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The development of the CHARMM force field (FF) in the late 1970’s and early 1980’s 

was groundbreaking at the time. For the first time, a computer program was created that could 

simulate biological systems on a macromolecular scale. Starting with the simulation of simple 

proteins, CHARMM has since expanded to include such macromolecules as nucleic acids and 

lipids, now being able to model complex biological systems and processes. Force fields like 

CHARMM can be represented in different ways. For example, force fields can be represented 

through an all-atom representation, in which all atoms in a system are modeled as distinct 

interaction units. This representation can be simplified into a united-atom representation, which 

shall be the primary focus of this thesis. A united atom FF has no explicit interaction sites for 

hydrogen. Instead, the hydrogens are lumped onto the atoms they are connected to, termed ‘heavy 

atoms’ as these atoms have a greater atomic weight than hydrogen. The CHARMM FF originally 

had a united-atom representation for proteins, which was abandoned to focus on all-atom 

representations. However, in certain cases, such as lipid tails, united-atom representations are often 



  

useful in certain situations; as compared to all-atom representations, united-atom models often 

speed up simulation times, which is useful in the simulation of large enough systems of molecules. 

Although there are currently united-atom representations for many types of biomolecules in the 

CHARMM FF, including multiple types of membrane lipids, there has yet to be a united-atom 

model for sphingolipids, a type of membrane lipid most commonly found in the myelin sheath of 

neurons, although its presence has been noted in many types of eukaryotic cells. The goal of this 

thesis is thus to develop such a model and implement it in the CHARMM FF. 

 

 

  



  

 

 

 

 

 

          A UNITED-ATOM REPRESENTATION FOR SPHINGOLIPIDS IN  

          THE CHARMM MOLECULAR DYNAMICS FORCE FIELD  

 

 

 

                                                                           by 

 

 

               Joshua Alexander Molloy Lucker 

 

 

 

 

 

Thesis submitted to the Faculty of the Graduate School of the  

University of Maryland, College Park, in partial fulfillment 

of the requirements for the degree of 

Master of Science 

2023 

 

 

 

 

 

 

 

 

 

 

 

Advisory Committee: 

  Professor Jeffery Klauda, Chair 

  Professor Yanxin Liu 

  Professor Michelle Girvan 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

               © Copyright by 

                   Joshua Alexander Molloy Lucker 

               2023 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

ii 

 

Preface 

Although a preface is not necessary for most theses, I believe mine would be 

complete without one. In it, I wish to explain why I am choosing to do a master’s thesis 

in the process of completing a PhD. These past two years have presented many 

challenges, among them failing to pass my qualifying exam and having to find a 

different advisor all in the same afternoon. I discussed with the co-director of my 

program, now my current PhD advisor, whether or not it would be best to finish up 

with a master’s or to continue. After a spring of not knowing where my future was 

headed, I eventually chose to stay. My now advisor and I then agreed that a master’s 

thesis and defense would still be a good stepping-stone for my academic growth. 

I credit four people for inspiring me to continue on. First and foremost, I credit 

Souad Nejjar, our graduate coordinator, who first encouraged me to continue when I 

thought I was decided on a master’s, and who has encouraged me ever since. Secondly, 

I credit Prof. Yanxin Liu, whose thoughtful discussions gave me pause to think over 

what I truly wanted out of my graduate career, and whose research and philosophy 

inspired me during my time of vulnerability. Thirdly, I credit Prof. Michelle Girvan, 

whose positive attitude and work ethic has inspired me, and who has been a role model 

for the type of professor I wish to become. And lastly, but certainly not least, I credit 

Prof. Jeffery Klauda, who has been gracious enough to take me on as a doctoral student 

given all my flaws and funding being tight on his end. I am eternally grateful for him 

giving me a chance to prove my worth, and I know that the completion of my PhD will 

be because of his guidance and generosity. 



 

 

iii 

 

Acknowledgements and Dedication 

I would first and foremost like to thank and dedicate this thesis to my parents, 

Drs. Anne Molloy and Jay Lucker, who have helped me overcome many personal 

battles and who have encouraged me all throughout my life. 

Secondly, I would like to thank my committee members, Profs. Michelle Girvan 

and Yanxin Liu who have graciously agreed to serve on my thesis committee, and who 

have in their own ways inspired me. 

Thirdly, I would like to thank (now) Dr. Yalun Yu who, during the first half of 

my time that I have been working on this project, has guided and mentored me where 

needed. I wish him luck in his future endeavors! 

 Subsequently, I would like to thank Yalun and all others who have provided 

any data needed in order to complete this project. 

I would also like to take this time to thank all of my colleagues, roommates, and 

otherwise acquaintances who have shown me that it is okay to take a break to hang out 

with friends once in a while when needed. 

 Lastly, I would like to thank the two most important people to my success thus 

far in my graduate school career; Ms. Souad Nejjar for the encouragement and 

logistical administration needed to complete my master’s degree; and Prof. Jeffery 

Klauda who took me under his wing when I was at my most disheartened, and whose 

continued guidance has since been an invaluable part of my growth and success as a 

researcher and graduate student. 

I deeply thank each and every one of these people, without whom I would not 

be here completing and defending my master’s thesis. 



 

 

iv 

 

Table of Contents 
 

Preface ........................................................................................................................... ii 

Acknowledgements and Dedication ............................................................................ iii 

Table of Contents ........................................................................................................ iiv 

List of Tables ................................................................................................................ v 

List of Figures ............................................................................................................ vvi 

Chapter 1: Background and Methodology .................................................................... 1 

1.1 Background ......................................................................................................... 1 

1.1.1 The CHARMM Force Field and Molecular Dynamics ............................... 1 

1.1.2 Sphingolipids and Sphingomyelins.............................................................. 4 

1.1.3 The United-Atom Force Field Model .......................................................... 6 

1.2 Methods............................................................................................................... 8 

1.2.1 Dihedral Fitting ............................................................................................ 9 

1.2.2 Bilayer Simulations .................................................................................... 12 

1.2.3 Bilayer Property Calculations .................................................................... 13 

Chapter 2: Results and Discussion .............................................................................. 16 

2.1 Research Process ............................................................................................... 16 

2.2 Dihedral Fitting Parameters .............................................................................. 20 

2.3 Bilayer Parameter Results ................................................................................. 27 

2.3.1 Surface Area per Lipid and Area Compressibility ..................................... 29 

2.3.2 Deuterium Order Parameters (SCD) ............................................................ 31 

2.3.3 Electron Density Profiles and Subsequent Properties ................................ 34 

Chapter 3: Discussion, Conclusions, and Future Directions....................................... 38 

Discussion and Conclusions ................................................................................... 38 

Future Directions .................................................................................................... 39 

Bibliography ............................................................................................................... 40 



 

 

v 

 

List of Tables 
 

Table 2.1 – Dihedral parameters  

Table 2.2 – Surface area per lipid comparison as compared to computational values 

Table 2.3 – Surface area per lipid comparison as compared to experimental values 

Table 2.4 – Area compressibility comparison 



 

 

vi 

 

List of Figures 

Figure 1.1 – General structure of sphingomyelin 

Figure 1.2 – Structure of N-palmitoyl sphingomyelin and N-stearoyl sphingomyelin 

Figure 1.3 – Structure of the ‘model compounds’ used in the dihedral fitting 

Figure 2.1 – Surface area per lipid vs. time for SSM at 50 oC before the dihedral 

fitting correction. 

