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Molecular Dynamics Simulations for the Study of Biophysical Pragsses on
Biological Membranes

Sukit Leekumjorn

(ABSTRACT)

Phospholipid bilayers constitute the primary structural elenent of biological membranes,
and as such, they play a central role in biochemical and biopsigal processes at the cellu-
lar level, including cell protection, intercellular interactions, trans-membrane transport, cell
morphology, and protein function, to name a few. The propeks of phospholipid bilayers
are thus of great interest from both experimental and theorétal standpoints. Although
experiments have provided much of the macroscopic functiomsd properties of biological
membranes, insight into speci ¢ mechanisms at the molecular lelvare seldom accessible
by conventional methods. To obtain a better understanding ofibchemical and biophysical
processes at the molecular level involving phospholipid biless, we apply molecular simula-
tion methods to investigate the complexity of the membrane niex using atomistic models.
Here, we discuss three speci ¢ biological processes that are asgediavith biological mem-
branes: 1) membrane stabilization, 2) membrane phase behayiand 3) fatty acid-induced

toxicity in cell membranes.

For membrane stabilization, molecular dynamics studies wengerformed for mixed
phospholipid bilayers containing two of the most prevalent pbspholipids (phosphatidyl-
choline and phosphatidylethanolamime) in biological membhnes. We presented structural
and dynamics properties of these systems, as well as the e ect oélsitizing agents, such
as trehalose, on their properties. Furthermore, we performes comprehensive analysis of
the phase transition of lipid bilayers and investigated the irgractions of stabilizing agents
(glucose or trehalose) with lipid bilayers under dehydratedonditions to understand the

mechanisms for preservation of cellular systems.

For membrane phase behavior, a comprehensive study of the struial properties of



saturated and monounsaturated lipid bilayers near the main @se transition were investi-
gated using molecular dynamics simulations. In this study, we denstrated that atomistic
simulations are capable of capturing the phase transformatigorocess of lipid bilayers, pro-

viding a valuable set of molecular and structural informatiorat and near its transition state.

Lastly, the third study investigated the mechanism for fatty acd-induced toxicity
by integrating in vitro and in silico experiments to reveal the biophysical interactions of
saturated fatty acid (palmitate) with the cellular membranes and the role of trehalose and
unsaturated fatty acids (oleate and linoleate) in preventig changes to the membrane struc-
ture. Knowledge gained from this study is essential in the premgon and treatment of

obesity-associated cirrhosis diseases.
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Chapter 1

Introduction

Computer simulations have proven to be a valuable tool for imstigating and understanding
the behavior of bio-molecular systems [1]. In many cases, com@usimulations serve as
a complement to conventional laboratory experiments. In ottr cases, they serve as an
enabling tool to study and understand complex systems and natdrphenomena that would
otherwise be too expensive, di cult, or even impossible to studyydirect measurements. By

implementing this tool, insight into biochemical and biophgical processes is made possible.

As atool for scientists and engineers, computer simulation hasdrecentral in evaluat-
ing and optimizing the design and production of means for enhaing the quality of life [2, 3].
The ever-increasing power of computational resources allows to explore further-reaching
complex systems, as those in biological systems [4], the most compdé all. That is, by
harnessing the power of computers, we are able to gain insightoenmolecular interactions
to obtain a better understanding of biological functions. Dudo the complexity and vast
number of processes simultaneously occurring in living organispone must be selective and
approximate speci ¢ processes by isolating their behavior andriction. Therefore, our focus

is on biological membranes, a vital structural component of kliving matter [5].

Biological membranes are mainly composed of lipids. A pictati representation of
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Figure 1.1:. Pictorial representation for a segment of a biolagal membrane. Reproduced
from Lodish et al. [5]

a biological membrane is shown in Figure 1.1. In general, Igs are molecules that exhibit
either hydrophobic or amphiphilic (molecules containing dth hydrophilic and hydrophobic
moieties) properties [6]. The typical functions of lipids inmembranes include cell protec-
tion, intercellular interactions, trans-membrane transport cell morphology, cell recognition,
selective receptivity, signal transductions, protein functinalities, and cell motility [5]. To
help distinguish various types of lipids based on their chemikcatructures, Lipid Metabo-
lites And Pathways Strategy (Lipid MAPS) have categorized ligs into eight major clas-
si cations [6]. They are glycerolipids (GL), fatty acids (FA), glycerophospholipids (GP),
sterol lipids (ST), sphingolipids (SP), prenol lipids (PR), sacharolipids (SL), and polyke-
tides (PK). The abundance of each lipid and an example of eaelre shown in Figures 1.2
and 1.3, respectively. Because there are a large number ofdigpecies ( 9,000 lipids in
total) with various compositions found in biological membraes [6], for the purpose of this
study, two of the most abundant lipids (glycerophospholipids):phosphatidylcholine (PC)

and phosphatidylethanolamine (PE) are consider.

PC and PE lipids are a subclass of glycerophospholipids, commpnéferred as phos-

pholipids. The headgroup in this subclass often contains at Isiaone negatively charged
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Figure 1.2: Classi cation of lipids. Adapted from Lipid MAPS [7].

phosphate group (PQ) and fatty acids tails (see Figure 1.3g). The amphiphilic natre of
these molecules at hydrated conditions induces spontaneoosniation of bilayer structures
by a self-assembly process in which the non-polar parts of a lipidolecule aggregate to
exclude water molecules. This is an entropic e ect because weatmolecules surrounding
the lipid tails decrease the entropy of the water shell structar, resulting in an unfavorable

condition. Therefore, self-aggregation of the lipid tailsnto a bilayer structure is favorable.

