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CHAPTER 1 - BACKGROUND 

1.1 Biological membranes 

Membranes are essential for biological 

systems. They define the barrier between 

compartments within the cell as well as the 

boundary between itself and its 

surroundings (2, 3). Membranes are 

dynamic barriers formed by lipid bilayers 

that modify their organization to allow 

nutrients in and out of the cell; one of the 

model membranes used in this study is 

shown in Figure 1. The diversity of each 

membrane allows compartmentalization 

within the cell, critical for its survival. Membranes are used as energy storage 

compartments, and channels to communicate information between cells. The latest models 

describe the membrane as a patchy surface formed by a lipid bilayer with distributed 

proteins. The different regions in the bilayer have their own functionality, and must contain 

certain proteins at specific concentrations to properly function (4). 

1.1.1 Membrane Lipids 

Membrane lipids are long amphiphilic molecules, i.e. have a hydrophobic tail and a 

hydrophilic head. They are used to store energy in the form of fatty acids and sterols in 

mammalian cells, but mainly as cell and organelle protectants in the case of single-cell 

 

Figure 1- PM model  

(blue: lipids; yellow: ergosterol; red: 

potassium ions). All figures were made using 
VMD software (1) unless indicated 

otherwise. 
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organisms like yeast. These lipids arrange in a bilayer structure, whose interior is a suitable 

hydrophobic core for transmembrane proteins (5, 6). The length and unsaturation degree 

of the lipid tails allow them to be versatile and able to adopt fluid or solid phases when 

forming the membrane bilayer structure. The current understanding of membrane 

dynamics shows lipids are free to move laterally in the membrane, enabling them to form 

distinct phases or domains. The adopted phase depends on the lipid structure; i.e. chain 

length and degree of saturation. The chemical structures and names of the biologically 

relevant lipids used in this research are shown in Figure 2. Membrane proteins are thought 

to impact these phase behaviors, forming lipids rafts throughout the membrane. Just like 

membrane proteins, membrane lipids distribution and concentration across the bilayer also 

affect the curvature and function of the membrane (2, 7). 
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Figure 2 - Chemical structure of lipids used in membrane models 

3-palmitoyl-2-oleoyl-D-glycero-1-phosphatidic acid (POPA); 3-palmitoleoyl-2-oleoyl-D-glycero-1-

phosphatidic acid (YOPA); 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC); 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC); 3-palmitoleoyl-2-palmitoleoyl-D-glycero-1-phosphatidylcholine 

(DYPC); 3-palmitoleoyl-2-oleoyl-D-glycero-1-phosphatidylcholine (YOPC); 3-palmitoleoyl-2-

palmitoleoyl-D-glycero-1-phosphatidylethanolamine (DYPE); 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (POPE); 3-palmitoyl-2-palmitoleoyl-D-glycero-1-phosphatidylethanolamine  

(PYPE);  3-palmitoleoyl-2-oleoyl-D-glycero-1-phosphatidylethanolamine (YOPE); 1-palmitoyl-2-oleoyl-
inositol (POPI); 1-palmitoyl-2-palmitoleoyl-sn-glycero-3-phosphoinositol  (PYPI); 3-palmitoyl-2-oleoyl-

D-glycero-1-phosphatidylserine (POPS); 3-palmitoleoyl-2-oleoyl-D-glycero-1-phosphatidylserine 

(YOPS). 

 

The diversity of lipids varies for different organisms; in yeast, the organism of study in this 

work, most of the structural lipids are the glycerophospholipids. Among them, 
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phosphatidic acid (PA), phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylserine (PS), and phosphatidylinositol (PI) lipids are the most common. 

However, sterols are by far the predominant non-polar lipids in biological membranes; 

ergosterol (ERG) is the major sterol representative in yeast cells. Lipid headgroups are 

neutral, charged, or have ring structures; these influence largely the dynamics of the 

membrane as well as the activity of membrane proteins and surface potential of the 

membrane (8). Sphingolipids, mainly structural lipids of mammalian cells, are also present 

and play important roles in other eukaryotic cells like yeast, but are not in the scope of this 

work (2, 9) due to the lack of accurate simulation parameters at the start of this study. 

Future directions including this type of lipids are discussed in the last chapter of this work.  

Given the important roles of lipids in the stability of the cell, complex mechanisms take 

place to maintain their level in the different organelle membranes. Current methods to 

study the lipid profile of a cell are thin layer chromatography (TLC), gas chromatography 

(GC), and high performance liquid chromatography (HPLC). Nonetheless, even advanced 

methods such as shotgun lipidomics platform do not provide detailed information on the 

regulatory functions of lipids (9). Cell signaling and sensing, as influenced by lipid 

composition, have not yet been fully understood. Lipid transport and assembly onto 

organelle membranes is an expanding area of research. The influence of lipid composition 

as well as lipid synthesis and trafficking on protein folding and activity are also under 

current examination (6, 10). The goal of the present work is to determine the effect of lipid 

composition in the structural, mechanical and dynamical properties of yeast membrane 

models. More details on the role of lipids in different organelles of yeast cells is given in 

Chapter 2.  



6 

 

1.1.2 Membrane proteins 

Proteins are essential in all biological processes. They act as catalysts (enzymes), 

transporters, storage units, mechanical support, transmitters, or controllers of growth and 

differentiation. The primary structure of a protein is determined by its sequence of amino 

acids – basic structural units. Proteins range from small peptides formed by tens of amino 

acids, to large complexes formed by hundreds of amino acids. These can be polar, non-

polar, hydrophobic, neutral, or charged molecules that determine the secondary structure 

of proteins according to their sequencing order. Secondary structures include α-helices, β-

sheets, and loops or random coils. Large proteins may have several secondary structures in 

their backbone, and their configuration in space forms the tertiary structure of the protein, 

which may vary according to its surroundings and activate or deactivate the protein. The 

stability of a protein comes largely from van der Waals and hydrogen-bond interactions in 

its structure (11). 

Transport of molecules across the membrane is an important process in cells and occurs 

through proteins, which may act as channels to let nutrients in or out the cell. Membrane 

channels exhibit high selectivity, conductivity, and sensitivity. For example, the channels 

for water, gases, and small alcohols are called aquaporins; and potassium is transported 

through potassium channels (12). Protein distribution in the bilayer is not random; in 

addition to determining the functions of the membrane, transmembrane proteins also 

influence the curvature of the bilayer as well as the membrane’s electrostatic interactions 

with its surroundings (2). Membrane proteins can also have peripheral domains that bind 

to the surface of the bilayer; these proteins can act as enzymes or lipid transporters. Lipid-

transport proteins (LTPs) provide an alternative to vesicular transport in shuttling lipid and 
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small molecules between organelles (13). Membrane lipids highly influence the function 

of the membrane and the binding, activation, and signaling of proteins in and around the 

bilayer. 

1.1.3 Sterols 

Biological membranes are also hosts to small molecules such as ions, and smaller lipids 

like sterols that contribute to the proper function and mechanical properties of the cell. 

