/cholesterol ternary mixture. Interestingly, in the POPC/DAG/cholesterol 

ternary system (Fig. 3.8d), the calculated UI for DAG becomes significantly larger (UI = 

0.285) than that in the POPC/18.75%DAG system (UI = 0.239). In the ternary system, 

the lateral extension of DAG acyl chains is visibly suppressed by the bulky rigid sterol 

rings of cholesterol (Fig. 3.2f), and DAGs become more relying on the umbrella coverage 

from PC headgroups.  For cholesterol, the umbrella index also increases from 0.206 to 

0.244. This indicates that the PC headgroups become highly ordered in POPC/DAG/ 

cholesterol ternary system. A visual inspection of simulation snapshots confirmed that 

DAG received more headgroup coverage from POPC than cholesterol does in 

POPC/DAG/cholesterol ternary system.  

The increase of spacing between PC headgroups. One of the important effects 

of incorporating DAG into a lipid bilayer is the increase of spacing between phospholipid 

headgroups. It has been long suggested that the increase of spacing is crucial for the 

binding of protein kinase C to lipid membranes or the activation of phospholipases.
1,3,55

 

Statistically, we found that DAGs indeed increase the average distance between PC 

headgroups. Figure 3.9 shows the 2D RDFs between O11 atoms of POPC in various 

bilayers. At the short distance, the RDF is the lowest in POPC bilayer containing 18.75% 

of DAG, which indicates that DAG is more effect than cholesterol in increasing the 

spacing between PC headgroups, directly correlated with the smaller headgroup/body 

ratio of DAG.  
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Figure 3.9 2D RDF of O11 atom of POPC headgroup. 

Interestingly, the conventional wisdom has been that a DAG with a small polar 

headgroup can wedge into a phospholipid bilayer and create an opening direct above the 

DAG molecule, as illustrated in Fig. 3.10a;
1,3,55

 however, our simulations show that this 

may not be correct. Fig. 3.10c is a top-view snapshot of POPC bilayer containing 6.25% 

of DAG. The white arrows represent the P-N vectors of POPC headgroups, and DAG 

molecules are represented by the space-filling model. A careful examination of Fig. 3.10c 

shows that in almost every case, there are P-N vectors of POPC distributed above a DAG 

headgroup, and this coverage of DAG by POPC headgroups is driven by the umbrella 

effect discussed earlier. Fig. 3.10c also shows that large headgroup spacing usually 

occurs between the first and the second nearest-neighbor PCs from a DAG. This 

observation also explains why the distance distribution of the second-nearest neighbor 

PCs from a DAG is wider than the size of a PC molecule (i.e., from 0.7 to 1.7 nm in Fig. 

3.8b). Fig. 3.10b is a schema that illustrates the distribution of spacing between PC 

headgroups near a DAG molecule.   
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Figure 3.10 (a) The conventional wisdom of the creating spacing between PC headgroups 

by a DAG in a lipid bilayer, which is found to be incorrect in this study. (b) Conceptual 

illustration of our simulation result that the largest space created by a DAG is usually 

between the 1
st
 and the 2

nd
 nearest-neighbor PC headgroups from a DAG. (c) A top-view 

snapshot of POPC bilayer contained 6.25% of DAG.  DAGs are represented by the space-

filling model, and the white arrows represent the P-N vectors of POPC headgroups. 

In order to confirm the conceptual picture shown in Fig. 3.10b, we analyzed the 

distributions of POPC headgroups and acyl chains around DAG in POPC/6.25%DAG 

system as well as around POPC in pure POPC bilayer.  To calculate RDFs, the position 

of a POPC headgroup was simply taken as the midpoint of its P-N vector, and the center 

of mass of two acyl chains from the same POPC was used to represent the position of 

POPC chains. As shown in Fig. 3.11, in POPC/6.25%DAG system, the distribution of PC 

headgroups (i.e., P-N vectors) around DAG O2 oxygen has a large peak at ~0.29 nm and 

a small peak at ~0.48 nm.  Judging from the distance, these two peaks correspond to the 

nearest-neighbor POPC headgroups providing the umbrella coverage to DAGs. Two 

close peaks suggest that certain orientations of PC headgroup may be preferred.  At the 

same distance range, the RDF of POPC acyl chains is significantly lower than the RDF of 

POPC headgroups, which clearly indicates that the POPC headgroups next to a DAG tilt 

towards the DAG.  Furthermore, from the distance of 0.6 nm to 1.4 nm, the RDF of 
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POPC headgroup is lower than the RDF of POPC chains and has a minimum at ~0.75 

nm, which shows that there are more chains than headgroups in this region.  Thus, the 

spacing between PC headgroups in this region is larger compared to random distribution.  

For distances larger than 1.4 nm, two RDFs become similar, and the spacing between 

POPC headgroup returns normal.  This result is consistent with the conceptual picture in 

Fig. 3.10b.  In contrast, the distribution of POPC headgroups around a POPC has totally 

different behavior: the chance of other POPC headgroups positioned within 0.45 nm from 

a POPC headgroup is very low. 

 

Figure 3.11 2D RDFs illustrate the distributions of POPC headgroups and acyl chains 

around DAG in POPC/6.25%DAG system and around POPC in pure POPC bilayer.  The 

position of a POPC headgroup was taken as the midpoint of its P-N vector, and the center 

of mass of two acyl chains from the same POPC was used to represent the position of 

POPC chains. 

  Lateral Diffusion of Lipids. The mean square displacements (MSD or <r(t)
2
>) 

of POPC, cholesterol, and DAG as functions of time are plotted in Fig. 3.12. The systems 

were allowed to relax for the first 100ns, and the calculations were performed for the 

remaining time. All curves have three distinct sections: an initial rapid rise, a linear 

portion, and a noisy section at end. The initial rapid rise (100-105 ns) of MSD is 
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primarily due to the local motions of molecules, the linear portion reflects the true lateral 

diffusion behavior, and the noisy section at end is due to poor statistics for large 

displacements.  

 

Figure 3.12 The mean square distance of POPC (a), cholesterol (b), and DAG (c) vs. 

time. The calculations started at 100 ns. 