Figure 2.2 – Probability distributions and PMFs before the dihedral fitting correction. 

Figure 2.3 – Dihedral fitting potential energy scans 

Figure 2.4 - Probability distributions and PMFs after the dihedral fitting correction. 

Figure 2.5 - Surface area per lipid vs. time for PSM at 45 oC after the dihedral fitting 

correction. 

Figure 2.6 – Comparison of probability distributions for both the model compound 

and lipid showing that the dihedrals did not fit properly 

Figure 2.7 – Deuterium order parameters for PSM 

Figure 2.8 – Deuterium order parameters for SSM 

Figure 2.9 – Sample Electron Density Profiles for PSM and SSM 

Figure 2.10 – Membrane Thickness Comparison 

Figure 2.11 – X-ray Scattering Profile for PSM at 45 oC 

 

 

 

  



 

 

1 

 

Chapter 1: Background and Methodology 

1.1 Background 

 When the original Chemistry at Harvard Macromolecular Mechanics 

(CHARMM) force field (FF) was released in 1983[1], it revolutionized the field of 

molecular dynamics. For the first time, a computer program was created that could 

simulate complex biological systems on the macromolecular level. Since then, 

CHARMM has been expanded and improved upon, evolving into the force field that 

we know today[2, 3]. One such expansion of CHARMM that came to be was the 

formulation of membrane lipids in CHARMM[4-6], along with the subsequent addition 

of a united-atom force field model for such lipids[7, 8], In the past decade, a united-atom 

representation for membrane lipids has been introduced, which now includes multiple 

types of phospholipids[9]. However, other types of lipids, such as sphingolipids, have 

yet to be included. Thus, in this thesis, we seek to expand upon these models to create 

a united-atom representation for sphingolipids and sphingomyelins in CHARMM. 

 

1.1.1 The CHARMM Force Field and Molecular Dynamics 

Molecular dynamics (MD) originated in the 1950’s following the development 

of the Monte Carlo method at the Los Alamos National Laboratory[10]. Both methods 

proved useful in the modeling of atomic systems. However, molecular dynamics[11] 

proved better at simulating the physical processes needed to create complex molecular 

systems. While Monte Carlo methods often rely on random sampling techniques, (e.g., 
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the Metropolis-Hastings algorithm[12]), molecular dynamics uses Newton’s equations 

of motion to simulate the trajectories of atoms, along with the atomic and interatomic 

potentials, to simulate the forces and potential energies between atoms and molecules. 

It was not long before researchers started utilizing molecular dynamics. In 1964, 

Aneesur Rahman used MD simulations to simulate liquid Argon[13], what is now 

considered the first realistically simulated MD system[14]. However, it was not until the 

1970’s when molecular dynamics really started taking off. MD simulations were being 

applied to many different systems, most notably in the fields of chemical physics and 

material science[15-18], eventually being used in biophysics to simulate macromolecular 

biological molecules. In fact, the simulation of the first protein was created in 1977 by 

Martin Karplus and his colleagues[19]. The subsequent work by Karplus and his research 

group eventually led to the creation of the CHARMM force field in 1983[1]. 

CHARMM was among the first force fields to be developed with the idea of 

biological and macromolecular modeling in mind. In general, force fields are the sets 

of parameters and equations used in MD (or Monte Carlo methods) to calculate the 

potential energy of a system of atoms and molecules. Like similar class 1 force fields, 

such as AMBER[20], GROMOS[21], and OPLS[22], the CHARMM force field takes both 

bonded and non-bonded potential energies into account. The most recent CHARMM 

packages have the following potential energy function (equation 1.1), which includes 

bonds, angles, dihedrals, improper dihedrals, and Urey-Bradley terms for the bonded 

energies; and van der Waals and electrostatic terms for the non-bonded energies[23, 24]. 

For reference, the Urey-Bradley term accounts for the ‘virtual bond’ between the two 

unconnected atoms of an angle and is used to restrict bond movements in the angle. 
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𝑉 =  ∑ 𝑘𝑏 (𝑏 − 𝑏0)2

𝑏𝑜𝑛𝑑𝑠

+  ∑ 𝑘𝜃 (𝜃 − 𝜃0)2

𝑎𝑛𝑔𝑙𝑒𝑠

+ ∑ 𝑘𝜙 [1 + cos(𝑛𝜙 − 𝛿)] 

𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

+ ∑ 𝑘𝜔 (𝜔 − 𝜔0)2

𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟𝑠

+  ∑ 𝑘𝑢 (𝑢 − 𝑢0)2

𝑈𝑟𝑒𝑦−𝐵𝑟𝑎𝑑𝑙𝑒𝑦

+  ∑ 𝜖 [(
𝑅𝑚𝑖𝑛𝑖,𝑗

𝑟𝑖𝑗
)

12

−  (
𝑅𝑚𝑖𝑛𝑖,𝑗

𝑟𝑖,𝑗
)

6

]

𝑛𝑜𝑛𝑏𝑜𝑛𝑑𝑒𝑑

+
𝑞𝑖𝑞𝑗

𝜖𝑟𝑖,𝑗
                          (1.1) 

 

In equation 1.1, the values of k represent the force constants for the bonds, 

angles, dihedrals, improper angles, and Urey-Bradley terms, and the r-r0 terms, where 

r is b, θ, ω, and u, represents how far each of the bonded terms (bonds, angles, 

impropers, and Urey-Bradley, respectively) are from equilibrium. The non-bonded 

term involves the Lennard-Jones (van der Waals) and Coulombic (electrostatic) 

potentials. These terms are not utilized in depth for this project, as the non-bonded 

forces for lipids have been determined in previous works[6, 8, 9, 25]. For the dihedral term, 

the n, ϕ, δ terms represent the multiplicity, dihedral angle, and phase shift of the cosine 

series for each dihedral. We will return to the dihedral term in the methods section. 