Cholesterol (Figure 2) is widely known to play a very important role as regulator of cell 

properties in mammalian cells (7, 14). Ergosterol (Figure 2), its homologue in fungal cells 

like yeast, is also crucial for cell survival. Ergosterol and cholesterol only differ in the 

number of double bonds in the sterol tail and center six-membered ring, but they both 

behave similarly (15). Sterols influence the fluidity and order of the bilayer, and can also 

affect the cell’s response to disease. At high concentrations sterols induce lipid domains, 

separating the membrane into liquid-order (Lo) sterol-rich and liquid-disordered (Ld) sterol-

poor phases. This phase separation gives rise to important membrane dynamics and 

changes in its mechanical properties. Such changes are important in determining how the 

cell responds to its environment. Sterol flux within the cell, along with lipid reorganization, 

ensures each organelle maintains viable concentration of its lipids. Besides sterol flux and 

composition, intrinsic membrane curvature is also responsible for lipid reorganization 

within the bilayer (2, 14, 16, 17). 

Sterol levels in the plasma membrane are critical for cell operations; though synthesized in 

the endoplasmic reticulum, sterols are unevenly distributed in all cellular organelles until 

they reach the plasma membrane. Sterol levels seem to be tightly controlled in the cell to 
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prevent any dysfunction. In yeast, sterols are transported by vesicles as well as LTPs. 

Common LTPs in yeast are members of the oxysterol binding homologue protein family 

(Osh). Besides sterols, the Osh proteins also transport other lipids like PI4P, and the 

specific role of each protein is currently under study. Deletion of the seven members of 

this family (Osh1-Osh7) results in cell death (10, 18). 

1.2 Yeast membranes 

 Saccharomyces cerevisiae is a very common reference organism in modern biology. Its 

complete genome sequence is known, and in the past 20 years several studies were made 

to expand our understanding of its diverse cellular processes. S. cerevisiae is the organism 

better understood among eukaryotes in terms of its genetics and metabolism, but studies 

on its lipidome are still limited. Most eukaryotes have well-conserved mechanisms, and 

their gene homology with yeast is high (6). Experimentally, yeast is a favorable model 

because it is simple to grow and manipulate versus mammalian cells, and it conserves most 

of the fundamental metabolic pathways against mammals. Finally, the diversity of lipids 

in yeast ascends to a few hundred, while mammalian cells have over thousands and their 

characterization for cell homeostasis would be extremely time consuming (10). The scope 

of this work focuses on three yeast organelles involved in the secretory pathway of the cell, 

its route for degradation and recycling among others (see figure 3). 

1.2.1 Endoplasmic Reticulum (ER) 

The ER is a dynamic network of sheets and tubules that expands from the nucleus to the 

plasma membrane. Proteins and lipids are mainly synthesized in this organelle, and it is 

also the starting point of the secretory pathway (2). However, important lipid synthesis also 
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takes places in the Golgi complex, plasma membrane, and mitochondria (13). The ER 

closely interacts with most organelles in the cell and has the most fluid membrane. 

Interaction sites allow for non-vesicular transport of lipids and calcium signaling. Correct 

dynamics and morphology must be maintained in this organelle to prevent cell malfunction. 

Changes in the ER lipid or protein composition alter the metabolism of the cell by affecting 

lipid biogenesis (19). Transmembrane proteins are very important in modulating the shape 

of the ER, these have been proposed to form wedge-like structures in the outer leaflet of 

the bilayer, inducing positive curvature in the membrane which in turn induces membrane 

deformation relevant for cellular processes (20, 21).  

 
Figure 3 - Yeast secretory pathway 

Diagram showing vesicular transport of degraded/recycled material to the exterior of the cell. 

(http://what-when-how.com/molecular-biology/protein-secretion-molecular-biology/) 

1.2.2 Trans-Golgi Network (TGN) 

The TGN is a sorting station for lipids and proteins in the secretory pathway, and storing 

area for some biochemical molecules before they are delivered to their final location. This 

membrane resists many of fluxes coming to and from the ER and plasma membranes, so 

http://what-when-how.com/molecular-biology/protein-secretion-molecular-biology/
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its steady state cisternal-like arrangement is temporary. Malfunction of the TGN results in 

interference of protein modification, sorting, and delivery, affecting a wide variety of 

cellular processes. Current studies show lipid metabolism is closely linked to TGN function 

and resiliency. PI lipids are involved in the regulation of membrane trafficking and 

secretory regulation of the Golgi system. Sterols and LTPs are also among important 

contributors to proper Golgi function. In addition, the Golgi apparatus was shown to be a 

major producer of sphingolipids (9, 22, 23). 

1.2.3 Plasma Membrane (PM) 

The PM is the outermost membrane of the cell, it is also the most rigid bilayer. It is the 

final membrane where lipids arrive, and its composition and health are dependent on a 

functional secretory pathway. Sterol composition in this membrane is critical to ensure its 

proper rigidity and allow cell growth. The high sterol content in the PM gives rise to sterol-

rich microdomains, very important for exchange dynamics and diffusion of lipids in the 

cell (7). In addition, studies in the past two years have found sterol-free microdomains (gel 

phase) that are rich in sphingolipids in the PM, but conclusive findings are yet to be 

published (24). The PM composition is very different from the other organelles, containing 

high concentrations of sphingolipids and ceramides. Most of the sphingolipids in yeast are 

located at the PM, and they constitute about 30% of the total lipid content in this membrane. 

Lipids are delivered to the PM by vesicular transport or LTPs from the ER and TGN. This 

membrane is largely populated by transmembrane proteins, which are often restrained by 

their association with other proteins to allow a fully functional membrane. The PM is also 

very sensitive to changes in nutrition and environment (8, 25).   
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1.3 Molecular Dynamics (MD) Simulations 

Cellular processes can take place over short timescales; MD simulations facilitate their 

study and can be helpful in the selection of experimental targets. This simulation technique 

is deterministic, based on statistical mechanics and empirical energy functions. The basic 

idea is to model the interactions within a system based on forces acting on its atoms. Given 

a set of coordinates for a system, initial velocities are randomly generated for each atom 

using equation 1, the Maxwell-Boltzmann distribution at a given temperature, where 𝑣𝛼  is 

the α component of the velocity at time t (26). Newton’s laws of motion are determined for 

each atom based on its velocity (v) and forces acting over it to generate simulation 

trajectories that specify its position (r) over the course of time. The integration of Newton’s 

equations results in equations 2 and 3 for the position and velocity of each atom in the 

system using, for example, the Verlet algorithm. Initial coordinates for a system are based 

on the chemical structure of a molecule obtained from experimental data; crystallographic 

structures are used in the case of proteins (27).  

〈𝑣𝛼
2〉 = (∑

𝑚𝑣𝛼,𝑖
2 (𝑡)

𝑁𝑡
⁄𝑁

𝑖=1 )/𝑚          (1) 

𝑟(𝑡 + Δ𝑡) = 2𝑟(𝑡) − 𝑟(𝑡 − Δ𝑡) + (
𝑓(𝑡)

𝑚⁄ ) Δ𝑡2     (2) 

𝑣(𝑡) =
{𝑟(𝑡 + Δ𝑡) − 𝑟(𝑡 − Δ𝑡)}

2Δ𝑡
⁄ + 𝑂(Δ𝑡2)     (3) 

The first stage of MD simulation proceeds until the properties of the system, like total 

energy and temperature, do not vary over time, i.e. the system is equilibrated. All properties 

of simulation experiments are calculated after the system has run a production phase, where 

a trajectory is generated at the desired temperature, pressure, or volume (extended details 
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in the next chapter). The desired property must be expressed in terms of the position and 

momenta of each atom in the system. Computational results must be averaged over replica 

experiments to obtain statistically relevant results (26).  