The 2D lateral diffusion coefficient, D = ¼d<r(t)
2
>/dt, was obtained by fitting 

the linear portion of MSD curves, using the least squares method. For pure POPC, 

POPC/18.75%CHOL, POPC/DAG/CHOL, and POPC/18.75%DAG systems, The MSD 

curves were calculated for the time periods of 100-500ns and 150-500ns, and D was 

calculated using the average of the linear fit of 120-170ns and 170-220ns sections of the 

MSD curves. Table 3.3 lists the calculated lateral diffusion coefficients. The calculated D 

of POPC in pure POPC bilayer is 11.44×10
-8

 cm
2
/s, which is close to experimental results 

[8-10×10
-8

 cm
2
/s].

56-58
 In the POPC/18.75%CHOL system, cholesterol slows down the 

diffusion of POPC, and D decreases to 4.41×10
-8

 cm
2
/s, which is close to the 

experimental value of 3.21 ×10
-8

 cm
2
/s by ESR.

56
  On the other hand, the diffusion 

coefficient of POPC is 8.34×10
-8

 cm
2
/s in POPC/18.75%DAG system. Thus, DAG also 

reduces the diffusion of POPC, but not as much as cholesterol. The most interesting result 

is that the lowest diffusion coefficients for POPC, DAG and cholesterol are all found in 

the POPC/DAG/CHOL system, which suggests that cholesterol and DAG at 1:1 ratio is 

more effective than cholesterol or DAG alone in slowing down diffusion.  
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Table 3.3 Lateral diffusion coefficient of POPC, cholesterol, DAG, and water (SOL). 

 Lateral diffusion coefficient  (10
-8

 cm
2
/s) 

System POPC CHOL DAG SOL 

Pure POPC 11.44±0.01 - - 3119.45±0.04 

POPC/18.75%CHOL 4.41±0.01 4.12±0.01 - 3590.98±0.23 

POPC/18.75%DAG 8.34±0.01 - 8.11±0.01 3539.59±0.17 

POPC/DAG/CHOL 4.16±0.01 4.11±0.01 3.90±0.01 3572.76±0.10 

 

3.5 Conclusions 

In this comparative study, we found that DAG produces some very similar effects 

to PC bilayers as cholesterol: increasing acyl chain order and bilayer thickness, reducing 

lateral diffusion of molecules, and producing the well-known “condensing effect”. This 

similarity in functionality is resulted from their similarity in molecular shape: small 

hydrophilic heads and large hydrophobic bodies. In a lipid bilayer, cholesterol mainly 

relies on the coverage of neighboring phospholipid headgroups to avoid the unfavorable 

exposure of hydrophobic part to water, however DAG uses the combination of PC 

headgroup coverage and the lateral extension of its acyl chains. At the same 

concentration, cholesterol is more effective than DAG in producing the above effects, 

probably due to its rigid sterol rings. In a lipid bilayer, DAG receives more coverage 

from POPC headgroups than cholesterol does, likely due to its smaller headgroup/body 

areal ratio. Thus, DAG can strongly modulate the physical state and chemical activity of 

lipid in membranes. Our results provide explanations to the previous finding that 

cholesterol can amplify DAG activities.
21

 DAGs are also found to be able to increase the 

average distance between PC headgroups, but the conventional wisdom that the spacing 

created by a DAG is directly above the DAG molecule turns out to be incorrect. We 

found that the largest spacing usually occurs between the first and the second nearest-
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neighbor PC headgroups from a DAG, which could have a significant implication for 

activating protein kinase C and other enzymes by DAGs. 
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CHAPTER FOUR 

4. DOCKING OF PKC -C1 AND PKC -C2 DOMAINS TO 

POPC/POPS/POG LIPID MEMBRANES 

4.1 Abstract 

Protein kinase C (PKC) isoenzymes are a large family of serine/threonine kinases 

that play important roles in cellular signaling. However, the detail process of their 

docking at cell membranes is still not well understood. In this study, twelve atomistic 

molecular dynamics (MD) simulations were performed to systematically investigate i) the 

interactions of 1-palmitoyl-2-oleoyl-sn-glycerol (POG) with 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-

serine (POPS); and ii) the docking of PKCα-C1 and PKCβ-C2 domains to lipid bilayers 

composed of POPC, POPS, and POG. POG concentration varied from 0 to 25% (i.e., 0%, 

6.25%, 12.5%, and 25%), and the ratio of POPC/POPS was kept at 3/1. Our results show 

that POG decreases the area per lipid and the average distances between the acyl chains 

of POPC, POPS, and POG. In addition, POG increases the bilayer thickness and the acyl 

chain order of lipids. Our 2D radial distribution functions show that the spacing between 

phospholipid headgroups increases as POG concentration increases. This increase is due 

to the interposition of small-headgroup POGs between large-headgroup phospholipids. 

Furthermore, the number density profiles show that the headgroups of POPC and POPS 

expand laterally at the bilayer-aqueous interface to cover POGs. This expansion avoids 

the otherwise unfavorable exposure of the hydrophobic part of POG to water. This study 

shows that POG, in many aspects similar to cholesterol, has a major effect on the 

biophysical properties of POPC/POPS lipid bilayers even at low concentration. In the 

systems that contain PKCα-C1 domain, the domain only docks to a lipid bilayer that 

contains POG. In the absence of POG, the domain stays in a parallel configuration on the 

surface of the bilayer. This docking is accommodated with significant conformational 

changes in the PKCα-C1 domain structure. The docking of PKCα-C1 domain to lipid 

bilayers containing POG shows a high specificity of PKCα-C1 domain toward 



Texas Tech University, Mohammad Alwarawrah, May 2012 

 

73 

 

diacylglycerol. On the other hand, the PKCβ-C2 domain adapts a parallel configuration 

when it docks to the lipid bilayer in the absence of POG; however, at the presence of 

POG, it adapts a perpendicular configuration. This difference in docking configurations is 

due to the increase of spacing between lipid headgroups at the presence of POG, which 

allows the perpendicular docking of PKCβ-C2 domain. Furthermore, PKCβ-C2 domain 

shows no significant conformational change during the docking in both cases which 

agrees with the experimental studies.  