In this dissertation, several types of phospholipid moleculeseaselected to model bi-
ological membrane: 1,2-dipalmitoykn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine (DPPE), 1-palmitoyl-2teoyl-sn-glycero-3-phosphocho-
line (POPC), 1-palmitoyl-2-oleoylsn-glycero-3-phosphoethanolamine (POPE), and 1,2-di-
oleoylsn-glycero-3-phosphocholine (DOPC). In general, PC and PE artwo of the most
important neutral lipid components found in all living organisms. The abundance of PE is
highly variable among organisms and cell types. PE is found ingh concentration in bac-
teria (70-80% IinE. Coli), moderate-low concentration in blood cells (6%), and extmely
low concentration in animal cells [8]. On the other hand, PGpids are predominantly found

in animal cells [9]. The di erence between PE and PC lipids is the chemical composition
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farnesol, c) N -(tetradecanoyl)-sphing-4-enine, d) cholest-Bn-3 -ol, e) 1-hyxadecanoyl-
2-(9Z -octadecenoyl)sn-glycerol, f) aatoxin B1, g) 1-hexadecanoyl-2-@-octadecenoyl)-
sn-glycero-3-phosphocholine, and h) UDP-8-(3R-hydroxy-tetradecanoyl)-D -N -acetyl-
glucosamine. Chemical symbols correspond to hydrogen (H), carb(C), nitrogen (N),
oxygen (O), and phosphorus (P).
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Figure 1.4: Chemical structure of PC and PE lipid headgroups. Rand R, are the fatty
acid chains that are commonly referred to aSn-1 and Sn-2, respectively. Chemical symbols
correspond to hydrogen (H), carbon (C), nitrogen (N), oxygen (1) and phosphorus (P).

of the headgroups, namely the primary amine group for PE and écholine group for PC
(see Figure 1.4). With the amine headgroup, PE is associated Wit wide variety of bio-
logical functions including cell division, growth, reprodation, and motility [10{13]. Most
often found concentrated in the inner lea et of membranes, Plplays an important role in
membrane fusion and vesicle formation [14, 15]. Although phosgipid bilayers containing
choline headgroup express less functionalities, it is essentiat maintaining membrane in-
tegrity [16]. The smaller headgroup in PE results in signi carly lower area per lipid [17]
and highly ordered hydrocarbon lipid tails [18, 19] compadeto other lipids. Comparative
studies of PE and PC show that PE molecules can form intermolelem and intramolecular
hydrogen bonds, including association with other types of ligs [20], in which the amine
group (hydrogen-donor) can interact strongly with the phospate/carbonyl groups or wa-
ter (hydrogen-acceptor). These strong intermolecular intactions cause an increase in the
liquid-crystalline phase transition temperature [21], thus @&cting membrane permeability,
stability, and other biological properties normally associa&d with the functional activity of

internal cell organelles.

Despite the various functionalities of lipid bilayers basedrothe phospholipid head-
groups, lipid tails, which are composed of fatty acids, are eqiaimportant structural com-

ponents in biological membranes. That is, the structural proptes of the phospholipid
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tails play a central role in determining hydrophobicity, rectivity, and stability of the mem-
brane [22]. In general, fatty acids are classied according ttheir chain structures and
functional groups. There are three main classes of fatty acids:raight, branched, and ring
containing chains (see Figures 1.5a-c). In this study, phospipd molecules with straight
chains fatty acid are used in the modeled bilayers, thus a briefescription of this type of
fatty acid is discussed. The straight chain fatty acid can be classd as: saturated, monoun-
saturated, and polyunsaturated [23{26] (see Figures 1.5d-f\he degree of unsaturation is
based on the number of double bonds present within a given lipthain. Because of these
di erences, polyunsaturated lipids are more uid-like, as oposed to gel-like, at normal or
below-normal temperatures [27{31]. The most pronounced ahge in lipid physical proper-
ties occurs when comparing saturated to monounsaturated lgs (assuming the same lipid
headgroup) [32, 33]. One of the most distinguishable propemiés the main phase transition
temperature from a gel to a liquid-crystalline phase. In genal, the phase transition tem-
perature is de ned as the temperature required to induce a elmge in the lipid physical state
from an ordered gel phase (hydrocarbon chains are fully extded and closely packed) to a
disordered liquid-crystalline phase (hydrocarbon chains arandomly oriented and uid) [34].
These changes in the physical state of the lipid are related to éhchanges in molar volume
and heat capacity of a system when transforming from a gel to a ligl-crystalline phase.
This is demonstrated in Figure 1.6 where the heating scan of a PE bilayer shows signif-
icant changes in these properties near the main thermal phaseansition from gel (L ) to

liquid-crystalline (L ).

There are several factors which directly a ect the phase trangon temperature; how-
ever, the length and the degree of unsaturation of the hydrodzon chain are major contri-
butions to the overall transition temperature. Table 1.1 sumrarizes reported experimental
values of the phase transition temperature for various PC lids with di erent acyl composi-
tion and degree of unsaturation. As shown in Table 1.1, unsatured lipids have signi cantly
lower melting temperature and behave more uid-like below armal physiological tempera-

ture (below 37 C). For this reason, unsaturated lipids are a major componentf diological
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Table 1.1: Selected phase transition temperaturel,) for PC lipids categorized according
to acyl composition and degree of unsaturation. Lipid tail refrs to the length of each acyl
chain in glycerophospholipids (only 16 or 18 carbon lipids arshown). The number following
the colon indicates the degree of unsaturation of each lipicit: O (no double-bond), 1 (one
double-bond), 2 (two double-bonds).