Since its initial release in 1983, CHARMM has been improved upon and 

expanded by multiple researchers. The development of CHARMM19[26] in the mid-

80’s introduced a united-atom model for proteins. This was followed up by the 

formulation of CHARMM22[23] in the 1990’s, which provided a comprehensive all-

atom model for proteins. Around the turn of the century, CHARMM27 was released to 

include nucleic acids and lipids[27]. The development of CHARMM-GUI in the mid- to 

late-2000’s[28, 29] offered a more user friendly interface for researchers to simulate these 

biological systems (including membranes[30-33]) more easily. The further creation of the 
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CHARMM General Force Field (CGenFF) a few years later generated the compatibility 

of CHARMM to be used with drug-like molecules[34].  

The development of CHARMM for membrane lipids continued well into the 

21st century with the addition and updates of more and more lipids into the most recent 

CHARMM package (CHARMM36)[5, 6, 25, 35], and eventually included a united-atom 

compilation of phospholipids (CHARMM36UA[8], and its subsequent recent update, 

CHARMM36UAr[9]). With all these advancements in CHARMM, there is still room 

for further expansion. As of now, there is only a united-atom force field for 

phospholipids in CHARMM among the many types of lipids out there. Therefore, in 

this thesis, we aim to develop a united-atom model for sphingolipids in CHARMM. 

 

1.1.2 Sphingolipids and Sphingomyelins 

Sphingolipids are a type of cell membrane lipid, prominently found in the 

central nervous system of mammals[36] but have since been found to be crucial 

components in all types of eukaryotic cells[37-39]. First discovered in brain extracts in 

the 1870’s,[40] sphingolipids have since been found to be key components in the plasma 

membrane[41, 42]. The most common type of sphingolipid, and the one that will be the 

primary focus of this research, are sphingomyelins. Sphingomyelins are primarily 

found in the myelin sheath that surrounds the axons in nerve cells[43]. Sphingomyelins 

contain three main components: a head group, commonly phosphocholine which 

contains a phosphate and a charged quaternary methyl ammonium group; a sphingosine 

backbone, derived from sphingosine, an 18-carbon amino alcohol; and a fatty acid 

group which contains a carbonyl group and a saturated hydrocarbon chain that varies 
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between 10 and 20 carbons in length. A visual representation for the structure of 

sphingomyelin is shown in figure 1.1. 

 

 

Figure 1.1: The general structure of sphingomyelin. The head group is highlighted in 

red, the sphingosine backbone is in black, and the fatty acid group is in blue. The R in 

the fatty acid chain represents a hydrocarbon that is about 10 to 20 carbons in length. 

 

Sphingolipids and sphingomyelins play an important role in the cell membranes 

of nerve cells [44, 45]. It is thought that sphingomyelin insulates the axons as they carry 

signals through the neurons[43, 44, 46]. As such, sphingomyelin plays an important role in 

signal transduction and cell signaling as well[47]. Sphingomyelin is also thought to be 

present in the inner and outer leaflets of the plasma membrane of all types of 

mammalian cells and is believed to play important roles in apoptosis and membrane 

structure in these cells, respectively[48, 49]. Other notable functions of sphingolipids 

include cell growth[50, 51], stress response[52, 53], and aging[54, 55]. Thus, the simulation of 

sphingolipids can provide insights into the function and structure of these lipids in 

human cells, and can be used to research many topical health-related issues. 
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There are many ways to simulate sphingolipids, and cell membrane lipids in 

general, using molecular dynamics. One common way sphingolipids are simulated is 

by modeling all the atoms in the membrane. While this is certainly useful for smaller 

and mid-sized systems, the larger a system becomes, the longer it takes to simulate, 

which could be months or even years for some systems. A more practical way to 

simulate these systems is to simplify the lipids. For example, one common method that 

is used is coarse-grained modelling. A common coarse-grained force field used in this 

case is MARTINI[56]. In such coarse-grained force fields, portions of the lipids (usually 

a sizable group of atoms) are lumped together as one interaction site. While this 

certainly cuts down on simulation time and is useful for larger membrane simulations, 

some accuracy is lost in coarse-grained simulations. If one wishes to keep their 

simulations as accurate as possible while keeping simulation times reasonable, the 

united-atom model, described below, can be a useful alternative. 

 

1.1.3 The United-Atom Force Field Model 

A united-atom simulation model is a type of force field representation in 

molecular dynamics in which the hydrogen atoms on a molecule are lumped onto the 

‘heavy atom’ (non-hydrogen atom) that they are connected to. It is one of three main 

types of force field representations used in molecular dynamics, along with all-atom 

and coarse-grained force field modeling. An all-atom representation involves modeling 

all the atoms in a molecular system as distinct interaction sites, whereas a coarse-

grained representation involves distinct groups of atoms being lumped into one unit for 

computational simplicity and simulating ease. In fact, united-atom force field modeling 
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is often thought of as the simplest type of coarse-graining, which can range from 

hydrogens to entire molecules being lumped as one unit. More information about the 

differences between these modelling types, specifically for lipids, can be found here[57]. 

There are advantages and disadvantages to each type of force field 

representation. An all-atom representation is the most accurate but can take an 

excessive amount of time to simulate. Thus, it is often useful to simplify the molecules 

in the system to speed up simulations, especially for larger systems. An extensive 

coarse-graining can be helpful but often leads to less than ideal accuracies in the 

system, especially if the system is small or mid-sized. In small or mid-sized cases, a 

united-atom system is usually the most practical to use. In general, a united-atom 

simulation shortens the computational time, in many cases by as much as half the time 

of an all-atom simulation of comparable size, without much loss to accuracy. 

United-atom force field models have also been utilized in such force field 

families as GROMOS, OPLS, and CHARMM to simulate membrane lipids[58, 59, 6]. 

However, in each of these FF families, phospholipids were the primary lipids that were 

included. While there are united-atom models for sphingolipids that exist, most notably 

in GROMOS[60, 61] (which is solely a united-atom force field package), the 

representation of sphingolipids as united-atom is highly underutilized. We thus aim to 

implement such a representation in CHARMM, adding to the CHARMM36UAr force 

field where a united-atom model for phospholipids has recently been implemented[9]. 
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1.2 Methods 

As mentioned, the purpose of this thesis is to create a united-atom 

representation for sphingolipids in the CHARMM force field. To do this, the two tail 

groups (sphingosine backbone and fatty acid group) of two common sphingomyelins, 

N-palmitoyl sphingomyelin (PSM) and N-stearoyl sphingomyelin (SSM) were taken 

from the CHARMM36 all-atom force field package and converted to a united-atom 

framework. We shall then see that this conversion can easily be adapted to the other 

sphingolipids in CHARMM to create a complete united-atom sphingolipid force field.  

The head (phosphocholine) group was not converted to united-atom due to its 

complexity and the nature of the polarity and charges that would been lost if converted. 

The difference between the structure of PSM and SSM is the length of their fatty acid 

group; PSM has a 16 carbon fatty acid chain whereas SSM has an 18 carbon fatty acid 

chain. Figure 1.2 shows the structure of PSM and SSM, with the specific portions that 

were converted to united-atom highlighted in red. 