4.2 Introduction 

Protein Kinase C (PKC) is a large family of serine/threonine kinases enzymes, 

which are involved in cellular signaling. It is also responsible for controlling the function 

of other proteins through the phosphorylation of hydroxyl groups of serine and threonine 

amino acid residues on these proteins.
1-4

 PKCs can be classified based on their second 

messenger requirements into three subfamilies: classical PKCs (cPKC) (α, βI, βII and γ), 

novel PKCs (nPKC) (δ, ε, η and θ), and atypical PKC (aPKC) (ζ and λ/ι).
5,6

 The classical 

PKCs group requires Ca
2+

, diacylglycerol (DAG), and phosphatidylserine for activation, 

and the novel PKCs group requires only DAG for activation. Contrary to the classical and 

novel group, the atypical PKCs require neither Ca
2+

 nor DAG for activation. The 

classical and novel PKCs contain two regulatory domains, double C1 domain (C1A and 

C1B) and C2 domain; on the other hand, atypical PKCs contain one C1 domain that is 

not competent to bind ligand. C1 domain is a cysteine rich compact structure that 

contains five short β strands, a short helix, and two zinc ions.
4,7

 C2 domain is composed 

of eight-stranded antiparallel β strands and interconnecting loops, some of which are 

involved in Ca
2+

 dependent membrane binding.
3,8-10

 

In the past three decades, various techniques were used to investigate the 

activation process of PKC. The main question has been how phosphatidylserine, Ca
2+

, 

and diacylglycerol activate PKC. In the case of classical and novel PKC, the C1 domain 

is activated by binding with diacylglycerol and phorbol esters, and the C2 domain is 

activated by phosphatidylserine with Ca
2+

 dependent.
11

 Several factors were proposed to 
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be responsible for PKC activation by diacylglycerol. Diacylglycerol perturb the 

membrane by, increasing the tendency of the membrane to form non-bilayer HII phases, 

increasing the ordering of the phospholipid acyl side chains in the region adjacent to the 

headgroup, and increasing the spacing between phospholipid headgroups.
12-14

 

Diacylglycerol can also induce lateral phase separation of the bilayers on the regions of 

different fluidities.
14

 There are also other factors like membrane surface dehydration, the 

reduction in packing pressure, the dehydration of the lipid polar groups, and membrane 

composition.
4
 Johnson et al. propose that lipid structure, rather than membrane structure, 

is the critical determinant in the regulation of protein kinase C by phosphatidylserine. The 

membrane properties only modulate PKC, but are not responsible for Phosphatidylserine 

specificity.
15 

The C2 domain in both the cPKC and nPKC isozymes is responsible for binding 

acidic phospholipids (in both isozymes) and Ca
2+

 (only in cPKC isozymes). The C2 

domain of cPKCs binds to membranes through Ca
2+

 bridging to phosphatidylserine as 

observed through X-ray diffraction.
16

 Other studies show that the coordinates of calcium 

ions alters the electrostatic potential of the C2 domain
17

, which accelerates its association 

to the plasma membrane where it recognizes phosphatidylserine (PS)
9,18,19

 and 

phosphatidylinositol-4,5-bisphosphate (PIP2).
20-23

 Molecular modeling was also used and 

shows that membrane interaction surface of the C2 domain is localized to the Ca
2+

-

binding site, and the Ca
2+

 site does not serve as a simple electrostatic switch. The binding 

site increases the PKC membrane affinity, which allows Ca
2+

 binding and phospholipid 

binding.
24

 

There are two suggested models as to how  PKCα-C2 domain  binds with the 

membrane: perpendicular and parallel to the membrane surface.
25,26

 In the parallel model, 

the β-strands are oriented approximately parallel to the membrane surface and allow 

Lys205 and Ca
2+

 ions to interact with PS headgroups.
9
 The parallel model is supported by 

EPR measurements of site specific spin labeled PKCα-C2.
25,27

 Alternatively, the docking 

surface in the perpendicular model is localized to the CBLs, and the β-strands lie nearly 
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perpendicular to the membrane surface.
26

 The parallel model is supported by x-ray 

reflectivity analyses and mutational studies.
16,18,26,28 

The type of diacylglycerol also plays an important role in the activation of C2 

domain, since it affects the fluidity of the membrane. For example, 1-palmitoyl-2-oleoyl-

sn-glycerol (POG) was found to be more effective than 1,2-dipalmitoyl-sn-glycerol 

(DPG).
29

 The maximum activity of PKCα was reached at about 30 mol% of DPG in 

POPC/POPS mixture;
29

 on the other hand, 5-10 mol% of POG can produce the maximum 

activation in POPC/POPS mixture.
30

 Torrecillas et al. showed that POG can also have an 

effect on C2 domain. They used the PKCα mutant D246/248N, which is shown to have a 

very limited capacity to be activated by phospholipids and Ca
2+

.
29

 The D246/248N 

mutant was not activated by DPG and was not able to bind to the membrane; instead, 

POG was able to activate the mutant and binding to membranes at a similar dependence 

on POG concentration.
29 

In this study, the interactions of 1-palmitoyl-2-oleoyl-sn-glycerol (POG) with 

POPC and POPS, and the docking of PKCα-C1 and PKCβ-C2 domains to 

POPC/POPS/POG lipid bilayers was investigated using atomistic molecular dynamics 

(MD) simulation. POG concentration varied from 0 to 25% (i.e., 0%, 6.25%, 12.5%, and 

25%), and the ratio of POPC/POPS was kept at 3/1.The results show that POG increases 

the bilayer thickness and the acyl chain order of lipids; but, it decreases the area per lipid 

and the average distances between the acyl chains of lipids. The 2D radial distribution 

functions (RDF) show that the spacing between phospholipid headgroups increases as 

POG concentration increases. Furthermore, the number density profiles show that the 

headgroups of POPC and POPS expand laterally at the bilayer-aqueous interface to cover 

POGs. This study shows that POG, in many aspects similar to cholesterol, has a major 

effect on the biophysical properties of POPC/POPS lipid bilayers. In the systems that 

contain PKCα-C1 domain, the domain only docks to a lipid bilayer that contains POG. In 

the absence of POG, the domain stays in a parallel configuration on the surface of the 

bilayer. The structure of PKCα-C1 domain went through significant conformational 
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changes during the docking process. The docking of PKCα-C1 domain to lipid bilayers 

containing POG shows a high specificity of PKCα-C1 domain toward diacylglycerol. The 

PKCβ-C2 domain adapts a parallel configuration when it docks to the lipid bilayer in the 

absence of POG; however, at the presence of POG, it adapts a perpendicular 

configuration. We also notice no significant conformational change during the docking in 

both cases which agrees with experimental studies. 

4.3 Simulation Methods 

Twelve independent simulations were performed at 310 K with a time step of 2.0 

fs. The bilayer mixture of the simulated systems was composed of POPC and POPS (3:1) 

mixtures with four different concentrations of POG (i.e., 0%, 6.25%, 12.5%, and 25%). 