Saturated Monounsaturated Polyunsaturated
Lipid tail Ty, ( C) Lipid tail Ty ( C) Lipid tail Tm( C)
16:0-18:0 49 16:0-18:1 b 16:0-18:2 -195
18:0-18:0 55 18:0-18:1 6 18:0-18:2 -139

18:1-18:0 9 18:1-18:1 -20

& Avanti Polar Lipid, Inc. [44]; P Litman et al. [45]; ¢ Keoughet al. [46]

membranes and provide a stable cellular structure at physiolmgl conditions [27, 28, 31].
From experimental studies, these factors greatly a ect the plse behavior of lipid bilayers
such that both ordered and disordered phases co-exist within cehembranes [36]. This
is important from a biological standpoint because the orderedomains formed (lipid raft
formation) are closely associated with their functions, includg signal transduction [37, 38],
protein transport [37, 39, 40], and membrane sorting [37, 39Dther studies of these or-
dered domains have also suggested that they serve as a possible ihipagite for various
pathogens and toxins [41{43]. With a variety of lipid headgyups and lipid tails present in
cell membranes, the complexity of these systems is of great irgst from both experimental

and theoretical standpoints.

To obtain a better understanding of biochemical and biophysat processes at the
molecular level involving phospholipid bilayers, moleculasimulations are used to investi-
gate the properties of the membrane matrix. Molecular simuten is a computational tool
capable of providing detailed molecular interactions at & microscopic scale. Moreover, it
has the power to predict structural and dynamic properties byconsidering a microscopic
representation of macroscopic systems. Among the simulation metlg) classical molecular
dynamics (MD), is the most suitable to study biological systems lzause it has the ability

to provide both dynamic and equilibrium properties.
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1.1 Motivation and Goals

In general, biological processes that are associated with bigical membranes are complex
and dicult or even impossible to study by direct laboratory measurements. With the
establishment of lipid bilayers models and the advancement itomputational simulations,
it is now possible to combine these two aspects and utilize comptibnal tools to study,

understand, and predict complex systems and natural phenomenaaa molecular level.

In this dissertation, molecular dynamics (MD) simulations arechosen because they
are capable of mimicking actual laboratory experiments wia detailed analyses are performed
at the atomistic/molecular level. Although several biologichprocesses are studied in this
dissertation, the common premise is the use of MD simulations toigansight into biophysical

processes associated with biological membranes.

1.2 Organization of the Dissertation

Chapter 2 begins with a literature review of the topics preseéad in this dissertation. This
includes a brief introduction on mixed lipid bilayers, lipidbilayers with disaccharides, dehy-
drated lipid bilayers, structural properties of lipid bilayes near the main phase transition,

and fatty acid induced toxicity in cell membranes.

Chapter 3 describes MD simulations. The theory of the methods drthe development

of computational algorithms employed in this study are discusde

Chapter 4 exposes a comprehensive study of lipid bilayers coiniag DPPC, DPPE,

and their mixtures, including their interactions with disactarides.

Chapter 5 details the interactions of stabilizing agents (glcose or trehalose) with
lipid bilayers under dehydrated conditions to understand te mechanisms for preservation of

cellular systems.
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Chapter 6 discusses structural and dynamic properties of satuest and unsaturated

lipid bilayers pertaining to the main phase transition.

Chapter 7 investigates the mechanism for fatty acid-inducedxicity by integrating
in vitro and in silico experiments to reveal the biophysical interactions of satutad fatty

acid (palmitate) and trehalose with cellular membranes.

Chapter 8 describes the e ect of unsaturated fatty acids (olea and linoleate) in
reducing the toxicity of cell membranes. These studies are thest step toward broadening

our knowledge to prevent and treat obesity-associated cirrhgstliseases.

Chapter 9 summarizes the major conclusions presented in Chayste! through 8. In

addition, suggested future studies are outlined.

Lastly, the Bibliography section contains a comprehensive ligif all citations used in

this dissertation.

All of the molecular force- elds used in this study are listed in ppendix A. The
analysis codes used are listed in appendix B. An additional pub#ition not discussed in the

main body of the dissertation is included in appendix C.

1.3 Publications

The results presented in Chapters 4-8 were published or are ingparation for publication.

The citation for the publications are:

S. Leekumjorn and A. K. Sum, \Molecular Simulation Study of Stuctural and Dynamic
Properties of Mixed DPPC/DPPE Bilayers" Biophysical Journal 90 (11), 3951-3965
(2006).

S. Leekumjorn and A. K. Sum, \Molecular Investigation of the Iteractions of Trehalose
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with Lipid Bilayers of DPPC, DPPE, and their Mixture" Molecular Simulation 32 (3-
4), 219-230 (2006).

S. Leekumjorn and A. K. Sum, \Molecular Studies of the Gel to lquid-Crystalline
Phase Transition for Fully Hydrated DPPC and DPPE bilayers" Biochimica et Bio-
physica Acta-Biomembranesl768 (2), 354-365 (2007).