MD techniques have evolved in the past 50 years to represent atomic models more 

accurately. A very simple model represents the atoms in a system as hard-spheres. The 

hard-sphere potential represents all atoms with the same sphere size, accounts for fully 

elastic collision between atoms, and assumes the atoms move in straight lines after collision 

with another sphere. On the other hand, the square-well potential sets two cut-off values; 

the interaction energy is zero above the higher limit, infinite below the lowest limit, and a 

set value in between. Although limited, this model provided the first insights into 

microscopic properties of fluids in MD. More complex models use a continuous potential 

that updates the forces acting on an atom every time it changes position. In this case, the 

integration of the laws of motion is made by finite difference method. To avoid large errors 

due to fast motions in a molecule, the integration time step is commonly set to 1-5fs 

depending on the molecule of study (26). 

1.3.1 Force Fields 

MD uses force fields (FF) to describe inter- and intramolecular forces that govern the 

system of study. Forces acting on the system are evaluated through a potential energy 

function, V(Ȓ), where Ȓ stands for the position of atoms in the system see (equation 4). A 

FF is divided in terms that account for bonded and non-bonded terms, attractive and 

repulsive forces, angles bending, torsional and rotational energies. If a system only has 

simpler molecules, the FF is reduced in complexity (26). Intramolecular forces are 
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evaluated looking at the bond and angle energy terms in the energy function. Non-bonded 

interactions specify the relationship of every atom in the system with its far-neighboring 

atoms. These are accounted for in the attraction and repulsive components of the van der 

Waals (VDW) potential, evaluated by a 12-6 Lenard-Jones potential with cut-off values set 

by the user (27). 
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  (4) 

An important characteristic of FFs is the parameters used to determine the energy 

contributions of the different terms in the empirical function. The set of parameters is 

unique to the FF of choice and determine its accuracy. FF parameters are set to reproduced 

desired properties of different chemical structures; the choice of FF is left to the user 

according to the study target (26). This work used the CHARMM36 (C36) FF that takes 

on the general form in equation 4; our simulations used the most updated parameters for 

PI lipids (28, 29). VDW and electrostatics were computed using a force-based switching 

function from 8 to12 Å. All simulations were run using periodic boundary conditions 

(PBC) that evaluate electrostatic interactions using Particle Mesh Ewald (PME). Simple 

PBC use the central box of a simulation, for which all coordinates are defined, and 26 

images of it on all faces to prevent erroneous calculation due to the interaction of atoms 

with the walls of the system (30). As an atom moves out of the central box, its image 

appears on the opposite side as it is moving outside from the neighboring image (see figure 

4). 
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The all-atom MD simulations of model 

membranes in this thesis were run using 

CHARMM and NAMD (31, 32) 

software packages; all systems were 

neutral to meet the requirements of 

NAMD for PME. C36 FF allows 

heterogeneous MD simulation runs in 

the isobaric-isothermal (NPT) ensemble 

with no surface tension, and reproduces 

more accurately experimental properties 

such as deuterium order parameters (SCD) near the membrane-water interface and lipid 

rotation rates. Other simulation studies of membrane models done using the C36 FF render 

results in agreement with experimental data, and provided useful insights on membrane 

properties similar to those of interest in this work (15, 33).  

1.3.2 Temperature and Pressure control in MD 

MD simulations are based on statistical mechanics (SM); this approach gives a molecular 

interpretation and prediction of macroscopic properties of a system.  A macroscopic 

property results from the average value of that property for the weighted probability of 

each microstate. A microstate is a system of particles with a total energy based on the single 

energies of the atoms forming that system. The simulation of a closed system at constant 

number of molecules (N), volume (V), and temperature (T), is said to be using the NVT 

(Canonical) ensemble (34, 35). The use of other ensembles may be more appropriate 

depending upon the properties that want to be calculated. However, the NPT ensemble is 

 

Figure 4 - Periodic boundary conditions 
 (http://isaacs.sourceforge.net/phys/pbc.html) 

http://isaacs.sourceforge.net/phys/pbc.html


15 

 

one of the most common in MD, and all thermodynamic properties are derived from the 

Gibbs energy (G) of the system (26, 34). 

The temperature of a system is related to its average kinetic energy over time. CHARMM 

uses an accurate method developed by Nosé in 1984, and further improved by Hoover; now 

known as the Nosé-Hoover thermostat. This thermostat uses a thermal bath as key 

component of the system, and extended Lagrangian methods that contain artificial 

coordinates and velocities for the system. The temperature is kept constant in the real 

system by calculating the position of each atom times a parameter that determines the 

coupling between the real and extended systems. NAMD runs utilize Langevin dynamics 

to maintain the temperature constant throughout simulation (26, 27).  

For constant pressure control, the volume is the dynamic variable and its equation of 

motion is added to the set of equations for the simulation. CHARMM controls the pressure 

using the Nosé-Hoover piston, allowing the cell box size to change isotropically. In 

NAMD, the pressure is controlled using the Langevin piston Nosé-Hoover method, which 

couples the piston controls to a temperature bath controlled by Langevin dynamics and 

compatible with the pressure control in CHARMM (32, 36, 37).  
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CHAPTER2 - METHODS 

2.1 Building and Equilibration techniques 

The systems for our MD simulations were constructed using the Membrane Builder of 

CHARMM-GUI (www.charmm-gui.org), an automated graphical user interface to build 

heterogeneous systems (15, 38, 39). CHARMM-GUI has a library of over 200 lipids 

classified by headgroup structures and sterols (40). The number of lipids per leaflet, or their 

relative ratio, is entered into the builder along with the level of hydration for the system, 

i.e. the number of water molecules per lipid, or water thickness above and below the 

bilayer. The system is built based on estimates for the area per lipid for each component; 

this estimate is very important to ensure enough space between molecules in their initial 

position to avoid clashes or ring penetration issues. Lipid orientations in the bilayer are 

randomly chosen from a set of 1000 orientations for each molecule; the bilayer order and 

structure is therefore unbiased. Subsequent building steps include setting a preferred 

temperature, thermodynamic ensemble, and the addition of ions to render a neutral system, 

or as specified by the user.  

The simulation box undergoes a short equilibration and check for ring penetration or bond 

breakage occurrences before the PDB, PSF, topology, parameter, restraint, and 

equilibration input files are output for the user. The Membrane Builder provides the user 

with CHARMM and NAMD input scripts that can be modified if needed. Typical 

equilibration is achieved in a series of 6 consecutive steps, the first two run using NVT 

dynamics (constant number of molecules, volume, and temperature). The remaining four 

steps use the NPT ensemble gradually decreasing restraint force constants that prevent FA 

http://www.charmm-gui.org/
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double bonds from changing its cis/trans conformation, keep PI lipids in the chair 

conformation, maintain C2 chirality in each lipid, and hold the lipid head groups in position 

along the z-axis (40). 