To convert to a united-atom framework, the hydrogens for the specified atoms 

were removed and the heavy atoms they were connected to (in this case, carbons) were 

replaced with a united-atom carbon-hydrogen combined unit. The notation CH#E was 

used for these units as is consistent with previous CHARMM united-atom packages, 

where # was replaced with the number of hydrogens in the carbon-hydrogen unit. The 

parameters of each unit, as listed in equation 1.1, were then determined. Wherever 

possible, the parameters for the bonded and nonbonded forces were taken from the 

previously defined CHARMM36 and CHARMM36UAr force field packages for the 

all-atom and united-atom portions of the lipid, respectively. However, at the all-atom 
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and united-atom interface, although the bonds, angles, and non-bonded forces could be 

conserved, the dihedrals were not provided and had to be determined through a dihedral 

fit, as will be described later. After the conversion, the new united-atom sphingolipid 

framework was compared against the established all-atom framework. 

  

 

Figure 1.2: The structure of N-palmitoyl sphingomyelin (PSM, top) and N-stearoyl 

sphingomyelin (SSM, bottom). The united atom portions are labeled in red. 

 

1.2.1 Dihedral Fitting 

As mentioned previously, most of the parameters for the new sphingolipid force 

field model could be taken from the CHARMM36 and CHARMM36UAr packages. 

However, most of the dihedral parameters at the united-atom and all-atom interface had 

not been previously defined and as such needed to be found using a dihedral fit. A 

dihedral fit, along with including accurate formulations for the dihedral angles, also 

provides an energy correction that would be lost otherwise and lead to inaccurate 

b 

a 
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results. Essentially, we need to fit the dihedral parameters kϕ, n, and δ in the dihedral 

term of equation 1.1. To perform a dihedral fit, the potential energy scan of a specific 

dihedral is fit to a target scan, usually that of the quantum mechanical potential energy 

scan. However, keeping consistent with the CHARMM36UAr model,[9] the target 

potential energy scans in this case were those of the corresponding all-atom dihedrals. 

 

   

Figure 1.3: Model compounds for the dihedral fit of the sphingosine chain (left) and 

fatty acid chain (right). The united-atom portions are labeled in red.  

 

To start, two small ‘model compounds,’ one for each tail group, were created 

that included each of the dihedrals of study. These compounds along with 

corresponding labeled dihedrals are shown in figure 1.3. When creating the 

compounds, the regional structure and properties around the dihedrals were kept the 

same as those corresponding to the sphingomyelins so that an accurate all-atom target 

energy scan could be created. The atoms on each model compound that corresponded 

to a united-atom unit in the sphingomyelins were then converted and a potential energy 

scan was taken for the updated models. As is typical in a potential energy scan, both a 

forward and backward scan (from 0o to 360o and from 360o to 0o) was taken, and the 

minimum energy from each scan was used to construct an overall potential energy scan. 

During these scans, the dihedrals not being scanned were left unconstrained to allow 

b a 
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for free movement of these dihedrals. A dihedral fit was then conducted using a code 

from Professor Alexander MacKerell’s group at the University of Maryland, Baltimore 

that uses a simulated annealing method[62]. For each compound, the dihedrals were fit 

iteratively until the parameters ceased to change. Afterwards, these new parameters 

were implemented into the new united-atom model, and the simulations for this model 

were run and compared to those of the CHARMM36 all-atom model. 

To assure that the dihedral parameters were accurate, probability distributions 

and potentials of the mean force (PMFs) were calculated for both the all-atom and 

united-atom model compound simulations. The probability distributions displayed the 

likelihood that a specific dihedral had a specific angle value between -180o and 180o in 

each simulation. The PMFs, which determined the amount of energy at each angle 

value, could then be calculated from the probability distributions at each angle using 

the equation −𝑘𝐵𝑇𝑙𝑛(𝑃). In this equation, kB is Boltzmann’s constant, T is the 

temperature of the simulations, and P is the probability from the probability 

distribution. Ideally, the shape of the PMFs should be the same as those of the dihedral 

energy scans, and the PMFs for the united-atom model compounds should match those 

of the all-atom model compounds. The probability distributions were originally 

calculated using the FFLiP program developed by Yalun Yu, a recent graduate of our 

lab[63]. However, when the University of Maryland switched over to Zaratan in 

September of 2022, there were compatibility issues with the new supercomputer and 

FFLiP. Thus, a new PMF/probability distribution code was coded and used in its place. 
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1.2.2 Bilayer Simulations 

In this work, two common sphingomyelins, PSM and SSM, were simulated via 

both all-atom and united-atom force field depictions. PSM models were simulated at 

45, 48, and 55 oC, and SSM models were simulated at 45, 50, 55, and 65 oC, with three 

simulations being run for each of the seven temperatures. The temperatures were 

specifically chosen to compare with recent experimental and computational literature 

related to sphingolipids[25, 64]. Each simulation included 80 lipids, 40 for each 

membrane layer, and between 2400 and 2800 water molecules. Keeping consistent with 

the CHARMM family, the modified TIP3P water model was used to simulate water[65, 

66]. These lipid bilayer simulations were conducted in NAMD[29, 67] for the use of 

parallel computing on supercomputers. All simulations were run on the University of 

Maryland’s supercomputers, Deepthought 2 and its successor Zaratan, and on 

Rockfish, a supercomputer at Johns Hopkins University. Each simulation was initially 

run for 250 ns and extended as needed until at least 100 to 150 ns of equilibrated data 

was generated. The equilibrated data was then used to calculate certain bilayer 

properties, as described in section 1.2.3. 

In general, the properties of the simulations were kept the same as that of 

CHARMM36UAr[9]. A force-based switching function was used to change the van der 

Waals forces to zero between 10 and 12 Å, whereas electrostatics over 12 Å utilized 

the particle mesh Ewald (PME) method[68]. In simple terms, PME is a computational 

physics method that uses the Fourier Transform to algorithmically calculate long-range 

interactions. The simulations utilized an NPT ensemble (number of molecules, 

pressure, and temperature all kept constant), where pressure (P) was 1 bar. For XY 
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lengths in the simulation, the two sides were set equal to each other, which were both 

allowed to change independently of the Z, yielding a semi-isotropic simulation cell. In 

NAMD, Langevin dynamics, which uses stochastic differential equations to model 

systems of molecules, was used to maintain constant temperature via the Nosé-Hoover 

thermostat method[69], and the Nosé-Hoover Langevin piston algorithm, a variation of 

the Nosé-Hoover thermostat for pressure fluctuation control, was used to maintain 

constant pressure.[70, 71] 

The initial all-atom simulations were created using CHARMM-GUI[28] and 

equilibrated and run with NAMD. United-atom topology and parameter files were then 

adapted from previous all-atom and united-atom topology and parameter files. Using 

these files, a sample frame from the equilibrated all-atom simulations could then be 

converted to a united-atom framework, and united-atom simulations could be run using 

NAMD in a similar method to the all-atom simulations. From these simulations, certain 

bilayer properties, such as surface area, area compressibility, hydrogen bonding, and 

other properties could be calculated for both the all-atom and united-atom simulations. 