S. Leekumjorn and A. K. Sum,\Molecular Studies of the Gel to lquid-Crystalline
Phase Transition for Fully Hydrated POPC and POPE Bilayers"Journal of Physical
Chemistry B, 111 (21), 6026-6033 (2007).

S. Leekumjorn, Y. Wu, A. K. Sum, and C. Chan,\Experimental and @mputational
Investigation of Trehalose Protection from Palmitate Inducd Toxicity of HepG2 Cells"
Biophysical Journal 97 (7), 2869-2883 (2008).

S. Leekumjorn and A. K. Sum, \Molecular Dynamics Study on the tabilization of
Dehydrated Lipid Bilayers with Glucose and TrehaloseJournal of Physical Chemistry
B, 112 (34), 10732-10740 (2008).

S. Leekumjorn, H. J. Cho, Y. Wu, N. T. Wright, A. K. Sum, and C. Chan)Fatty Acid
Induced Toxicity: The Role of Saturation in Degrading and Bee ting Cell Survival"

in preparation (2008).

Appendix C contains a re-print of an additional publication rot discussed in the main body

of the dissertation.

S. Leekumjorn and A. K. Sum,\Molecular Study of the Di usional Process of DMSO
in Double Lipid Bilayers" Biochimica et Biophysica Acta-Biomembrangs1758 (11),
1751-1758 (2006).



Chapter 2

Literature Review

This chapter provides the relevant literature review for tle topics discussed in this disser-
tation. The rst section provides a broad overview of pure and imxed lipid bilayer systems
(PC and PE phospholipids). The second and third sections discussethiole of stabilizing
agent (trehalose) in biological preservation processes and ithmteractions with model hy-
drated and dehydrated lipid bilayers. Here, several preservati hypotheses are introduced.
The fourth section gives a comprehensive review on the phase aebr of model lipid bi-
layers (DPPC, DPPE, POPC, and POPE phospholipids) with emphasi on structural and
dynamic properties of lipid bilayers near the main phase traition. The fth and sixth sec-
tions discuss the role of saturated fatty acids (palmitate), a sbilizing agent (trehalose), and
unsaturated fatty acids (oleate and linoleate) in hepatocw-induced toxicity. Each section
presents a brief background to the research topic along with sal signi cant contributions

from experimental and computational studies.

12
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2.1 Mixed Lipid Bilayers

2.1.1 Background

In-depth analysis of lipid bilayers began when the rst crystalstructure of PC and PE
lipids were identied by X-ray diraction in an attempt to pro vide structural data and
guantitative interpretation of phospholipid arrangement/interaction in arti cial and natural
membranes [47, 48]. Since then, a number of experimental siesl have been conducted
to identify, verify, and predict biological membrane propgies normally associated with the
functional activity of cells and model cell membranes. Lipidafts [49{54], preservation of
cells [55{57], protein/peptide interactions with membrae [58{62], drug delivery vehicles [63{
68], and validation of model drug molecules [69{73] are amgithe applications that are of
current interest. In complement to these studies, investigatiausing computational methods
have been employed to provide insight into the molecular intactions and mechanism, and

to better understand these important biological processes.

For many years, experimental and computational studies of medlipid bilayers con-
taining one type of lipid have shown valuable results of the feares and functions of biological
membranes. Recently, it has become apparent that a bilayer thimore than one type of
lipid is necessary to obtain a better representation of compleiological membranes and
their functions. The following sections brie y describe some d¢he major ndings from both

experimental and computational studies of pure and mixed P®E bilayer systems.

2.1.2 Experimental Studies

Several experimental studies have investigated the structucé model cell membranes (phos-
pholipid bilayers), including pure and mixed PC/PE lipids. Fa pure PC systems, the most

commonly used lipid in model bilayers is DPPC. Inexpensive anelatively easy to make,
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DPPC liposome provides a useful model for understanding lipigsid and lipid-water inter-
actions that mimic interactions between membranes and irw/extracellular matter. Using
DPPC as a model membranes, structural and dynamic propertiesave been analyzed using
a range of analytical tools including X-ray di raction [74{77], neutron scattering [78], and
nuclear magnetic resonance (NMR) [17, 79{81]. Typical propts of interest are 1) the area
per lipid, 2) volume per lipid, 3) lamellar repeated spacing4) bilayer thickness, 5) order
parameter, and 6) diusion coe cient. Depending on the biolagical process or function,
other types of PC lipids such as DMPC (1,2-dimyristoykn-glycero-3-phosphocholine) [82{
84], POPC [45], and DOPC (1,2-dioleoy$n-glycero-3-phosphocholine) [85, 86] have been

used as model lipid bilayer systems as well.

For PE and mixed PC/PE systems, most studies focused on the mechanisrfiin-
termolecular and intramolecular hydrogen bonds and the ceaquences of these interactions
on the structure and phase behavior of PE lipid bilayers. This ibecause PE lipids have an
amine headgroup (hydrogen-donor) which can form multipleyldrogen bonds with various
hydrogen acceptors. Several analytical tools have been useditvestigate these phenom-
ena, including X-ray di raction [48], NMR [20], di erential scanning calorimetry (DSC) [87],
Fourier transform infrared spectroscopy (FTIR) [88], and X-rayscattering [89]. Hitchcocket
al. used X-ray diraction to observe the structure and quantitativdy measure the arrange-
ment of arti cial and natural membranes of DMPE molecules tlat were speci cally labeled
to characterize vibrational isotope e ects [48]. They showetthat the arrangement of the two
lipid tails are asymmetric, where the rst tail (Sn-1) extends perpendicular to the bilayer
plane, and the second tail $n-2) extends in the bilayer plane and then bends and becomes
parallel to the rst tail (see Figure 1.4 for more information a the location of the Sn-1 and
Sn-2 tails for a typical PC or PE lipid). This resulted in a di erent conformation of the ester
carbonyl groups in which preferential hydrogen bonding befen PE lipids or lipid-water can
occur. Blumeet al. used solid state®*C and ?H NMR to examine the phase equilibria and