The total number of lipids was fixed at 512. Four systems were simulated without PKC 

protein and with 14,656 water molecules. The other eight systems were simulated with 

PKCα-C1A and PKCβ-C2A protein and with 32,146 and 27,722 water molecules 

respectively. Mg
2+

 and Na
+
 ions were added to neutralize the systems, and 2Zn

2+
 and 

3Ca
2+

 ions were with the original initial structure of PKCα-C1A and PKCβ-C2A protein, 

respectively. 

The phospholipid force field (i.e., POPC and POPS) was from Berger et al.
31

 The 

force field of the protein (PKCα-C1A and PKCβ-C2A) and diacylglycerol (POG) was 

constructed from GROMOS96 (ffG53a6 in GROMACS) force field bonded and non-

bonded parameters.
32

 POG force field is similar to the POPC force field in Poger et al.
33

, 

but with modifying the headgroup to hydroxyl group. The atomic partial charge of POG 

was obtained using QM calculations. The partial charge was calculated using the ORCA 

package (http://www.thch.uni-bonn.de/tc/orca/) at hybrid functional B3LYP/G level as 

defined in the Gaussian program system
34-37

 with 6-31G* basis set.
38-40

 The MD 

simulations were performed using GROMACS 4.0.7,
41

 and the analysis was done using 

the GROMACS tools as well as our own programs. The LINCS algorithm was used to 

keep the lengths of all bonds constant. The cutoff distances for Lennard-Jones 

interactions and electrostatic interactions were both set at 1.2 nm for systems with no 
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protein and 1.4nm for systems contain PKC protein. Long-range electrostatic interactions 

were handled with the particle mesh Ewald (PME) method.
42

 All systems were run for 

200ns in the NPT ensemble using a Nosé-Hoover
43

 and Parrinello-Rahman
44

 methods 

with a coupling time constant of 0.1 (2.0 for protein-membrane systems) and 1.0 ps, 

respectively. The pressure normal and parallel to the bilayer were coupled separately at 1 

bar.  

The lipid bilayer was constructed by first obtaining the PDB coordinates file of a 

single phospholipid (POPC and POPS) molecule from Dr. Peter Tieleman’s Website
45

, 

and the initial structure of diacylglycerol (POG) was constructed using the Dundee 

PRODRG2 Server.
46

 A single POPC was placed inside a solvent box –same thing done 

for POPS–, and a short simulation was performed to relax the lipid. Afterward, bilayers 

of 64 POPC and POPS (3:1) were constructed from this relaxed POPC and POPS. The 

system was run for 200ns for equilibration. POPC and POPS headgroups were modified 

to hydroxyl group to construct the POPC/POPS/POG bilayer at different POG 

concentrations and the ratio between POPC and POPS (3:1) was fixed. Following this, 

the GROMACS
41

 utility “genconf” was employed to replicate the systems of 64 to 

generate a new starting configuration consisting of 512 lipids for all bilayer systems. All 

initial structures went through energy minimization using both the steepest descent and 

the conjugate gradient algorithms; each ran for 1000 steps to eliminate any bad contacts. 

The PKCα-C1A (2ELI) and PKCβ-C2A (1A25)
8
 protein structure was obtained from the 

protein data bank (PDB). The protein was protonated using the H++ server 

(http://biophysics.cs.vt.edu/H++) with 7.4 pH, internal and external dielectric equivalent 

to 6 and 80 respectively.
47,48

 The structure of the bilayer after 200ns was used and the 

protein was added to the surface of the bilayer. Afterward, the water molecules were 

added to cover the protein, and the number of ions was adjusted to neutralize the system. 

All membrane-protein initial structures went through energy minimization using the 

steepest descent method; each ran for 1000 steps to eliminate any bad contacts. The 

systems were equilibrated using NVT and NPT ensemble for 100ps and 1ns time period, 

respectively. In both equilibrations steps, the protein was fully restrained and vertical 
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restrain was applied on the headgroup of each molecule (i.e., phosphor atom in POPC 

and POPS, and Oxygen atom (O2) in POG).  

4.4 Results and Discussion 

4.4.1 Effect of POG on POPC/POPS Bilayer 

Area and volume per lipid and bilayer thickness. The area per lipid (Apl = 

2Abox/Nlipid), bilayer thickness (h = Vpl/Apl), and volume per lipid (Vpl = (Vbox - 

Nwatervwater)/Nlipid) were calculated by averaging over the last 50 ns of the simulation, and 

the results are listed in Table 4.1. The results show a decrease of area and volume per 

lipid as POG concentration increases, but an increase of the bilayer thickness. These 

effects of POG on POPC/POPS bilayer are similar to the effects of cholesterol on a 

phospholipid bilayer. This similarity emerges from the concept that both diacylglycerol 

and cholesterol have a small hydrophilic headgroup and a large hydrophobic body.  

Table 4.1 Show the area per lipid APL, bilayer thickness h, and volume per lipid VPL. 

POG% APL(nm
2
) h (nm) VPL(nm

3
) 

0 0.559±0.004 4.33±0.03 1.209±0.004 

6.25 0.540±0.003 4.43±0.03 1.197±0.004 

12.5 0.526±0.004 4.51±0.04 1.185±0.004 

25 0.490±0.005 4.73±0.05 1.159±0.004 

 

Distance between acyl chains. The distances between acyl chains of 

phospholipid and diacylglycerol decrease as the concentration of diacylglycerol 

increases.
49

 The distance between acyl chains was calculated by choosing one atom in the 

center of each chain, i.e., C24 and C42 of POPC, C27 and C47 of POPS, and C15 and 

C35 of POG as shown in Figure 4.1. The distances were averaged over the total number 

of lipids and over the last 50ns of the simulation. Table 4.2 shows the average distances 

between the acyl chains of POPC, POPS, and POG at different concentrations of POG. 

As the concentration of POG increases, more phospholipids are involved in the covering 
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of the hydrophobic bodies of POG. This process is more efficient when the distance 

between acyl chains decrease, so that phospholipids can easily expand their headgroups 

to cover the POG.    

 

Figure 4.1 The chemical structures of POPS (a), POPC (b), and POG (c). 

Table 4.2 The average distances between acyl chains of POPC, POPS, and POG, as a 

function of POG concentration. 