2.2 Systems of study 

The current developments in all-atom simulations and computational capabilities allow us 

to study cellular processes in different organisms. However, currently available models are 

not diverse enough to expand the knowledge in membrane signaling and trafficking in 

cells, or protein-lipid interactions with accurate precision. Seven membrane models were 

developed to study the impact of lipid composition in the membrane properties of 

organelles involved in the secretory pathway of yeast cells. The first model is a replicate 

of a simple model for yeast studied in our lab based on the overall lipid composition (15). 

More complex models were built for the PM, ER, and TGN based on experimental data (9, 

25, 41, 42). Comparison between the simple and more complex models can be found in 

Sections 3 of this work. 

2.2.1 Average Yeast Model (AVG-Yeast) 

This model is based on a previous study by Jo et al. to explain the capabilities of the 

Membrane Builder in CHARMM-GUI to construct heterogeneous lipid bilayers (15). The 

model contained the most representative lipids of yeast cells; however, their relative 

concentrations are average values between cell organelles taken from an experimental 

study (41). The Jo et al. study explored the effect of cholesterol concentration on membrane 

properties, among others.  The present work will use this model as a control system to show 

the importance of accurate model representation for specific organelles in yeast. Given the 
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moderate concentration of sterol in this model, the results for the PM model are expected 

to match AVG-Yeast better than the ER or TGN models due to its high sterol composition. 

In addition, discrepancies in the calculated properties will arise from the structural and 

unsaturation differences between cholesterol (the sterol in AVG-Yeast) and ergosterol in 

the new models. The AVG-Yeast model, as the rest of the system studied in this work, was 

simulated using the C36 FF to be consistent. 

The lipid composition for AVG-yeast was taken from Daum et al. experimental assays 

(41). The yeast strain used as basis for this model is CPR-Δ1, and although sphingolipids 

and PI are analyzed in the experimental tests of this strain, they were not included in the 

theoretical model as parameters were not available when AVG-Yeast was first developed. 

The most representative fatty acids were experimentally determined to be palmitoleic 

(C16:1) and oleic (C18:1) with 62.5% and 26.1% respectively. Small percentages of 

palmitic (C16:0) and stearic (C18:0) were also present. The theoretical model was design 

with 45.5 unsaturation fraction, using simple phospholipids to represent this strain. Figure 

5 shows the lipid composition of all the models used in this study according to lipid 

headgroups, specific lipid types are listed in Table 1 in the next section. Note the lipid types 

based on headgroup diversity have the same composition for both models of the organelles 

of interest. The difference between the two models for each organelle comes from the 

unsaturation degree. 
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 2.2.2 Complex Models 

As mentioned previously, lipid concentration and organization in a given bilayer is critical 

to its function and overall cell survival. In fact, each organelle has a specific lipid pattern 

that serves as a signature of healthy or sick cell condition (43). To successfully study 

membrane properties and processes using MD simulations it is necessary to accurately 

account for the lipid composition characteristic to the organelle of interest. Two models 

were developed for each organelle of study, varying in lipid concentration, diversity, and 

unsaturation degree as listed on Table 1. PI lipids were not yet in the Membrane Builder 

library at the moment of building the first ER and PM models, and missing coordinates 

where incorporated manually using CHARMM scripts.  

The most representative sterol in the PM of yeast is ERG, while the most common fatty 

acids (FA) in this organelle are palmitic (16:0) and oleic (18:1) acids. These results in a 

low ratio of unsaturated to saturated fatty acids compared to other organelles (25). PS lipids 

 
Figure 5 - Lipid composition (by headgroup); “*-exp” refer to available experimental data. 

The sterol used in avg-yeast was Cholesterol, but its composition is shown under ERG in this graph 
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are abundant in the PM, but may be triggers for apoptosis, i.e. programmed cell death, if 

not properly regulated. PS and ERG increase in parallel concentration along the secretory 

pathway, so that the ER contains the least concentration of these lipids (43). Corresponding 

to these values, ERG, POPE, POPI, and POPS lipids were included in larger amounts in 

the PM models built for this study. 

Table 1 - Model lipid types by headgroup and unsaturation content of the sn2-sn1 tails.  
The sn-2 FA is the one attached to the oxygen atom on the second carbon of glycerol 

Lipid 

Unsaturation 

(sn2-sn1) 
er1 er2 pm1 pm2 tgn1 tgn2 avg-yeast 

sterol 
ERG  7 7 60 60 18 18  

CHOL        30 

PA 
POPA 18:1-16:0     4 0 10 

YOPA 18:1-16:1 6 6 7 7  4  

PC 

DYPC 16:1-16:1 42 42 12 18 29 40  

YOPC 18:1-16:1 28 28 6  23 12  

DPPC 16:0-16:0       10 

DOPC 18:1-18:1       50 

PE 

DYPE 16:1-16:1 10 10   6 8  

POPE 18:1-16:0   9 20   30 

PYPE 16:1-16:0   5  4   

YOPE 18:1-16:1 10 10 6  6 8  

PI 
POPI 18:1-16:0 21 21 10 18 27 13  

PYPI 16:1-16:0 14 14 8  28 42  

PS 
POPS 18:1-16:0 6 12 21 27 5  5 

YOPS 18:1-16:1 6  6   5  

lipids per leaflet  150 150 150 150 150 150 135 

total # of atoms  74.3K 65.1K 71.6K 59.9K 88.4K 88.2K 72.6K 

 

On the other hand, the ER models used in this study were built to reflect the more fluid 

structure of this organelle (43). This model contains the least amount of ERG, but the 

highest concentration of PC lipids. Other characteristic ER lipids, included in the models, 

are PIs and PEs. The only difference between the two models built for this study is the 
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unsaturation degree of the PS lipids; one model uses oleic (18:1) and palmitoleic acid 

(16:1), while the other one substitutes the latter for palmitic acid (16:0).  

Along with the ER, the TGN also plays an important role in lipid biogenesis, mutation, and 

further transportation of lipids to the PM or other storage locations. Klemm et al. published 

a comprehensive study in 2009 (9), from where the model lipids for this study were 

selected. From the FA analysis, it was determined oleic (18:1) and palmitoleic (16:1) acids 

are the by far the most representative FA in the TGN. The PI lipids were the only ones with 

a different FA distribution, where palmitic acid (16:0) was the dominant FA. Based on 

these findings and specific percentages for lipid headgroups, the PC and PI lipids were 

selected as the dominant phospholipids for the membrane models along with a moderate 

concentration of ERG. 

Lipid composition has also a particular signature in the inner and outer leaflet of membrane 

bilayers; especially in the PM, where sphingolipids play an important role in protein-

bilayer interaction (6, 24). Although this is not accounted in the models presented in this 

work, it has been shown of importance for cell signaling processes (19, 42). 