These properties are discussed in depth in the next section. 

 

1.2.3 Bilayer Property Calculations 

In order to test the accuracy of the new united-atom sphingolipid model, some 

common bilayer properties were determined from both the all-atom and united-atom 

simulations described previously and were then compared to recent experimental and 

computational values. Two bilayer properties that were determined were the surface 

area per lipid (SA/lip) and area compressibility (KA). The surface area per lipid was 
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calculated as the area of a simulation cell along the x and y plane divided by the number 

of lipids per leaflet. The area compressibility was then calculated using equation 1.2, 

where kB is the Boltzmann constant, T is the temperature, <A> is the average of the 

total area, and <δA2> is the mean square deviation of this area. The surface area per 

lipid gives insights to the intermolecular forces in the membrane, whereas the area 

compressibility gives insights into the elasticity of the membrane. 

                                                                    𝐾𝐴 =
𝑘𝐵𝑇〈𝐴〉

〈𝛿𝐴2〉
                                                     (1.2) 

Another bilayer property that was studied was the hydrogen order parameters 

(SCH). This value is calculated from equation 1.3, where brackets represent the 

ensemble and time averages, and θ represents the angle between the carbon-hydrogen, 

or carbon-deuterium bond, and the bilayer normal plane. In the united-atom, these 

hydrogens were restored according to their ideal geometries, as was done in the original 

CHARMM36UAr[9]. Comparing order parameters to experiments can give insight into 

the accuracy of the molecular dynamics simulations. 

                                                             𝑆𝐶𝐻 =  |〈
3

2
cos2𝜃 −

1

2
〉|                                           (1.3) 

The final set of properties that were utilized in this thesis were the Electron 

Density Profiles (EDPs) and subsequent properties. The EDPs portray the distribution 

of  the different lipid functional groups and water molecules through the membrane for 

each simulation. From the EDP, the membrane thickness can be calculated three 

different ways: the distance between lipid headgroups (DHH) measured by the distance 

between the overall membrane peaks in the EDP, the overall bilayer thickness (DB) 

calculated as the distance between the water EDP midpoints, and twice the hydrophobic 
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thickness (2DC) where DC is estimated as halfway between the midpoints of the tail 

groups. From the EDPs, the X-ray scattering form factors can also be calculated using 

a Fourier transform of the EDPs, calculated using the SIMtoEXP program[72]. The 

membrane thicknesses and form factors can then be compared to experimental data[64]. 

The following chapter provides the results and findings from these simulations 

and corresponding bilayer parameters, along with the results from the dihedral fitting 

and some of the problem solving that came about during the collection of these results. 

We then discuss these results along with the expected outcomes and future directions 

for this project in the final chapter of the thesis. 
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Chapter 2: Results and Discussion 

 

2.1 Research Process 

 During the development of this thesis, there were multiple obstacles that had to 

be overcome. The purpose of this section is thus to describe the process of conducting 

the research for this thesis as well as the problem-solving methods conducted to 

overcome these hurdles. To start out the research, all-atom simulations of PSM and 

SSM were set up and run in order to compare to that of the literature as well as to have 

current data with which to compare the united-atom simulations. After running these 

simulations, the next step was to conduct the dihedral fitting for the united-atom 

simulations.  As it would turn out, the dihedral fitting ended up being the limiting step, 

as many challenges arose in the process of conducting the fits.  

After running the initial dihedral fitting and dihedral parameters found, united-

atom simulations were run. However, the simulations resulted in an equilibrated surface 

area per lipid reading well below 50 Å2 for all simulations. For reference, the surface 

areas per lipid for the all-atom simulations are around 55 Å2 and experimentally is 

around 60 Å2. A surface area per lipid below 50 Å2 usually indicates that the lipid is 

transitioning into the gel state, which should happen at around 40oC, not 50oC. It should 

be noted here that the all-atom simulations were developed before sufficient 

experimental surface areas per lipid were studied. As such, the all-atom simulations are 

based on prior chain order parameters, which have since been updated along with the 

experimental surface areas per lipid in a recent paper by Doktorova et. al.[64]. I will 

discuss this later in the thesis, and it is noted that the all-atom force field for 
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sphingolipids needs to be modified, with plans to do so in the near future. A plot of 

surface area per lipid vs time for a trial of SSM at 50oC is shown in figure 2.1 (left).  

 

  

Figure 2.1: Two plots of SA/lip vs time for a sample trial of SSM at 50 oC, showing a 

gradual decrease to around 46-48 Å2 as the system equilibrated. The left shows the plot 

when the double bond in the sphingosine chain was part of the united-atom portion of 

the lipid, and the right shows the plot when the double bond was changed to all-atom. 

No significant difference is found between the two.  

 

 From here, the potential root of this problem was investigated. It was initially 

examined whether the root of the problem was due to where the united-atom cutoff was 

determined. At the beginning of the project, it was debated where the cutoff between 

the united-atom and all-atom portions of the lipid tails should be. For the fatty acid 

chain, the united atom cutoff was decided to be right below the carbon adjacent to the 

carbonyl group, as this carbon in particular is still affected by the polarity of the 

carbonyl group, and as this was the cutoff determined in previous fatty acid chains in 

CHARMM36UAr. It was debated where the cutoff for the sphingosine chain should 

be, as a cutoff right above the double bond cuts very close to the polarity in the upper 

b a 
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portions of the sphingosine chain. However, it would be ideal for as much of the 

sphingosine chain to be converted to a united-atom representation as possible. As such, 

simulations were run for both representations to see whether the dihedral fit issue could 

be resolved by choosing the representation that produced a better fit. However, neither 

representation produced a dihedral fit that was ideal, as shown in figure 2.2 for PSM at 

45 oC.  