dynamic structure of binary mixtures of DPPC and DPPE [20]. Tley found a correlation
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that relates the phase transition of the bilayer to the PE conawration. They further de-
scribed lipid mixtures as non-ideal systems, where the existengkintermolecular hydrogen
bonds in PE plays an important role in determining membrane noperties. Boggset al.
used DSC to study the e ect of hydrogen bonding and non-hydrogebonding compound on
the phase transition temperature [87]. They found that DPPE, s a hydrogen bond-donor,
has the greatest e ect on increasing the phase transition tempsture. Habner and Blume
used FTIR to study intermolecular interactions of isotopical}y labeled lipids and water at
the interface [88]. Their ndings showed that the molecular Norational modes of the phos-
phate and ester carbonyl groups are greatly altered as a resofthydrogen bonding between
DMPE lipids or DMPE mixtures. Using this method, they were able o distinguish di erent
hydration sites that exist in PE lipids. Recently, Dyck et al. used surface-sensitive X-ray
scattering to study the surface of PE and their mono-, di-, trimhylated (DPPC) deriva-
tives in monolayer conformations [89]. They determined thigure PE monolayers have the
smallest headgroup and the orientation of the lipid nitrogenrad phosphorus atoms aligned

closer to the lipid/water interface as the headgroup size ineased.

2.1.3 Computational Studies

Several computational studies have been performed on pureraixed PC/PE bilayers. For
pure PC systems, comprehensive summaries of the structural and @ynics properties of
model membranes have been reported by several researchers gudtD simulations [90{
95]. In good agreement with experimental results, MD simulatie of DMPC [96{101],
DPPC [102{110], POPC [100, 101, 111], and DOPC [112, 113] kaserved as a benchmark
for bilayer simulations. Typical structural and dynamic propeties calculated from the sim-
ulations are: area per lipid, lipid components density progés, membrane thickness, radial
distribution functions (RDFs) of water around lipid headgroyps, mean squared displacement
of lipid headgroups (short-time di usion coe cient), lipid t ail deuterium order parameter,

and headgroup hydration.
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Recently, simulations of PE and mixed PE bilayers have reced much attention as
several biological functions have shown direct connection E lipids (see Chapter 1 for
more details). Several studies have been carried out to idefgtithe changes in membrane
properties and investigate the mechanism of hydrogen bondirag PE is present in the bi-
layer. Damodaran and Merz used MD simulations to examine the ¥e structure around
DMPC and DLPE headgroups [114]. They were able to observe wvawis structural prop-
erties, such as the hydrogen bonding interactions between tlanine group of DLPE and
neighboring phosphate oxygens, the tight alignment of lipiddils, and the ordering of the
lipid tails compared to experimental deuterium order paramters. de Vrieset al. also used
MD simulations to examine DOPC and DOPE lipid mixtures at varobus concentrations [115].
They were able to observe a signi cant reduction in the cross-sembal area of the bilayer
by having a small amount of DOPE in model lipid bilayers, which was attributed to the
hydrogen bonding formed by DOPE. They also noted that by inceesing the concentration
of DOPC in lipid mixtures, the reverse e ect was not observed bacise DOPC cannot dis-
rupt the hydrogen bond network. Recently, Murzynet al. used MD to examine POPG
and POPE mixtures to mimic the interior of bacteria membrang116]. They were able to
predict the number of hydrogen bonded pairs that exist in the wdel membrane systems.
This included intermolecular and intramolecular hydrogeronds between lipids, lipid-water
hydrogen bonds, water bridges, and lipid-water bridges. Theobservations included struc-
tural properties, such as the atomic packing between POPG/PCOP, average area per lipid
molecule, and alkyl chain alignment, which has large e echithe membrane permeability
and stability. In another recent study, Pitman et al. performed MD simulations of mixed
SOPE and SOPC bilayers in the presence of cholesterol and rhpdm to mimic the biolog-
ical function of the photoreceptor protein [117]. Their ndngs included various structural
properties, such as lipid-protein density pro les and Voronoarea, which provided evidence
for the mechanism for cholesterol and rhodopsin stabilizatiorf ¢the lipid bilayers. In sepa-
rate studies, detailed structural and dynamic properties of SRE bilayer has been reported

by Suits et al. [118] and Pitmanet al. [119], respectively; the properties analyzed included
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electron density distribution, lipid order parameter, aminephosphate hydrogen bonding net-
work, compressibility modulus, lateral organization, and diusion. Marrink and Mark used
a coarse-grained model with MD to study the fusion and budding nekanism using DOPC
and DOPE mixtures [120]. To mimic this phenomenon, they specally enhanced the hy-
drogen bonding capability of DOPE, so these strong interactianallowed a membrane fusion
process to occur. Shi and Voth also used a coarse-grained modehwiD to investigate
the phase separation of mixed DPPC/DPPE lipids [121]. Using thisnodel, they were able
to simulate a large lipid mixture system containing a 1:1 ratio oODPPC/DPPE (2,048 lipid
molecules in total). Their observations included various stictural properties, such as the
atomic packing, average surface area per lipid molecule, glichain alignment, and lateral

di usion coe cient in both liquid-like and solid-like phases.