2.3 MD simulations settings 

NAMD and CHARMM packages were used to run 200ns trajectories for each system. All 

simulations followed the six-step CHARMM-GUI protocol (15, 39) before running the 

production runs, a short NVT equilibration followed by NPT dynamics on CHARMM 

using C36FF and the TIP3P model for water (44). The production run of each system was 

run on NAMD with a 2fs time-step using the SHAKE algorithm to constraint hydrogen 

atoms (45). Van der Waals interactions were calculated using a Lennard-Jones force-
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switching function over 8 to 12 Å (46), and the Particle Mesh Ewald method was used to 

account for long range electrostatics (47). Constant temperature (303.15K) and pressure 

(1bar) during the 225-ps CHARMM equilibration were achieved and controlled using a 

Hoover thermostat (48) and Nosé-Hoover piston (49) respectively. The 200-ns trajectories 

on NAMD (NPT dynamics) maintained the same temperature and pressure using a 

Langevin piston (36). 
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CHAPTER 3 - RESULTS AND DISCUSSION 

A common equilibration metric for lipid bilayer simulations is stability in the lateral surface 

area. The ER and TGN membranes reached equilibrium after 25ns, shown by plateau of 

the average surface area per lipid (SA) on Figure 6. The plateau is especially noticeable on 

the PM membranes and AVG-yeast, which took longer simulation time to equilibrate – 

nearly 40 ns, and more than 50ns for PM2 – due to their high sterol content. Membrane 

properties in this thesis were calculated from the last 50ns of equilibrium data, unless stated 

otherwise. The reported results are the average values of each property over three replicate 

runs for each system.  

 

Figure 6 - Surface area per lipid  (Å2) 

3.1 SA per lipid and Compressibility modulus (KA) 
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of the system oscillate over an average constant value. Using the SA data the 

compressibility modulus is calculated directly using equation 5,  

𝐾𝐴 = 𝑘𝐵𝑇 ∗
𝐴𝐿

𝜎𝐴𝐿

2⁄     (5) 

where kB is the Boltzmann constant, AL is the SA, and σA
2 its variance. KA is a measure of 

a membrane stiffness, or resistance to uniform compression. Table 2 summarizes the results 

for the overall SA and KA for each membrane. It is easy to see from these values, as well 

as Figure 6, the PM and AVG-yeast models have a lower surface area (46.76-47.42Å), but 

higher KA values when compared to the other membranes. This occurs due to the presence 

of ERG, or cholesterol (CHOL) in the case of AVG-yeast. Sterols position themselves in 

between other lipid tails, creating a more ordered environment and a bulkier more rigid 

bilayer. Is interesting to note, however, that PM1, PM2, and AVG-yeast membranes have 

very different KA values despite their similar SA.  

PM1 and PM2 have the same headgroup diversity, but the degree of unsaturation for these 

models is 0.71 and 0.64, respectively. In other words, there are more unsaturated FA tails 

in the lipids of PM1, which introduce disorder in the bilayer as their conformation has kinks 

at the location of double bonds. Since PM2 has a more saturated environment than PM1, 

one would expect its KA to be also higher than that of PM1; however, the results show 

statistical difference between the two. AVG-yeast, with the lowest KA among the three 

(0.34±0.04 N/m), has a similar unsaturated fraction to PM2, but its sterol composition is 

22.2%, a little more than half the percentage of sterol in the PM membranes (40%). Studies 

show CHOL has a higher influence in membrane order and fluidity compared to ERG (50); 

despite this, the lower value in KA is expected in the AVG-yeast model because the sterol 
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content is not as high as that of the PM membranes, thus the bilayer is more fluid than the 

PMs. In addition, the average length of AVG-yeast (28.7) is smaller than PM2 (33.4), i.e. 

its total average number of carbons for each lipid (counting both FA tails) is less than PM2. 

The results are consistent with past studies (51, 52) that show smaller saturated FA chain 

lengths result in more ordered (fluid) bilayer structures. A more robust comparison on the 

effects of CHOL versus ERG could be made if the membranes had the same sterol 

composition, but that is out of the scope of this work. 

Table 2 - Average surface area per lipid and compressibility modulus. 

Values are reported with their respective standard error. 

model SA/lipid (Å2) KA (N/m) 

er1 63.99 ± 0.38 0.29 ± 0.02 

er2 63.65 ± 0.36 0.28 ± 0.02 

tgn1 60.56 ± 0.36 0.28 ± 0.06 

tgn2 60.95 ± 0.36 0.27 ± 0.02 

pm1 47.42 ± 0.25 0.57 ± 0.06 

pm2 46.76 ± 0.30 0.47 ± 0.08 

avg-yeast 47.27 ± 0.32 0.34 ± 0.04 

3.2 Electron density profiles (EDP) 

The structure of biological 

lipid membranes is a very 

important topic of study; 

however, it is difficult to 

precisely determine atom 

positions due to thermal 

fluctuations. Bilayer 

structures have been studied 

using statistical averages 

 

Figure 7 – Average electron density profiles  

DOPC in AVG-yeast showing separate lipid components. 
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based on neutron and X-ray scattering experiments. Small angle neutron scattering (SANS) 

is used generally to locate the position of the glycerol group in lipids, and small angle X-

ray scattering (SAXS) is commonly used to locate the phosphate group (53, 54). These 

scattering density profiles (SDP) measure the electron density of lipids in a bilayer, which 

can also be computed from MD simulation data. Electron density profiles (EDPs) from 

simulation data are used to estimate bilayer thickness, which can be directly compared to 

experimental data, if available. 

The EDP plots in this work were generated using SIMtoEXP software package and 

following the procedure of Kučerka et al. (55). The equilibrated data from each simulation 

was used to calculate the number of electrons per volume of each atom in the system, and 

then combined to get the EDP of a particular component as defined by the user. The 

location of different chemical groups or lipid components with respect to the z-axis can be 

easily located in an EDP. For example, the methyl group EDP of DOPC from AVG-yeast, 

shown in Figure 7, has a peak at the center of the bilayer, denoted by z=0. The carbons in 

the tails with single (CH2) or double bonds (CH), shown in blue and green respectively, 

are within the total EDP (brown curve) and in the middle section of the leaflet as expected. 

Hydrophilic components, such as the phosphate group (orange) and headgroup (red) EDPs 

have peaks towards the side of the leaflet in contact with water.  

The EDPs for each membrane were used to determine the head-to-head distance between 

the lipid phosphates on each leaflet (DHH), the Luzzati thickness (overall bilayer thickness) 

of the bilayer (DB), and its hydrocarbon region or core (2DC). Figure 8 shows the overall 

EDPs for each system, calculated by adding the total EDPs for each lipid in the systems; 

DHH was estimated from the peak values of each curve in this figure. DB and 2DC were 



27 

 

estimated from the volume 

probability distributions of 

water and the average 

hydrocarbon tails region in each 

membrane.  Figure 9 shows 

sample curves for volume 

probabilities of the mentioned 

regions in TGN2; the dashed 

line is a visual aid to locate half 

of the probability for each curve. All these values are reported in Table 3 and were 

interpolated from the data to get a more accurate value. 

The DHH for the ER and TGN membranes are very similar, between 37.4 and 38.6 Å. 

Moreover, the difference in unsaturation fraction between ER1 (0.86) and ER2 (0.69), or 

between TGN1 (0.74) and TGN2 (0.79), does not play a relevant role in the head-to-head 

distance and bilayer thickness (DB) of these membranes. These result was also observed in 

the SA values for these models, 

and especially their KA had no 

statistical difference (refer to 

Table 2) possibly due to the 

unsaturation degree of TGN (0.74 

and 0.79 for models 1 and 2 of this 

membrane) falling in between that 

of the ER models (0.69 and 0.86). 