It was at this point when it became apparent that the problem was most likely 

due to something more fundamental occurring with the dihedral fit itself. FFLiP, a force 

field optimization package developed by a recent graduate of the Klauda Lab, Yalun 

Yu, was originally used to assess the goodness of fit. In this package, the probability 

distributions of the dihedral angles could be calculated and evaluated as well as the 

PMFs, as described in section 1.2.1. Ideally, the probability distribution and PMFs for 

both the all-atom simulations and united-atom simulations should match. However, as 

shown in figure 2.2, the distributions and PMFs did not match for the dihedrals of the 

sphingosine chain. The double bond for the all-atom double bond simulations showed 

slight variations about d2 (the double bond) when it should be rigid at 180o, and both 

the united atom and all atom double bond cutoffs showed no peak for d3 at around 0o 

where the completely all-atom simulations show a significant peak. To fix this problem, 

the model compound for this chain needed to be studied. The all-atom double bond 

representation was chosen to continue due to the proximity of the united-atom cutoff 

in the united-atom double bond representation to the polarity of the hydroxyl group. 
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Figure 2.2: Probability distributions (left) and PMFs (right) of the completely all-atom 

simulations, united-atom simulations with a cutoff right above (or to the left in the top 

diagram) the double bond, and united-atom simulations with the cutoff right below (to 

the right in the top diagram) the double bond for PSM at 45 oC 

b c 
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Model compound simulations were initially constructed using CHARMM-

GUI’s[28] Multicomponent Assembler. However, these simulations produced constant 

probability distributions and inaccurate results for the united-atom simulations. Initially 

thinking that this was an issue with the FFLiP program, it was decided to take a deeper 

look at this program. After a deeper look, it was found that there were possible 

compatibility issues with CHARMM-GUI and the united-atom model compounds, and 

thus, the model compounds were instead simulated manually. 

Around this time, the University of Maryland released its new supercomputer, 

Zaratan, where there ended up being compatibility issues with the FFLiP program and 

the updated software on the supercomputer and a new code for the probability 

distribution and PMF was created. While writing the code, it was postulated that 

perhaps the root of the problem was that the dihedrals had not been properly zeroed in 

the dihedral fitting. When doing a dihedral fit iteratively, it is commonplace to zero out 

the dihedral of study as to not introduce any multiplicities or other additional values. 

As the dihedrals seemed to be fitting properly, it was not thought that this would be a 

problem. With this problem now fixed, better dihedral fitting results were found, as 

discussed in section 2.2 below. 

 

2.2 Dihedral Fitting Results 

As mentioned in section 1.2, when converting the topology and parameters for 

PSM and SSM, most of the parameters and topologies had been previously established 

in CHARMM36 and CHARMM36UAr files, and thus each of these parameters could 

be easily adapted for use in the all-atom and united-atom portions of the molecules, 
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respectively. At the interface of the all-atom and united-atom portions of the lipids, the 

bonds and angles had been previously established in the original formulation of the 

CHARMM36UAr force field or could be easily adapted from the CHARMM36 all-

atom force field. However, for most of the dihedrals at this interface, the parameters 

had not been previously established. These dihedral parameters needed to be optimized 

due to the nature of the cosine series of the dihedrals, as shown in equation 1.1. As 

mentioned in section 1.2.1, this optimization also induced an energy correction that 

would otherwise make the united-atom model inaccurate, as we see in section 2.1.  

Thus, the dihedral parameters could not be transferred from previous models as the 

bonds and angles were and had to be determined using a dihedral fit. 

 The method of a dihedral fitting is discussed in depth in section 1.2.1. In short, 

the dihedrals were separated into two model compounds, one for the sphingosine chain 

and one for the fatty acid chain as shown in figure 1.3, using similar properties and 

corresponding all-atom/united-atom portions of the compounds. A potential energy 

scan was then formulated for each dihedral, and these scans, or potential energy 

surfaces, were fit as best as possible to those of their corresponding all-atom dihedral 

surfaces iteratively using a simulated annealing method, from which we could get the 

dihedral parameters. In all, there were six dihedrals that crossed the all-atom and united 

atom interface. The specific dihedrals that were studied are shown in figure 1.3. One 

dihedral (adjacently to the right of β2 of the fatty acid chain) was not studied as it was 

previously found in the CHARMM36UAr force field. The dihedral fits for the potential 

energy curve of the other five dihedrals are shown in figure 2.3. 
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Figure 2.3: Dihedral Potential Energy Scans for the dihedrals of the sphingosine chain 

(left) and fatty acid chain (right), corresponding to those in figure 1.3.  
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As a recap, recall the portion of the CHARMM potential energy equation that 

lists the energy of the dihedral angles (equation 2.1). It should be noted that each 

dihedral can have multiple multiplicities, as shown in table 2.1, all of which were kept 

the same as their all-atom counterparts. Note also that a δ of 180 shifts the cosine 180 

degrees, essentially negating the cosine and making the dihedral term negative. 

                                                   ∑ 𝑘𝜙 [1 + cos(𝑛𝜙 − 𝛿)]

𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

                                    (2.1) 

Overall, we find that each set of dihedral parameters produces a good fit to the 

all-atom scan (figure 2.3). For the β1 angle, the potential energy scan has higher peaks 

at approximately 90o and 270o for its united-atom counterpart, along with narrower 

wells at about 145o and 215o. This is believed to be due to some of the missing 

dispersion force charges that resulted from the lumping of the hydrogens onto the 

carbon atoms in the united-atom portion of the lipid. It is thought that the hydrogens 

that were removed near the all-atom/united-atom interface, which had a small positive 

charge, interacted with the oxygen and nitrogen in the amide group of the fatty acid 

chain, stabilizing these regions in the all-atom representation. This produces a less than 

ideal fit, but one that is still produces practical results. Table 2.1 shows the dihedral 

parameters resulting from this fit. We also find that for the dihedral going over the 

double bond (α1), the united-atom energy scan is much higher than that of the all-atom 

energy scan. However, the key portion of fitting this angle is that the well at 180o is 

high and narrow to produce a rigid double bond. In fact, we find this fit better compared 

to a more overlaying fit, as the latter produces a less ideal, more flexible double bond 

as seen in dihedral 2 in figure 2.2. The former produces ideal PMFs and probability 

distributions for this angle, as we shall see in figure 2.4. 
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Table 2.1: Dihedral Parameters for Each Fitted Dihedral 

 α1
 α2

 α3 β1 Β2 

n 1 2 1 2 3 1 2 3 1 2 3 1 2 3 

kϕ 1.11 12.99 1.90 0.75 0.58 1.50 0.47 2.03 1.00 1.94 0.16 2.13 0.62 1.28 

δ 0 180 180 180 180 180 180 0 0 180 180 180 180 0 

 

As mentioned, to assess the goodness of fit, the PMFs and probability 

distributions were calculated again for these new parameters for the sphingosine model 

compound to compare to those of the ‘problem’ dihedrals as shown in figure 2.2. These 

PMFs and probability distributions are provided in figure 2.4. As compared to figure 

2.2, we find better fits for the dihedrals in the sphingosine chain of the model. The 

double bond is rigid for the model compound, and the missing peak for the third 

dihedral at 0o is not missing. The PMF and probability distribution plots for the all-

atom/united-atom hybrid of this compound almost completely overlap with those of the 

completely all-atom simulations. As such, the model compounds now are completed 

and all that is left is for them to be scaled up for full lipid simulations. 
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Figure 2.4: Probability distributions (left) and PMFs (right) for the ‘problem’ dihedrals 

of the sphingosine model compound. As one can see, the updated scans for these 

dihedrals match up significantly better as compared to those in figure 2.2. 
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After fitting the dihedrals for the all-atom double bond simulations, a sample 

simulation for PSM at 45oC was then run, where the surface area per lipid had indeed 

improved, now showing an overall value of around 55 Å2 (see figure 2.5 below) similar 

to that of the all-atom simulations. Now with the dihedral parameters found and the 

parameters and topologies provided, the PSM and SSM simulations could then be 

converted to a united-atom representation and run, as described in section 1.2.2. The 

bilayer parameter results of the united-atom simulations could then be calculated and 

compared with the all-atom simulations, as shown in section 2.3. 