POG% POPC (nm) POPS (nm) POG (nm) 

0 1.00±0.02 0.84±0.03  

6.25 1.00±0.02 0.83±0.03 0.88±0.06 

12.5 0.98±0.02 0.83±0.02 0.85±0.04 

25 0.90±0.02 0.79±0.02 0.75±0.02 

 

Order parameter. The order parameters for both acyl chains of lipids were 

calculated and averaged over the last 50ns of the simulation, as shown in Figure 4.2. Our 

results show that POG increase the order parameters of the acyl chain for POPC, POPS, 
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and POG. The increase in the acyl chain order helps phospholipid to be more efficient in 

covering POGs. The more lipids are ordered, the easier it is to extend the headgroup of 

phospholipid to cover the hydrophobic body of the POG. The increase in order parameter 

of acyl chains and the decrease in the distance between acyl chains help phospholipids to 

be proficient in covering diacylglycerol. 

 

Figure 4.2 The order parameters of sn-1 and sn-2 acyl chains of POPC (a, b) and POPS 

(c, d), and POG (e, f). 
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Number density profile. The number density profiles for POPC, POPS, and POG 

across the z- axis of the simulation box are shown in Figure 4.3. For the number density 

profiles of POPC and POPS (Figure 4.3 a & b), the addition of POG produces two 

obvious effects: (i) The profiles expand in the direction of bilayer normal, indicating an 

increase of bilayer thickness; and (ii) the peaks, that largely correspond to the distribution 

of POPC (and POPS) headgroups, become sharper, indicating that POPC (and POPS) 

headgroups become more parallel to the bilayer-aqueous interfaces. This increase is due 

to the expansion of headgroups of POPC and POPS to cover the unfavorable interaction 

between POG hydrophobic body and water molecules. We also notice the interdigitation 

of POG acyl chains between the upper and lower leaflets as shown in Figure 4.3c. This 

phenomenon indicates that POGs are located closer to the bilayer center than 

phospholipids, which eases the covering of POG.   

 

Figure 4.3 The number density profiles of POPC (a), POPS (b), and POG (c) at various 

POG concentration. 

Spacing between phospholipids headgroups. One of the important effects of 

incorporating diacylglycerol into a lipid bilayer is the increase of spacing between 

phospholipid headgroups. This can be investigated by calculating the two dimensional 

radial distribution function (RDF) of phosphor atom in POPC (O11) as shown in Figure 

4.4. At the short distance, the RDF is the highest in POPC/POPS bilayer that does not 
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contain POG and decrease as the concentration of POG increases. This demonstrates that 

POG increase the spacing between the phospholipid headgroups. 

 

Figure 4.4 2D RDF of the distance between POPC (O11) of 0%POG, 6.25%POG, 

12.5%POG, and 25%POG systems. 

Another way to study the spacing between phospholipid headgroups is to look at 

the top-view of the final snapshots bilayer. Figure 4.5 shows the top-view snapshot of 

POPC/POPS bilayer containing different concentrations of POG. The white and green 

arrows represent the P-N vectors of POPC and POPS headgroups, and POG molecules 

are represented by the space-filling model. A careful examination of Figure 4.5 shows 

that in almost every case, there are P-N vectors of phospholipids distributed above a POG 

headgroup, and this coverage of POG by POPC headgroups is driven by the umbrella 

effect which is similar to a previous study of the POPC/DAG system.
49

 Figure 4.5 shows 

that the spacing between phospholipid headgroups increases as the POG concentration 

increases. It is clear from Figure 4.5 c & d that large headgroup spacing occurs between 

the first and the second nearest-neighbor phospholipids of a POG.  
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Figure 4.5 The final snapshots of the simulated systems: a) 0%POG, b) 6.25%POG, c) 

12.5%POG, and 25%POG. POG is represented by filling model (in Cyan) and POPC and 

POPS headgroups are represented in white and green arrows respectively. 

4.4.2 PKCα-C1 Docking 

Docking of PKCα-C1 domain in the absence and presence of POG. 

Experimental studies showed that diacylglycerol is a major player in the activation of 

PKCα;
10,11,50

 however, these studies did not explain how diacylglycerol affects the 

docking of PKCα. Our results show that in the absence of POG, the PKCα-C1 domain 

cannot dock on the bilayer, and instead it stays on the surface as shown in Figure 4.6 a. In 

the system containing 6.25 mol % of POG, the PKCα-C1 domain inserts only the second 

loop (L2: Gly40, Leu41, Ile42, His43 in orange) and keeps the first loop (L1: Tyr25, 

Gly26, Ser27, Pro28 in red) away from the bilayer as shown in Figure 4.6 b. Figure 4.6 c 

& d show that in the presence of concentration equal and larger than 12.5 mol % POG, 
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the PKCα-C1 domain docks on the bilayer by inserting both loops in the bilayer. The 

importance of diacylglycerol emerges from the fact that diacylglycerol increase the 

spacing between phospholipids headgroups which facilitates the insertion of PKCα-C1 

loops. The final snapshots also show the presence of POG below PKCα-C1 domain after 

the docking which indicates a favorable interaction between PKCα-C1 domain and POG.  

 

Figure 4.6 The final snapshots of simulated systems containing PKCα-C1 and different 

POG concentration: a) 0%, b) 6.25%, c) 12.5%, and d) 25%. PKCα-C1 is in cartoon 

model (yellow), POPC in line model (cyan), POPS in line model (green), POG in filling 

model (cyan), and Mg
2+

 and Zn
2+

 ions in filling model (purple and silver). 

Penetration depth of PKCα-C1 domain. Diacylglycerol facilitates the docking 

of PKCα-C1 on the membrane. The increase of diacylglycerol concentration increases the 

penetration depth of PKCα-C1 in the bilayer as shown from the number density profiles 

in Figure 4.7. The number density profiles of PKCα-C1, POPC, POPS, POG, and Mg
2+ 
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across the z-axis of the simulated box were averaged over the last 50 ns of the simulation. 

Figure 4.7 a & b show the PKCα-C1 domain laying on the surface of the bilayer while 

Figure 4.7 c & d show the PKCα-C1 domain perpendicular on the bilayer surface. 

 

Figure 4.7 The number density profiles simulated systems containing PKCα-C1 domain 

with different POG concentrations: a) 0%, b) 6.25%, c) 12.5%, and d) 25%. 