 

Figure 8 -  Overall electron density profiles for yeast 
membranes  

 
Figure 9 -  Sample calculation of bilayer thickness 
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The content of PC lipids is also the highest if both membranes, and would occupy the same 

volume in both models. The ER and TGN are places of lipid exchange, and both contain 

the largest percentages of PC and PI lipids, while their ERG concentration is at least a 

quarter that of the PM membranes. The ordering effect of ERG is also noticeable in the PM 

and AVG-yeast EDPs, as these are bulkier membranes and their DHH is 5-6 Å larger than 

the other two membranes. The same trend is observed in the DB and 2DC measurements. 

Table 3 – Bilayer thicknesses of yeast membranes 
Head-to-Head distance (DHH), Bilayer thickness (DB), and Hydrophobic core (2DC) 

Model DHH (Å) DB (Å) 2DC (Å) Exp.* (Å) 

er1 37.8 ± 0.1 34.42 ± 0.20 29.14 ± 0.20 30.8 ± 1.3 

(4cad) er2 37.4 ± 0.1 34.08 ± 0.20 29.30 ± 0.20 

tgn1 38.6 ± 0.1 36.44 ± 0.20 26.48 ± 0.20 
n/a 

tgn2 38.4 ± 0.1 35.82 ± 0.20 29.70 ± 0.20 

pm1 43.4 ± 0.1 39.34 ± 0.20 34.38 ± 0.20 29.8 ± 3.1 

(2k9p) pm2 44.4 ± 0.1 39.64 ± 0.20 34.88 ± 0.20 

avg-yeast 43.0 ± 0.1 39.88 ± 0.20 33.98 ± 0.20 n/a 

(*http://opm.phar.umich.edu/protein.php?pdbid=4cad; http://opm.phar.umich.edu/protein.php?pdbid=2k9p) 

 

The hydrophobic core thickness was used to compare the membranes with available 

experimental estimates taken from the Orientation for Proteins in Membranes (OPM) 

database that reports hydrophobic lengths of transmembrane proteins (56). Proteins for the 

ER and PM membranes are available in the database and reported in the last column of 

Table 3. The measurements are more reliable for the ER membrane because the 

hydrophobic length of the 4cad protein was estimated based on 8 helical subunits (57), 

while the PM transmembrane protein 2k9p had only 2 helical subunits (58). Despite limited 

experimental data, the ER estimates statistically agree with the experimental value of 

30.8±1.3 Å, and the PM estimates are a slight overestimate but fall within 5% error with 

respect to experimental values.  

http://opm.phar.umich.edu/protein.php?pdbid=4cad
http://opm.phar.umich.edu/protein.php?pdbid=2k9p
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3.3 Deuterium order parameters (SCD) 

NMR experiments have been largely used to 

characterize the structure and order of  lipids in 

pure and mixed bilayers, including mixtures 

with sterols (59). SCD’s are segmental 

parameters that measure the order inside a 

bilayer, and are calculated for simulation data 

according to the angle between each C-D 

vector (bond) in the lipid tail and the bilayer 

normal, see Figure 10. Stereospecific 

nomenclature classifies the FA tails in lipids by 

their position with respect to the glycerol 

group. By convention, the FA in the sn-2 position is the one attached to the oxygen atom 

of the second carbon of the glycerol group; the other tail is named sn-1 chain. The 

hydrogens attached to the second carbon in the FA tails in the sn-2 position give two 

different experimental signals that are also computed from the simulation data (60-64). 

Figures 11 to 13 show the SCD values for each FA in the membrane lipids. It is clear at first 

glance that the SCD values for the PM membranes, which contain the highest ERG 

concentration (40%), are higher than those of the ER or TGN models. This happens due to 

the presence of ERG in the leaflets that affects the lateral organization of lipids resulting 

in a more symmetric and bulkier bilayer (65). The AVG-yeast model also has high SCD 

values and behaves more similarly to the PM than the other two models. Notice that the 

AVG-yeast model has a high CHL concentration of 22.2%, this sterol is more saturated 
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Figure 10 - SCD parameters. 
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than ERG and could be the cause of having a more ordered bilayer than the ERs and TGNs 

even at this moderate concentration. The relative composition of DOPC-DPPC-CHOL 

from AVG-yeast in a ternary phase diagram lies in the Ld region at 303.15 K (66), but the 

dynamics introduced by the other lipids in the model, which have one saturated tail, may 

drive the overall mixture closer to the Lo stable region resulting in a more ordered bilayer 

with similar behavior to the PM models. In addition, the FA in the AVG-yeast and PM 

models have an average unsaturation fraction of 0.72 and 0.67 respectively, while the ER 

and TGN models’ fractions range between 0.69 and 0.86. With higher concentration of 

unsaturated FAs, the bilayer core is more disordered because of the kinks double bonds 

introduce in the lipid tails conformation. 

 

Figure 11 – SCD parameters for the ER  models 1 (top) and 2 (bottom) 
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Figure 12 - SCD parameters for the TGN  models 1 (top) and 2 (bottom) 

 

Figure 13 - SCD parameter for the PM models 1 (top) and 2 (bottom) 

 



32 

 

 

Figure 14 - SCD parameters for the AVG-Yeast model 

3.4 Lipid wobble rotation – NMR relaxation times (T1) 

NMR relaxation parameters give an insight on a bilayer’s lipid motions and fluctuations 

(59). Rotational diffusion time constants are of special interest in computational models to 

determine the environment inside a bilayer. These relaxation times are measured by the 

second rank reorientational correlation 

function C2(t) for specific atoms in the 

simulation data, and could be validated 

against experimental data from NMR 

experiments if available (67). The 

correlation function is computed using 

vectors between selected atoms in the 

molecule of interest to determine its 

rotational diffusion rates. The vectors in 

this study were selected to estimate the 

slow relaxation time (wobble) between 

the first carbons of each FA tail (C22-

 
 

 

 
Figure 15 – Lipid wobble 

Vectors used to compute glycerol carbon (yellow) 

and the cross-chain (purple) correlation functions 
for all the lipids in the yeast membranes. Colored 

atoms represent carbon (cyan), nitrogen (blue), 

oxygen (red), and phosphorus (gold). 
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C2-



33 

 

C32), and the second carbon of the glycerol group with its corresponding hydrogen (C2-

HS), refer to Figure 15. Two and three exponential fits were obtained to determine time 

constants for each lipid type in the membranes; equation 7 shows the general form of the 

fitting function. 

𝐶2(𝑡) = 𝑎𝑜 + ∑ 𝑎𝑖𝑒
−𝑡 𝜏𝑖⁄3

𝑖=1    (7) 

The independent coefficient ao in equation 7, was estimated from the average value of the 

plateau reached by the correlation function over at least 100 ns (see Figure 16). The time 

constants in this equation represent the fast and slow relaxation times associated with the 

lipid’s fast double bond isomerization and wobble respectively (63).  