2.2 Lipid Bilayers with Disaccharides

2.2.1 Background

For several decades, the widespread usage of cryoprotectantragen biological preservation
has attracted multidisciplinary research to further understad these phenomena. There have
been numerous studies and hypotheses on the e ectiveness ofsthegents based on their
chemical properties and their interactions with biologickorganisms. Naturally occurring
stabilizing agents such as monosaccharides (e.g., glucose) diséccharides (e.g., trehalose,
and sucrose) have been experimentally found to be e ective ayand lyo-protectants (protect
against freezing-ice and freezing-dry, respectively) for @mmal and plant cells [122, 123].
Molecular structure of these molecules are shown in Figure 2.2.With trehalose acting as
a stabilizing agent, cryo- and lyo-protection have allowedhe preservation of animal cells
at conditions above and below normal physiological condits. The focus of these studies
showed the direct interaction of trehalose with the cell membne, consisted primarily of a

phospholipid bilayer. For example, addition of a disacchar&linto a liposome suspension



Sukit Leekumjorn Chapter 2. Literature Review 18

H OH H OH
HO OH HO 0 ) HO o
OH 0 OH
0 0 0
HO HO HO OH HO HO
OH
OH
HO HO HO
Glucose Trehalose Sucrose

Figure 2.2.1: Molecular structure of monosaccharide (glucgsand disaccharides (trehalose
and sucrose). Chemical symbols are hydrogen (H) and oxygen (O).
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Figure 2.2.2: Schematic representation of the cell stabilitan hypotheses: a) fully hydrated
bilayer; b) \preferential exclusion principle"; c) water erfrapment; d) water replacement;
and e) vitri cation. Lipids are represented in red, trehalosan blue, and water in green.

signi cantly prevented encapsulated solution leakage durinfyeezing and freeze-drying [124,
125]. Inhibition of cell fusion, phase separation, and formatn of non-bilayer phases were also
observed in membrane experiments in the presence of trehalok2?, 126, 127]. Theoretical
models and hypotheses have been proposed to explain the mecsranby which trehalose
interacts with the phospholipid bilayer to stabilize the cellstructure and biological function.

A schematic representation of the stabilization hypotheses is@hn in Figure 2.2.2.

In the preferential exclusion model (Figure 2.2.2b), it is siugested that disaccharide

molecules are excluded from the vicinity of the biological sicture, thus stabilizing the
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hydration shell and maintaining the needed hydration of theipids in the bulk under water
de cit conditions [128]. In this case, disaccharide molecudedirectly interact with water
within the solvation shell and act as an additional protectivelayer, excluding water from
the surrounding. In the preferential interaction model (fran hydrated to dehydrated to
dry states shown in Figures 2.2.2c-e), several hypotheses hawsei proposed to explain
the direct interaction of disaccharide molecules with the tdrophilic domain of biological

structures under harsh condition, exhibiting protective andstabilizing e ects [129].

Three of these hypotheses are 1) water-entrapment [130], 2)tesareplacement [126],
and 3) vitri cation [131] (see Figure 2.2.2). In the water-etrapment hypothesis (Fig-
ure 2.2.2c), it is suggested that, during the drying process, tialose strongly interacts with
both water and phospholipid headgroups causing a slight incre&ain the hydration near the
membrane interface [130, 132, 133]. Trehalose molecules tt@me in contact with the phos-
pholipids provide additional and favorable exposure for wat to bind to the hydroxyl groups
in trehalose. This is a result of the hydrogen bonding betweerhpspholipid-trehalose and
trehalose-water, which helps to stabilize the membrane struate by maintaining a certain
hydration level. In the water-replacement hypothesis (Fige 2.2.2d), it is suggested that
trehalose serves as a substitute for water nearby the phosphatigbolar headgroups in the
drying process [122, 134]. In this case, trehalose forms hydeadponds with the phospholipid

headgroups, resulting in the stabilization of the membrane stature in the dehydrated state.

Finally, in the vitri cation hypothesis (Figure 2.2.2e), trehalose acts as a vitri ed
structure, protecting the membrane structure through the fomation of an amorphous solid
matrix in the drying process [131, 135{138]. This maintainshte membrane structure in its
fully hydrated state and prevents mechanical stress to the memdne under harsh conditions.
Within the last decade, a number of experimental studies havenked these hypotheses,
indicating that the water-replacement, the water-entrapnent, and the vitri cation processes
are not mutually exclusive processes, but altogether they playart in the preservation of
biological structures [134, 135, 139, 140].
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2.2.2 Experimental Studies