 

 

Figure 2.5: Plots of SA/lip vs time for a sample trial of PSM at 45 oC. Note for this 

plot that, compared to the plots in figure 2.1, the surface area per lipid stays mostly 

constant around 55 Å2 . The surface area per lipid is allowed to change slightly as the 

system equilibrates and evolves over time. 
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2.3 Bilayer Parameter Results Thus Far 

Below are the results of the bilayer lipid parameters, as described in section 

1.2.3. As mentioned in section 1.2.2, PSM simulations were run at 45, 48, and 55 oC, 

and SSM simulations were calculated at 45, 50, 55, and 65 oC. Three trials were run for 

each temperature, and parameters were calculated from these trials and compared to 

recent computational and experimental values[25, 64]. The parameters that were included 

in this paper were the surface area per lipid (SA/Lip), area compressibility (Ka), 

deuterium order parameters (SCD), Electron Density Profiles (EDP), X-ray Scattering 

Profiles, and membrane thickness. It should be noted that the lipid bilayer simulations 

are in  progress, as the dihedrals for the sphingosine chain of the lipid bilayer 

simulations did not carry over properly (figure 2.6). It is uncertain whether this is a 

discrepancy in the lipid itself or a result of the bilayer. Simulations are currently 

running to see whether this is a result of the lipid itself or the bilayer. However, we 

provide what we have so far for each parameter in the sections below. 
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           Model Compound Scans                  SSM at 45 oC Scans 

 

Figure 2.6: When transferring over the dihedral parameters from the model compounds 

to the lipid bilayer simulations, it was found that there was some discrepancy in the 

lipids that did not allow the dihedrals to fit properly. This discrepancy is shown here in 

a comparison of the probability distributions.  
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2.3.1 Surface Area per Lipid and Area Compressibility 

 

The SA/Lip values for both the all-atom and united-atom simulations are 

provided in tables 2.2 and 2.3 below. Table 2.2 shows the comparison of the parameters 

at the corresponding temperatures to that of previous all-atom computational values in 

CHARMM36 for sphingolipids[25], and table 2.3 shows the parameters at the 

corresponding temperatures to that of recent experimental values by Doktorova et. 

al.[64] In table 2.2, one can see that our current all-atom values match quite nicely with 

those of recent computational values. The values for the united atom simulations for 

SSM at 50 oC also matches quite nicely to current and recent computational all-atom 

values. However, for the united-atom simulations for both SSM at 45 oC and PSM at 

48 oC, the surface area per lipid is much lower than that of its all-atom counterparts. 

This is most likely due to the phase transition from the liquid to the gel phase, which 

should happen around 40 oC, but is happening around 50 oC due to the dihedrals not 

fitting properly for the lipid simulations. In table 2.3, we find again that temperatures 

below 50oC transitioned into the gel phase for the united-atom simulations. However, 

those above 50oC showed comparable surface areas per lipid to that of the recent 

computational all-atom simulations, and in many cases, higher surface areas per lipid, 

climbing up toward those of the recent experimental values. It should be noted that the 

all-atom representation for sphingolipids was formulated before the release of the 

recent experimental data, which is why the surface area per lipid is lower than expected. 

As such, as force field adjustment is warranted for this representation as well. 

For area compressibility, experimental values were not provided, but recent 

computational values are given. For these values, we find that the all-atom simulations 
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are quite comparable with that of the recent computational data for sphingolipids. For 

the united-atom simulations, we find the area compressibility quite high for those 

simulations below 50 oC, which is due to the simulations being in the gel phase at these 

temperatures, which overall leads to higher compressibility. The area compressibility 

for SSM at 50oC is lower than that of the all-atom simulations. This is consistent with 

the CHARMM36UAr model being utilized, which finds overall lower compressibilities 

in the model[9]. 

 

Table 2.2: Surface Area per Lipid Values Compared to Previous CHARMM Values 

SA/Lip (Å2) All-Atom 

Simulations 

United-Atom 

Simulations 

Previous 

CHARMM[25] 

PSM @ 48 oC 55.4 ± 0.4 49.2 ± 0.0 55.4 ± 0.2 

SSM @ 45 oC 52.8 ± 0.5 48.2 ± 0.3 54.5 ± 0.2 

SSM @ 50 oC 55.6 ± 0.2 55.1 ± 0.1 55.4 ± 0.2 

 

Table 2.3: Surface Area per Lipid Values Compared to Recent Experimental Values 

SA/Lip (Å2) All-Atom 

Simulations 

United-Atom 

Simulations 

Recent 

Experiments[64] 

PSM @ 45oC 54.9 ± 0.2 50.6 ± 0.6 60.0 ± 2% 

PSM @ 55oC 56.5 ± 0.2 56.4 ± 0.2 61.9 ± 2% 

SSM @ 55oC 56.2 ± 0.2 57.4 ± 0.21 62.5 ± 2% 

SSM @ 65oC 57.9 ± 0.1 58.8 ± 0.1 64.9 ± 2% 
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Table 2.4: Area Compressibility Values for All-Atom and United-Atom Simulations 

Area 

Compressibility 

(N/m) 

All-Atom 

Simulations 

United-Atom 

Simulations 

Recent 

Experiments[64] 

(where provided) 

PSM @ 48oC 0.60 ± 0.05 1.86 ± 0.00 0.35 ± 0.05 

SSM @ 45oC 0.62 ± 0.15 1.15 ± 0.39 0.29 ± 0.04 

SSM @ 50oC 0.44 ± 0.04 0.26 ± 0.01 0.44 ± 0.06 

 

2.3.2 Hydrogen Order Parameters (SCH) 

Order parameters are presented below in figure 2.7 for all experimental and 

computational comparisons that were provided. The experimental comparisons come 

from a recent paper by Doktorova et. al.[64], whereas the computational comparisons 

come from the original CHARMM36 paper for all-atom sphingolipids[25]. Order 

parameters are given for PSM at 45, 48, and 55 oC, and SSM at 45 and 50 oC. 

Experimental data was given only for PSM, whereas computational data was given for 

SSM. For the experimental literature (PSM), only the fatty acid chain was provided for 

comparison. For each temperature, the all-atom, united-atom, and experimental and 

computational data are shown on the same graph for comparison. 