 Tables 4 contains the average time constants for each model from two and three 

exponential fittings (Equation 7) for the second carbon of glycerol (CG); and Table 5 the 

average time constants for the cross-chain (CC) correlation function. The slow relaxation 

times, τ2 for the two exponential fitting and τ3 for the three exponential fitting, are 

characteristic times of lipid wobble in each model.  

   

Figure 16 - Correlation function c2(t) for the second glycerol carbon in DYPC lipids of an 
equilibrated ER2 system (left) and close-up of the exponential decay section (right) 

0.0

0.2

0.4

0.6

0.8

1.0

0 20 40 60 80 100 120 140 160

c2
(t

)

time (ns)

c2h-avg

cf2(t)

cf3(t)

0.0

0.2

0.4

0.6

0.8

1.0

0 3 6 9 12 15

c2
(t

)

time (ns)



34 

 

As expected, the PM membranes have longer wobble times compared to the other, while 

the ER membranes have the fastest times. This occurs due to the ordering effect of ERG 

molecules on each membrane. The range of CC relaxation times (6-17 ns), which provide 

a better idea of lipid wobble, is larger than the range for CG times (3-14 ns), indicating that 

the headgroups are more free to move than the lipid tails in a bilayer.  

Table 4 – Relaxation times for the second carbon of glycerol correlation.  
Average time constants for 2 and 3 exponential fittings; the standard error is in parentheses. 

  CG-c2(t) - 2exp 

  

CG-c2(t)-3exp 

model τ1 (ns) τ2 (ns) τ1 (ns) τ2 (ns) τ3 (ns) 

er1 
0.28 3.90 0.05 0.90 5.10 

(0.03) (0.33) (0.02) (0.18) (0.72) 

er2 
0.29 3.90 0.07 1.09 5.53 

(0.03) (0.28) (0.02) (0.22) (0.93) 

pm1 
0.39 6.91 0.12 2.00 13.59 

(0.04) (0.64) (0.03) (0.40) (2.27) 

pm2 
0.44 7.89 0.09 1.54 10.07 

(0.03) (0.46) (0.01) (0.25) (1.42) 

tgn1 
0.33 4.66 0.07 1.13 6.92 

(0.05) (0.72) (0.02) (0.32) (0.76) 

tgn2 
0.34 4.74 0.10 1.62 8.99 

(0.04) (0.48) (0.02) (0.36) (1.96) 

avg-

yeast 

0.33 4.78 0.10 1.24 6.63 

(0.03) (0.36) (0.02) (0.31) (1.16) 
 

The values reported in the table above are average values between the relaxation times of 

each lipid in a given model. The environment in a membrane is determined by its lipid 

components, unsaturation degree, and sterol fraction. Although there is no statistical 

difference in the wobble times between the two models for each organelle, the lipids with 

greater contribution in the longer, or shorter, average relaxation time did vary. For example, 

in PM1 the PIs were lipids with longer relaxation times in the case of CG, but the YO-

lipids, with palmitoleic (C16:1) and oleic (C18:1) FAs, had the longest relaxation times for 

the CC correlation functions. On the other hand, the PM2 lipids had all similar relaxation 

times for both correlation functions. It is interesting to note that the AVG-Yeast membrane 
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had values more similar to the TGN membranes than to the PM, as was the case with the 

order parameters and EDPs. This occurs because the sterol content in AVG-yeast is closer 

to that of the TGN membranes, and it is also a simpler membrane in terms of lipid diversity 

than the PM. 

Table 5 – Relaxation times for the cross-chain correlation. 
Average time constants for 2 and 3exponential fittings; the standard error is in parentheses 

  cross-c2(t)-2exp 

  

cross-c2(t)-3exp 

model τ1 (ns) τ2 (ns) τ1 (ns) τ2 (ns) τ3 (ns) 

er1 
0.45 6.58 0.13 1.53 8.51 

(0.05) (0.72) (0.01) (0.15) (0.70) 

er2 
0.51 7.07 0.15 1.88 9.70 

(0.05) (0.64) (0.02) (0.27) (1.90) 

pm1 
0.69 15.68 0.16 2.21 16.85 

(0.11) (2.67) (0.07) (0.60) (3.11) 

pm2 
0.57 14.93 0.16 2.16 16.27 

(0.08) (2.11) (0.03) (0.55) (2.55) 

tgn1 
0.56 8.28 0.17 2.16 12.05 

(0.07) (1.39) (0.03) (0.38) (1.56) 

tgn2 
0.57 8.70 0.17 2.14 11.50 

(0.10) (0.93) (0.10) (0.62) (1.50) 

avg-

yeast 

0.53 9.46 0.16 1.81 11.72 

(0.08) (1.47) (0.03) (0.35) (1.47) 
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CHAPTER 4 – BROADER DISCUSSION AND CONCLUSION 

Six membrane models were built for three organelles in yeast Saccharomyces cerevisiae 

to study the effects of lipid saturation and diversity on the mechanical properties of the 

bilayer. Two membranes with different lipid unsaturation degrees, but identical head group 

distribution, were built to emulate the environment of the ER, TGN, and PM bilayers. Each 

membrane composition was tailored to mimic available experimental data that 

characterizes the lipid content of each organelle. All the bilayers were built using 

CHARMM-GUI Membrane Builder (39, 40), a user friendly interface that has recently 

updated its lipid library to over 200 molecules to include inositol lipid parameters among 

others. Three trajectories of 200 ns each were run using the CHARMM C36 FF (28, 29) 

on NAMD software package for each membrane to perform a more robust data analysis. 

An initial study from Klauda and co-workers looked at the effect of sterol and lipid 

unsaturation on the surface area per lipid, electron density profiles, deuterium order 

parameters, an sterol tilt angle (15). The current thesis focused on the same properties, 

except the sterol tilt angle, plus the compressibility modulus (KA) and rotational diffusion 

time constants for each model.  The values were evaluated against each other, and only the 

bilayer thickness as estimated from the EDP was compared against experimental data 

available at the OPM database (56). One last membrane model was constructed based on 

the composition of Jo et al. (15) to compare its bilayer properties to those for organelle-

specific models. As the results in this study confirm, the lipid composition of a membrane 

alters its environment and determines the extent of interactions with other membranes and 

proteins.  
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The surface area of a bilayer is a basic property mainly used to determine when the system 

has reach thermodynamic equilibrium or whether a phase transition occurs in the bilayer. 

The SA also provides information about the lipid packing in a bilayer; high SA values as 

those of the ER membranes, 63.99±0.38 and 63.65±0.36 Å2, suggest the lipids occupy more 

space compared to those in the PM or AVG-yeast membranes, which SAs are around 47 

Å2. The SA was used to calculate the KA, or membrane stiffness, for each bilayer that 

measures how easily the membrane can be compressed. It is interesting to note that despite 

their similar SA value, the AVG-yeast membrane is less stiff than the PM as shown by this 

membrane’s KA of 0.34 N/m. Higher values of KA like those for the PM membranes (0.57 

and 0.47 N/m) indicate a more rigid bilayer versus the smaller values for the more fluid ER 

and TGN membranes (~0.28 N/m). The difference was expected given the PM is the 

outermost membrane with high lipid packing density, while the ER and TGN are more 

flexible, loosely packed, lipid bilayers with more complex shapes than the PM (2).  