For a better understanding of the stabilization mechanisms, sena investigations of model
cell membranes (phospholipid bilayers) in the presence of disharides have been reported
[55, 126, 141{144]. These studies included a number of anatgli methods to probe the
interactions between trehalose and the bilayer structure. ©we et al. used DSC to mea-
sure the phase transition temperature of phospholipid bilayersontaining DPPC with and
without trehalose [126]. It was found that trehalose caused a sigcant drop of 30 K in
the phase transition temperature from a gel to a liquid-crystéihe state. This change was
suggested to be caused by the replacement of water molecules @unding phospholipids
by trehalose. To verify this phenomenon, infrared spectroscppvas used to demonstrate
the hydrogen bonding between the polar headgroups in DPPC arthe hydroxyl groups
in trehalose. Leeet al. used solid-state NMR to monitor the3!P spectra of phospholipid
bilayers; their studies indicated less mobility of the phosphigid headgroups upon binding
of trehalose [141]. Luzardcet al. used FTIR to describe the hydration state of bilayers
composing of DMPC and trehalose [142]. They determined that the trehalose molecules
were able to bind to one DMPC by replacing 11 of 14 water moleles per phospholipid. It
was concluded that water replacement occurs at the carbonghd phosphate groups where
the hydroxyl groups of trehalose change the water activity whin the phospholipid solvation
shell. Lambruschiniet al. investigated the interaction of trehalose and phospholipid lael-
groups using Langmuir monolayers [143]. They showed that thetecal area corresponding
to the surface potential increased in phospholipid-trehalose st¢ms, indicating that tre-
halose bound to the phospholipid polar headgroups. At high suda pressure, they also
demonstrated a strong binding interaction, as trehalose remred intact on the phospholipid
headgroups without being expelled from the surface. Ricket al. used FTIR to study the
phase behavior of 1,2-dilauroy$n-glycero-3-phosphocholine (DLPC) and 1,2-distearoyl-d70-
sn-glycero-3-phosphocholine (DSPCd-70) bilayer mixtures itihe presence of trehalose [55].
They observed that the DLPC component of the mixture is strongl uidized by trehalose,

while the DSPCd-70 component is una ected when undergoindghé drying process. After
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a heating process, they observed that the phase separation betwgdospholipids is main-
tained, suggesting that trehalose preserves the structure andnsposition of the phases in
microdomains. Recently, Ohtakeet al. used DSC to investigate the melting temperature of
DPPC, DPPE, and 1:1 DPPC/DPPE mixtures in the presence and absee of trehalose [144].
They found that trehalose caused the largest decrease in the niedf temperature in DPPC,
and the smallest decrease in DPPE, suggesting that DPPE exhibitsrehg interactions with
the phospholipids, thus limiting the ability of trehalose to hydrogen bond with the polar
headgroups in DPPE.

2.2.3 Computational Studies

Several computational studies have also been recently perfgd on model cell membranes
in the presence of disaccharides to investigate the mechanismirgeraction between phos-
pholipids and disaccharides. Chandrasekhar and Gaber perfatenergy minimization on
a phospholipid-trehalose system (without water) and found a sl increase in the area per
phospholipid headgroup in the presence of trehalose [145]. Vredso showed that trehalose
has favorable conformation to bridge several phospholipidy Imeans of hydrogen bonds. In
a similar study, Rudolph et al. found the phospholipid-saccharide interaction energy in the
order of most to least stable (trehalose& glucose< sucrose) [146]. A more detailed study
with molecular simulation was performed by Sunet al. [147], Pereiraet al. [148], and Villar-
real et al. [149] to investigate the interaction of trehalose with a modelell membrane (DPPC
bilayer). These three independent studies reached similar aduasions in that trehalose inter-
acts favorably with the DPPC polar headgroups at the phosphigid-water interface without
altering the bilayer structure. At the concentrations studiel, no signi cant changes in the
area per headgroup and in the order parameter of lipid tails eve observed from the sim-
ulations. The water replacement hypothesis was highlightedsaa potential mechanism of
interaction, where direct hydrogen bonding was observed lveten trehalose and DPPC; and

these interactions were enhanced when the bilayer was subggttto dehydrated conditions.
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Recently, Doxastakiset al. performed detailed MD simulations of model lipid bilayers em
bedded with cholesterol in the presence of trehalose [150]. Thstudy investigated the
stabilization mechanism of trehalose on a more realistic comptisn of a cell membrane, in
which a wide range of cholesterol concentrations were used hetmodels. At high concen-
trations of cholesterol, they found that trehalose is able to abilize the bilayer structure by
preventing a phase separation between lipid and cholesterol.h& stabilization mechanism
of trehalose was con rmed by the interactions between lipidand trehalose, which resulted
in the slow movements of lipid molecules and consequently ibited the changes in lateral
organization of the bilayer. In another study, Pereira and Hmenberger performed detailed
MD simulations of model bilayer in the presence of glucose, ma#te, and trehalose [151].
At high solute concentrations, they observed that glucose, malse, and trehalose interact
directly with the lipid headgroup and replace 20-25% of theotal number of hydrogen bonds
between lipid and water molecules. For disaccharides, they obgsd an increase in the
number of hydrogen bonds that bridge three or more lipids. Urke disaccharides, glucose
replaced water around the lipid headgroup by increasing theumber of interactions rather

than forming multiple hydrogen bonds.

2.3 Dehydrated Lipid Bilayers with Saccharides

2.3.1 Background

In general, cells cannot survive under dehydrated conditismmainly because cell membranes
are unable to maintain their normal functionalities of proecting and preserving the cellular
content [137, 152], and controlling the transport and permdslity activities through the cell
membrane [153{156]. A number of organisms have been found te\8ve under anhydrobiotic
conditions over extended periods of time. A common characigtic of these organisms is their
abundant production of saccharides in the cellular environemt, which has been identi ed to

be essential to their survival [140, 157]. It was concluded th#te ability of living organisms
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to survive in such conditions is determined from the functiorlastate of the cell membrane,
that is, the membrane uidity. These ndings have led to the sucessful use of saccharide
compounds (e.g., glucose, maltose, sucrose, and trehalose) aditads to protect animal

and plant cells at low temperature and/or dehydrated condibns [122, 123].