The penetration depth of PKCα-C1 domain can be calculated from the number of 

density profiles by subtracting the lower position PKCα-C1 domain on the z-axis from 

the averaged z position of the phosphor atom of POPC and POPS (i.e.  ̅(P) = 

0.75×z(P8POPC)+0.25×z(P11POPS)). Table 4.3 shows the average penetration depth of 
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PKCα-C1 domain in the membrane. As the concentration of POG increases, the average 

penetration depth of PKCα-C1 domain increases.  

Table 4.3 The average penetration depth of PKCα-C1 domain. 

POG% PKCa-C1 penetration depth (nm) 

0 0.54 

6.25 0.67 

12.5 0.81 

25 1.22 

 

Conformational changes in PKCα-C1 domain during the docking process. 

Diacylglycerol is an important player in the activation process of PKCα-C1, and it is 

reasonable to consider the possibility of conformational change in the protein structure 

during the docking process. To investigate the presence of conformational changes in the 

domain structure, the root mean square distance (RMSD) and the gyration radius (Rg) 

were calculated for the PKCα-C1 domain backbone throughout the simulation time as 

shown in Figure 4.8. Both RMSD and Rg show a drastic change during the docking of 

PKCα-C1 domain in the systems containing 12.5% and 25% POG. In the system 

containing 12.5% POG, the RMSD and Rg show large changes during the first 100ns of 

the simulation. In the system containing 25% POG, large changes occurred during the 

first 50ns. These changes occurred prior to the actual docking events, since PKCα-C1 

domain dock at about 125ns in the system containing 12.5% POG and 50 ns in the 

systems containing 25%POG.    
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Figure 4.8 The root mean square distance (RMSD) (a) and radius of gyration (Rg) (b) of 

PKCα-C1 domain backbone versus time. 

Furthermore, we analyzed the secondary structure as a function of time for PKCα-

C1 domain as shown in Figure 4.9. The results indicate different secondary structure 

patterns in the four systems. However, the systems containing 12.5% and 25% POG seem 

to have a similar secondary structure pattern as shown in Figure 4.9 c & d. Figure 4.9 a 

shows that in the absence of POG, the 310-helix structure present in the secondary 

structure pattern for the residues 59-63. At the present of 6.25% POG, the 310-helix 

disappeared; instead, α-helix and Turn structure appeared as shown in Figure 4.9 b. The 

difference in the secondary structure pattern between the systems indicates 

conformational changes in the protein structure during the docking and activation 

process.    
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Figure 4.9 Secondary structure, calculated by DSSP,
51

 as a function of time for PKCα-C1 

domain at various POG concentrations: a) 0%, b) 6.25%, c) 12.5%, and d) 25%. 

The specificity of PKCα-C1 domain toward POG. The presence of diacyl-

glycerol in the membrane is important for the activation and docking of PKCα-C1 

domain. Our simulations were repeated several times and show that POG is important for 

PKCα-C1 domain docking. In the simulations where the PKCα-C1 domain did not dock 

on the bilayer, we found there was no POG close to the two main loops; whereas, in the 

systems that had a successful docking of PKCα-C1 domain, there was always one POG 

molecule close to the PKCα-C1 domain loops. The snapshots of PKCα-C1 domain with 
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the bilayer containing 12.5% POG show that the docking started by inserting the loops 

between the first and the second nearest-neighbor phospholipids from the POG as in 

Figure 4.10 d. Then one of the POG (represented by the filling model in green) became 

close to the two loops of the PKCα-C1 domain and stayed close for the rest of the 

simulation as shown in Figure 4.10 e & f. Figure 4.11 shows similar representation for 

the system containing 25% of POG. PKCα-C1 domain did not dock at all in the absence 

of POG as shown in Figure 4.6 a. In the system containing 6.25%POG, PKCα-C1 domain 

tried to dock by inserting the second loop in the membrane. The small spacing between 

phospholipid headgroups in the membrane make it difficult for PKCα-C1 domain to dock 

on the membrane containing 6.25% POG. Furthermore, we notice the presence of one 

POG molecule close to the main two loops after the docking on the bilayer as shown in 

Figure 4.10 & 4.11. Our results clearly show that PKCα-C1 domain docks between the 

first and the second nearest-neighbor phospholipids from a POG, and then it is activated 

by POG, which is located below the two loops. The importance of POG in docking 

proves that PKCα-C1 domain has specificity toward POG during the docking process. 

 

Figure 4.10 Snapshots of PKCα-C1 domain with bilayer containing 12.5%POG at various 

simulation times. For clarity, we show the upper leaflet of the bilayer and the selected 

region of protein docking. PKCα-C1 is in cartoon model (yellow), POPC in the line 

model (cyan), POPS in the line model (green), POG in the filling model (cyan and one in 

green), and Mg
2+

 and Zn
2+

 ions in the filling model (purple and silver). 
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Figure 4.11 Snapshots of PKCα-C1 domain with bilayer containing 25%POG at various 

simulation times. For clarity, we show the upper leafletof the bilayer and the selected 

region of protein docking. PKCα-C1 is in the cartoon model (yellow), POPC in the line 

model (cyan), POPS in the line model (green), POG in the filling model (cyan and one in 

green), and Mg
2+

 and Zn
2+

 ions in the filling model (purple and silver). 

4.4.3 PKCβ-C2 Docking 

Docking of PKCβ-C2 domain in the absence and at the presence of POG. 

PKCα-C2 domain can dock on the membrane in two distinct orientations, i.e., 

perpendicular and parallel to the membrane surface.
25,26

 We will use the models of 

orientation of PKCα-C2 domain to compare it with the simulation results of PKCβ-C2 

domain. Our data show that in the absence of POG, the PKCβ-C2 domain dock parallel to 

the surface of the membrane as shown in Figure 4.10 a. The PKCβ-C2 domain inserted 

loop 3 (Asp248, Leu249, Thr250, Ser251, and Arg252) inside the membrane and left 

loop 1 (Asp187, Pro188, Asn189, Gly190, and Leu191) and loop 2 (Lys216, Cys217, 

Ser218, and Leu219) away from the membrane. At the presence of POG, the PKCβ-C2 

domain docks perpendicular to the surface of the membrane as shown in Figure 4.10 b, c, 

& d. The PKCβ-C2 domain inserted the loop 1 of the protein inside the membrane and 

leave loop 2 away from the membrane. However, loop 3 became closer to the membrane 

as the concentration of POG increased. The difference of orientation of the PKCβ-C2 

domain is the effect of POG on the membrane. POG increases the spacing between 

phospholipids headgroups, which allows the perpendicular orientation of PKCβ-C2 

domain when it docks on the membrane. 
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Figure 4.12 The final snapshots of simulated systems containing PKCβ-C2 and various 

POG concentrations: a) 0%, b) 6.25%, c) 12.5%, and d) 25%. PKCβ-C2 is in the cartoon 

model (yellow), POPC in the line model (cyan), POPS in the line model (green), POG in 

the filling model (cyan), and Mg
2+

 and Ca
2+

 ions in the filling model (purple and silver). 