As one can see, the recent all-atom simulations conducted in this research match 

up almost exactly with previous all-atom computation, which is to be expected as both 

simulations were conducted using very similar metrics. For the united-atom 

simulations, it should be noted that a lower surface area per lipid also produces higher 

chain order parameters. This is why many of the lower-temperature united-atom 

simulations which show lower surface areas per lipid also show higher order 
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parameters. There is thus a need to further examine and fix the dihedrals for the lipid 

simulations, which will be examined in the near future. For the higher temperatures, 

we find that the united-atom simulations show lower order parameters, suggesting a 

general shift toward higher surface areas per lipid at higher temperatures, and at PSM 

at 55 oC, we find great comparison between the experimental literature and both the 

all-atom and united-atom simulations from this research. 

 
 

Figure 2.7: Deuterium order parameters for the fatty acid chains for PSM at select 

temperatures (a – 45 oC, b – 48 oC, c – 55 oC)  
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b 
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Figure 2.8: Deuterium order parameters for the sphingosine (a, c) and fatty acid (b, d) 

chains for SSM at select temperatures (a and b - 45 oC, c and d - 50 oC) 
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2.3.3 Electron Density Profiles and Subsequent Properties 

 

Below are presented the Electron Density Profiles for comparison. Electron 

Density Profiles are provided PSM at 45 oC and 55oC over the average of three trials 

to show the reader how the EDPs for the united-atom representations at this point in 

the research compared to those of the previously defined all-atom representations at 

temperatures below and above 50 oC. The experimental and computational electron 

density profile data themselves were not provided. However, many EDP plots are 

provided in the experimental and computational literature for the reader to view. To 

supplement for this, the membrane thicknesses for all experimental temperature 

comparisons, as well as that for the X-ray Scattering Data for PSM at 45oC, that have 

been provided are included below.  

From the Electron Density Profiles, we find great agreement between the all-

atom curves (blue dashed curves) and the united-atom curves (red solid lines) for those 

simulations above 50 oC. However, for those simulations below 50oC, we do not find 

goodness of fit as the united atom simulations are in the gel phase. This was seen for 

all membrane simulations in their respective phases. Electron Density Profiles will 

differ depending on the particular phase of the membrane, so this is to be expected. 

However, ideally, both of these temperatures should be in the liquid phase, as the phase 

transition should occur at around 40 oC for sphingomyelin. Once the dihedrals of the 

lipids are fixed, the phase transition should be lowered to a more accurate temperature, 

and better fits for the EDPs below 50oC should be seen. 
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Figure 2.9: Electron Density Profiles for PSM in the gel phase (45 oC, a) and liquid 

phase (55 oC, b). Ideally, PSM should be in the liquid phase at both temperatures. 

 

A table of the membrane thickness comparison is provided in table 2.4. As one 

can see, the membrane thicknesses for the united-atom and all-atom simulations are 

slightly higher than those of the experimental literature. This is most likely related to 

the fact that the all-atom representations for sphingolipids predate the experimental 

literature by about 10 years. As such, a lipid force field adjustment for the all-atom 

representations should be warranted. Since the united atom simulations were based on 
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these simulations, along with the fact that these themselves need their own adjustments 

as discussed previously, these surface area per lipids are also slightly higher. It should 

also be noted that the membrane thicknesses for the united-atom simulations are higher 

for PSM at 45 oC since these simulations were in the gel state. 

 

 

 

Figure 2.10: Comparison of the membrane thicknesses of the all-atom simulations 

and united-atom simulations as compared to experimental data[64] for PSM at 45 oC 

(a) and 55 oC (b), and for SSM at 55oC (c) and 65oC (d) 

  

The final property that was calculated was the X-ray Scattering Profile form 

factors. As mentioned, only the PSM at 45oC was available at the time of writing this 

thesis. However, once provided, it is expected for us to have all X-ray Scattering data 
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from Doktorova et. al.[64] to compare with our computational data. Figure 2.9 shows 

the experimental x-ray data versus our all-atom form factor (top) and united-atom form 

factor (bottom). As one can see, the all-atom comparison shows nice agreement with 

experiments. However, the united-atom comparison does not, which is due to the 

mismatching in the electron density, as shown in figure 2.8 and the phase transition 

happening at too high a temperature. As such, we reemphasize the need to reexamine 

the dihedrals of the lipids and phase transition temperature to resolve this issue. 

 

Figure 2.11: Experimental X-ray Scattering Profile (in red) as compared to that of the 

all-atom (figure a, solid black) and united atom (figure b, solid black) form factors 

 

With the results now calculated and the findings now analyzed, we now move 

onto the final portion of this thesis. The last chapter will summarize these results and 

provide future direction for this project, as well as the expected outcomes as the result 

of this project. 
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Chapter 3: Conclusions, and Future Directions 

 

Discussion and Conclusions 

In conclusion, much progress has been made in this project. The dihedral fitting 

for the model compounds has been finalized, and what is left now is to scale the 

simulations up for lipid bilayer simulations. Although for now some of the results are 

askew due to the dihedrals of the lipid simulations not fitting properly resulting in the 

phase transition being too high, the results for those simulations above the phase 

transition match closely with previous computation, and for the surface area per lipid, 

even match more closely to experimental data than those of the all-atom results. As 

such there is promise that once the dihedrals are fit for the lipid bilayer simulations, the 

united-atom simulation will be ready to go aside from any minor tweaks.  

The main portion that is left with this research is to fix the dihedrals for the lipid 

simulations. It is apparent that something is happening in the lipid bilayer simulations 

that is producing this lack of fit in the lipid. Simulations are currently running to see 

whether this is a result of the lipid itself, or whether something is happening when the 

lipids are put in the bilayer. Once this problem is resolved, there may be some small 

tweaks, such as in the Lennard-Jones parameters, if needed to improve the accuracy as 

compared with experiment. However, with the dihedral fitting over, the limiting step 

of this project has now been completed, and we should see the research progress more 

smoothly.  
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Future Directions 

Once the lipid bilayer simulations have been finalized and the accuracy of the 

simulations established, the united-atom representation should be ready to be 

implemented into the CHARMM force field. One final aspect of this research that is 

planned is to simulate this representation with cholesterols. In nature, sphingolipids do 

not occupy membrane lipids alone, but are joined by other types of lipids, especially 

cholesterols. Adding cholesterols in with the sphingolipids would help verify the 

accuracy and usability of our new model. Afterwards, a united-atom representation for 

cholesterols is planned. Right now, CHARMM includes an all-atom representation for 

phospholipids, sphingolipids, and cholesterols, but only a united-atom representation 

for phospholipids[9]. With the addition of sphingolipids and cholesterols, there would 

be a full, comprehensive united-atom representation for lipids. 
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