The bilayer thickness calculated in this work were determined following the procedure 

described by Kučerka et al. (53, 55). Three characteristic thicknesses were determined for 

each model, DH, DB, and 2DC. DH was estimated from the distance between peaks of the 

total EDP, including water, of each membrane – shown in Figure 8. The ER and TGN 

membranes follow basically the same EDP with minimal differences at the center of the 

bilayer. On the other hand, the PM membranes show lower electron density towards the 

center of the bilayer, related to the high sterol content and its ordering effect that prevents 

interdigitation of methyl groups from the bilayer top and bottom leaflets. The AVG-yeast 

membrane follows a similar trend, but has an overall lower density profile. The lower value 

may arise from the sterol ordering effect that also prevents interdigitation of tails in the 
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leaflets, but also from the average chain length in this membrane (28.75) that is the lowest 

among all the membranes in this work. 

The estimates for DB and 2DC were calculated from half of the volume probability of the 

water and hydrocarbon EDPs respectively (refer to Figure 9). There is no statistical 

difference for these values between the PM and AVG-yeast membranes, but the ER has 

lower values than the TGN and both of these are thinner than the PM. In addition, the PM 

EDPs reflect tighter lipid packing versus the more relaxed case of the disordered ER and 

TGN bilayers. The values estimated from the simulation data were compared to 

hydrophobic core thickness for the ER and PM membranes available at the OPM database 

from transmembrane proteins data, and found within 5% error of the experimental values. 

The SCD parameters were used to study the order and structure of each bilayer. This 

parameter is expected to decrease going down the acyl chain (33), and have lower values 

in the presence of double bonds. Furthermore, the SCD values are expected to be higher for 

ordered bilayers, like those with high sterol content. The membranes studied in this work 

correspond to the expected trend in the order parameters. The SCD’s are at least 20% lower 

for the ER and TGN membranes with respect to the PM because of the loose packing of 

lipids and low sterol content, while the PM and AVG-yeast membranes have higher 

parameters for corresponding lipids between models. 

Lastly, the rotational motions of each bilayer were studied calculating the slow relaxation 

times of rotation, or wobble, for each lipid with respect to the bilayer normal. The slow 

component of rotational motion is a limiting timescale for lipid motions inside the bilayer. 

This timescale gives an idea of lipid packing and interaction with its surroundings. The 
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values obtained for the membranes in this study are of the expected order of magnitude, 

and increase with the increase of sterol content in the bilayer. The ER membranes have the 

lowest values for lipid wobble, with an average of 9.1 ns as computed from the CC 

correlation function. On the other extreme, the lipid wobble in the PMs is on average 16.6 

ns. Although in previous properties the AVG-Yeast membrane followed the same trend as 

the PM, its lipid wobble is closer to the range of the TGN membranes because they both 

have similar moderate ERG content. No significant statistical difference was observed 

between the relaxation times of the two models for each organelle. 

In terms of agreement with other studies, the values reported in Tables 4 and 5 are of the 

expected order of magnitude. A previous study reported CG relaxation times for pure 

DPPC and PSM (a sphingolipid) bilayers (68); the tail length in sphingolipids may induce 

interdigitation in the bilayer and its structure is usually stabilized by inter-lipid hydrogen 

bonds, resulting in a more restricted environment for lipid rotation and longer relaxation 

times than the simple FA tails studied in this work. Our relaxation times are in between 

those reported in the article by Venable et al.; they are 3 times larger than those of pure 

DPPC bilayers because the present membranes have a sterol component, but are 

approximately five times smaller than the values of the sphingolipid system since our 

systems do not have inter-lipid hydrogen bonding. 

The analysis in this thesis lead us to better understand the effect and importance of lipid 

composition on membrane properties. We hope to use these models to expand our 

understanding on membrane-protein interactions, and continue to improve our 

representation of organelle diversity as new FF parameters become available (68); the 

future directions of this project are detailed in the next chapter. 
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CHAPTER 5 – FUTURE DIRECTIONS 

Organelle-specific models are needed to study specific membrane functions and 

interactions with both transmembrane and peripheral proteins through simulations. The 

goal of this work was to develop accurate representations for the ER, TGN, and PM in 

yeast and use these models in future studies of lipid nano-domains and lipid-protein 

interactions - both applications are described below in separate sections for clarity. 

5.1 Long PM runs (Anton Machine) 

Lipid rafts have gained attention in the past twenty years and have been identified as key 

players in membrane signaling processes. Sterol-rich domains have been mostly found with 

bilayers containing fully saturated lipids, like DPPC, and sphingolipids. The formation of 

these domains has recently also been associated with membrane curvature, and may form 

as a signaling platform when needed by the cell (24, 69). 

The PM1 membrane run was extended to 5μs to study the formation and role of ERG 

clusters over time. Three replicate runs were carried on the Anton machine at Pittsburgh 

Supercomputing Center using the same cut-offs for the simulation parameters as the 

CHARMM runs. Transient ERG clusters were observed after 250ns, and an ERG flip was 

observed in each trajectory within the first microsecond of simulation. The flip was 

observed in cases where the opposite leaflet had a slightly higher degree of saturation such 

as more ERG lipids or lipids with palmitic (C16:0) and stearic (C18:0) FAs. Our goal is to 

characterize these nano-domains and determine their formation timescale. Additional 

membrane-only systems will be run using the most recent C36 FF that includes 

sphingomyelin and ceramide lipid parameters, both of which are mostly located at the PM 
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and play important roles in lipid raft formation (6, 68). Different membrane dynamics are 

expected for models with sphingolipids because they contain fully saturated tails that 

would interact with sterols forming lipid-rafts. The dynamics and timescale of this 

phenomenon are of special interest for the study of membrane-protein interactions. 

5.2 Osh4 studies 

The fact that most lipids are synthesized at the ER but are ultimately located at the other 

end of the secretory pathway suggests they are transported across organelles. Such 

transport has been suggested to occur in both vesicular and non-vesicular manners by 

means of membrane contact sites or LTPs (6). The peripheral protein Osh4, a member of a 

family of seven homologue oxysterol binding proteins in yeast, is an LTP. It was previously 

shown, using molecular dynamics simulations, that Osh4 has six membrane binding 

regions (18). Non-specific interactions with anionic lipids are an important driving force 

for the Osh4 attraction to yeast membranes. The ALPS-like motif of Osh4, a 29 amino acid 

peptide which also forms the lid to protect sterols, has also been identified as a membrane 

curvature sensor (70). We will characterize the binding mechanism of the peptide with 

bilayers containing different lipid types is described in terms of hydrogen bonding, peptide-

bilayer distance, protein structure changes, and binding energies. Preliminary runs with 

CHARMM (200ns) and the Anton machine (2µs) have successfully seen the peptide 

steadily bind to simple membranes in two conformations with SER8 and LYS15 as 

recurrent binding residues. We plan to extend this study to use one of the ER and TGN 

membranes to study in more detail the binding mechanism of the full protein presenting its 

mouth open conformation to the membrane in the hope to learn the precise mechanism of 

sterol, or PI lipid, uptake for transport.  
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