Furthermore, the tilt angle of the protein was calculated using two atoms on β-

strand as the reference axis for the protein. We choose Cα carbon in Leu173 (A) and 

Ala180 (B), and calculated the angle between AB vector and the bilayer normal z.
26

 

Table 4.4 shows the average value of the PKCβ-C2 domain tilt angle over the last 50ns of 

the simulation, and it is clear that the increase of POG concentration changes the 

orientation of the protein domain. 
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Table 4.4 The tilt angle of PKCβ-C2 domain. 

POG% PKCβ-C2 tilt angle (degree) 

0 96.5±2.6 

6.25 41.7±5.0 

12.5 52.8±4.5 

25 49.9±4.4 

 

Penetration depth of PKCβ-C2 domain. Diacylglycerol increase the spacing 

between the first and the second nearest-neighbor phospholipids headgroups, which 

affect the orientation of PKCβ-C2 when it docks on the membrane. However, the 

increase in diacylglycerol concentration changes the penetration depth of PKCβ-C2 in the 

membrane by small variation (~1.2 Å). This can be seen from the number density profiles 

of the four systems as shown in Figure 4.13. The number density profiles were averaged 

over the last 50 ns of the simulation. In Figure 4.13, the number density profiles of 

PKCβ-C2, POPC, POPS, POG, and Mg
2+

 were plotted across the z-axis of the simulated 

box. Figure 4.13 a shows that the PKCβ-C2 domain lays parallel to the surface of the 

bilayer, while Figure 4.13 b, c, & d show the PKCβ-C2 domain is perpendicular to the 

bilayer surface. 
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Figure 4.13 The number density profiles of the systems containing PKCβ-C2 at various 

POG concentrations: a) 0%, b) 6.25%, c) 12.5%, and d) 25%. 

The penetration depth of PKCβ-C2 domain was calculated from the number 

density profiles by subtracting the lower position PKCβ-C2 domain on the z-axis from 

the averaged z position of the phosphor atom in POPC and POPS (i.e.  ̅(P) = 0.75×z(P8) 

+0.25×(P11)). Table 4.5 shows the average penetration depth of PKCβ-C2 domain in the 

membrane. For POG concentration between 0 to 25%, the average penetration depth of 

PKCβ-C2 domain stayed within the range 0.85-0.97nm.  
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Table 4.5 The average penetration depth of PKCβ-C2 domain. 

POG% PKCβ-C2 penetration depth (nm) 

0 0.90 

6.25 0.91 

12.5 0.85 

25 0.97 

 

Stability of PKCβ-C2 domain during the docking process. Experimental 

studies show that the docking of PKCβ-C2 domain on the membrane does not need any 

conformational changes in the domain structure.
9,52-54

 To investigate the conformational 

changes in the domain structure, the root mean square distance (RMSD) and the gyration 

radius (Rg) were calculated for the PKCβ-C2 domain backbone throughout the 

simulation time as shown in Figure 4.14 a & b. Our results show that during the docking 

process of PKCβ-C2 domain there was no significant conformation changes in the 

domain structure. The RMSD showed a small change, less than 0.6 Å during the last 

100ns of the simulation, and Rg showed a small change, less than 0.4 Å over the entire 

simulation time.  

 

Figure 4.14 The root mean square distance (RMSD) (a) and radius of gyration (Rg) (b) of 

PKCβ-C2 domain versus time. 



Texas Tech University, Mohammad Alwarawrah, May 2012 

 

95 

 

Furthermore, we analyzed the secondary structure as a function of time for PKCβ-

C2 domain as shown in Figure 4.15. Our results show a similar secondary structure 

pattern in the four systems. The similarity in the secondary structure pattern between the 

systems indicates no significant conformational changes in the protein structure during 

the docking of PKCβ-C2 on the bilayer, which agrees with previous experimental studies.   

 

Figure 4.15 Secondary structure, calculated by DSSP,
51

 as a function of time for PKCβ-

C2 domain at various POG concentrations: a) 0%, b) 6.25%, c) 12.5%, and d) 25%. 

4.5 Conclusion 

Diacylglycerol and cholesterol produce some very similar effects on the 

biophysical properties of POPC/POPS lipid bilayers. They both increase the bilayer 

thickness and the acyl chain order of lipids. However, they decrease the area per lipid and 

the average distances between the acyl chains of lipids. The source of similarity is due to 

the fact that both of them have a small headgroup and large hydrophobic body. 
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Interestingly, phospholipids cover POG in a similar fashion used to cover cholesterol. 

The headgroups of POPC and POPS expand laterally at the bilayer-aqueous interface to 

cover POGs. The interposition of POG in POPC/POPS lipid bilayer increases the spacing 

between the headgroups of the first and the second nearest-neighbor phospholipids from a 

POG. The increase in the spacing between phospholipids headgroups is important for the 

docking PKC domains. Our study shows that POG have a major effect on docking of 

PKCα-C1 and PKCβ-C2 domain on the lipid bilayer.  The PKCα-C1 domain only docks 

to the lipid bilayer that contains POG, and in the absence of POG the domain stays in a 

parallel configuration on the surface of the bilayer. POG also effect the docking 

configuration of PKCβ-C2 domain. The PKCβ-C2 domain adapts a parallel configuration 

when it docks to the lipid bilayer in the absence of POG; however, at the presence of 

POG, it adapts a perpendicular configuration. During the docking of PKCα-C1 domain to 

the lipid bilayer, the protein structure went through significant conformational changes. 

On the contrary, the PKCβ-C2 domain has no significant conformational change during 

the docking in both cases, which agrees with experimental studies. Our results reveal that 

the docking of PKCα-C1 domain to lipid bilayers containing POG shows a high 

specificity of PKCα-C1 domain toward diacylglycerol. 
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CHAPTER FIVE 

5. CONCLUSION 

5.1 Conclusion 

Computational techniques have become important tools to investigate biological 

systems in the last two decades. They are used to observe molecular interactions on a 

smaller scale that none of the current experimental methods can provide. For example, 

molecular dynamics (MD) techniques provide an atomistic resolution to observe 

molecular interaction between molecules within femtosecond and nanometer scale. In 

this dissertation, we used MD techniques to understand the interaction of cholesterol in 

lipid raft, where several aspects were investigated. We also studied the interaction of 

diacylglycerol with lipids and the effect of diacylglycerol on the docking of Protein 

Kinase C (PKC) to lipid bilayer.    

The cholesterol condensing effect in DOPC bilayers was systematically 

investigated using atomistic MD simulation. The molecular areas occupied by DOPC and 

cholesterol at different distances from the bilayer center were analyzed using a slicing 

method based on the VDW radii of atoms. The analysis revealed that as xc increases, the 

areas occupied by PC and cholesterol both decrease in the cholesterol sterol ring region. 

The reduction of area per cholesterol in the cholesterol sterol ring region is primarily due 

to the decrease of cholesterol tilt angle with respect to the bilayer normal, while the 

reduction of area per PC in the same region is due to the compression of acyl chains by 

the cholesterol sterol rings. The area per molecule was calculated using the method of 

Hofsäβ et al. as well as the method of Edholm and Nagle over the entire range of 

cholesterol mole fraction. Interestingly, in the high cholesterol region, which has been 

rarely studied by MD simulation, the calculated area per cholesterol as well as the area 

per PC both increases, while the average area per lipid decreases. This inconsistency 

emerges from the built-in assumption by both methods that PC and cholesterol were of 

cylindrical shape and of the same height. Our analysis shows that the total area of a 
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PC/cholesterol bilayer is primarily determined by the packing of cholesterol and PC in 

the cholesterol sterol ring region. We propose an alternative method for calculating area 

per PC and area per cholesterol in this region that gives a more informative description of 

the cholesterol condensing effect at the molecular level. The above results have been 

published in Alwarawrah et al.
1 

MD simulations were performed to investigate the interactions between DAG, 

POPC, and cholesterol.  Our results show that DAG produces some similar effects to PC 

bilayers as cholesterol: increasing acyl chain order and bilayer thickness, reducing lateral 

diffusion of molecules, and producing the well-known “condensing effect.” In 

comparison, cholesterol is more effective than DAG in producing the above effects. The 

similarity between cholesterol and DAG is resulted from their similarity in molecular 

shape: small hydrophilic heads and large hydrophobic bodies. In a lipid bilayer, DAG 

receives more coverage from POPC headgroups than cholesterol does, likely due to its 

smaller headgroup/body areal ratio. Thus, DAG can strongly modulate the physical state 

and chemical activity of lipid in membranes. Our results provide explanations to the 

previous finding that cholesterol can amplify DAG activities.  DAGs are also found to be 

able to increase the average distance between PC headgroups, but the conventional 

wisdom that the spacing created by a DAG is directly above the DAG molecule turns out 

to be incorrect. We found that the largest spacing usually occurs between the first and the 

second nearest-neighbor PC headgroups from a DAG, which could have a significant 

implication for activating protein kinase C and other enzymes by DAGs. The above 

results have been published in Alwarawrah et al.
2 

The interaction of POG with POPC and POPS and the docking of PKCα-C1 and 

PKCβ-C2 domains to POPC/POPS/POG lipid bilayers were investigated using atomistic 

MD simulation. The effect of POG on POPC/POPS bilayer was similar to the effect of 

DAG on POPC bilayer as discussed in chapter five. The phospholipids cover POG in a 

similar fashion used to cover cholesterol and DAG. The headgroups of POPC and POPS 

expand laterally at the bilayer-aqueous interface to cover POGs. The interposition of 
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POG in POPC/POPS lipid bilayer increases the spacing between the headgroups of the 

first and the second nearest-neighbor phospholipids from a POG, which is important for 

the docking PKC domains. Our study shows that POG has a major effect on the docking 

of PKCα-C1 and PKCβ-C2 domain on the lipid bilayer.  The PKCα-C1 domain only 

docks to the lipid bilayer that contains POG, and in the absence of POG the domain stays 

in a parallel configuration on the surface of the bilayer. On the other hand, POG also 

effects the docking configuration of PKCβ-C2 domain. The PKCβ-C2 domain adapts a 

parallel configuration when it docks to the lipid bilayer in the absence of POG; however, 

at the presence of POG, it adapts a perpendicular configuration. During the docking of 

PKCα-C1 domain to the lipid bilayer, the protein structure went through significant 

conformational changes. On the contrary, the PKCβ-C2 domain has no significant 

conformational change during the docking in both cases, which agrees with experimental 

studies. Our results show that the docking of PKCα-C1 domain to lipid bilayers 

containing POG shows a high specificity of PKCα-C1 domain toward diacylglycerol.  

The above results will be submitted for publication in the near future. 

5.2 List of Publications 

Following is the list of works that have been published from this study so far: 

1. Alwarawrah, M., Dai, J. and Huang, J. A Molecular View of the Cholesterol 

Condensing Effect in DOPC Lipid Bilayers. J. Phys. Chem. B 2010, 114, 7516–

7523. 

2. Alwarawrah, M., Dai, J. and Huang, J. The Condensing Effect of Diacylglycerol: A 

Comparative Study of Diacylglycerol and Cholesterol in Lipid Bilayers. J. Chem. 

Theory Comput. 2012, 8, 749−758 

There is also another study that will be published soon: 

1. Alwarawrah, M. and Huang, J. Docking of PKCα-C1 and PKCβ-C2 Domains to 

POPC/POPS/POG Lipid Membranes. Will be submitted soon.  
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5.3 Suggested Future Work 

The effect of the double bond in acyl chain in different types of diacylglycerol 

(i.e., 1,2-dipalmitoyl-sn-glycerol, 1-palmitoyl-2-oleoyl-sn-glycerol, and 1-2-dioleoyl-sn-

glycerol) has not been studied before using MD simulation. We suggest using MD 

simulation to simulate different types of diacylglycerol with PC bilayer. This study can 

explain how the double bond in diacylglycerol effects the interactions between 

diacylglycerol and PC bilayer. 
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