2.3.2 Experimental Studies

A number of experimental studies have investigated the propts of low hydration or dehy-
drated lipid bilayers in the presence of saccharide compound$8{162]. Croweet al. investi-
gated the e ect of saccharides (glucose, inositol, sucrose, tedtise, and ra nose) on DMPC
and DPPC monolayer Ims under dehydrated conditions using aangmuir Im balance [158].
Their results showed that the area per lipid increased with ineasing saccharide concentra-
tions, with trehalose providing the largest monolayer lateraéxpansion. Furthermore, Crowe
et al. used DSC to investigate the phase behavior of dry DPPC liposomeasdafound that the
phase transition temperature of liposomes is signi cantly lowed with increasing saccharide
molecular size froml,, = 110 C (no saccharide) toT ,, = 40 C with glucose (MW = 180.16
g/mol), to T, = 24 C with trehalose (MW = 342.40 g/mol), and to T, = 17 C with ra -
nose (MW = 504.44 g/mol) [159]. Based on these results, it was progexd that saccharide
molecules preferentially interact with the lipid headgrops through hydrogen bonding, thus
increasing the membrane uidity by spacing the lipids in the dayer. Similarly, Koster et
al. investigated the phase behavior of liposomes/saccharides duithe vitri cation process
and the e ect of saccharide molecular size on the phase transitidemperature [160{162].
They concluded that the presence of saccharides with MWLOOO prevents membrane fusion
by keeping membranes partially in their original hydrated sdte, preventing close interactions
between neighboring membrane surfaces, and reducing the neaical stresses between mem-
branes, which was induced by structural reorientation priord fusion. This was explained
in details by Bryant and Wolfe [163], who attributed osmotic keeping water on the mem-

brane surface) and volumetric (keeping lipid components irhe membrane apart) e ects as
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important factors in lowering the phase transition temperatve of model bilayers containing

saccharide compounds.

2.3.3 Computational Studies

From a computational/modeling approach, only a few studiesdve addressed the impact of
saccharides on the properties of low hydration or dehydratdgid bilayers [164{166]. Skib-
insky et al. used molecular dynamics (MD) simulations to investigate chaeg to lipid bilayer
and monolayer structures exposed to a high trehalose concenioa (1:2 trehalose/lipid ra-
tio) [164]. Their studies considered constant surface area anonstant surface tension simu-
lations for the lipid monolayers and bilayers, respectivelyNote that these monolayers were
constructed by inverting a lipid bilayer system, such that the ageous phase was in the
middle of the simulation box and the lipid tails exposed to a vaaum (this results in two
monolayers). At hydration levels of 20-29 water per lipid fothe monolayers and bilayers,
they observed that trehalose displaced a signi cant amount of wer from the lipid inter-
face while slightly increasing the bilayer lateral pressure, wth consequently decreased the
overall bilayer surface tension. Their results suggested that ¢hpenetration of trehalose is
only super cial (along the lipid surface) and the mechanism of abilization occurs in the
lipid headgroup region. Recently, Doxastaki®t al. studied the phase transition of anhy-
drous DPPC liposomes, representative of lipid bilayers at detiyated conditions [165]. Both
elastic and quasielastic neutron scattering (QENS) were utilideto evaluate the dynamics
of the lipid headgroups and lipid tails, above and below the @se transition temperature.
The scattering measurements showed that the movement of theiliptails was signi cantly
greater than the lipid headgroups and highly sensitive to tengrature changes. Upon re-
ducing the water content, it was observed that the mobility ofthe lipid tails was closely
coupled to that of the headgroups. This was con rmed by their N simulation studies of

the identical bilayer systems using dehydrated multi-lamellaDPPC bilayers. Another study
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investigated lipid bilayers at di erent hydration states by considering the interactions be-
tween DPPC liposomes and saccharide compounds (glucose and ase) [166]. Their results
from DSC measurements and thermodynamic modeling showed a sicgmt increase in the

phase transition temperature upon decreasing the hydration diie bilayer in the absence of
glucose or sucrose. On the other hand, the presence of glucose orcsgcreduced the phase
transition temperature. From this data, an optimal amount ofsaccharide was experimen-
tally measured (1.5 sugar-rings per lipid) and predicted frorthe thermodynamic model (0.5

sugar-rings per lipid). They attributed this discrepancy to he exclusion e ect of saccharides

near the bilayer interface.

2.4 Phase Transition of Phospholipid Bilayers

2.4.1 Background

The ordered (gel) and disordered (liquid-crystalline) lipidohases have been a major focus of
studies on the phase behavior of biological membranes, whicliates structural characteris-
tics and dynamics of membranes to individual lipid componés. From recent studies, it has
become apparent that both ordered and disordered lipid phases-exist within eukaryotic
cell membranes [36]. Structurally, ordered domains are ectied with phospholipids, sphin-
golipids, and cholesterol. From a biological standpoint, sewarstudies have suggested that
ordered domains in cell membranes are partly associated witheir function, including signal
transduction [37, 38], protein transport [37, 39, 40], and mdmane sorting [37, 39]. Other
studies of these ordered domains have also suggested that they s@w a possible binding site
for various pathogens and toxins [41{43]. In related studies, prominent role of cholesterol

in membranes has been shown to create ordered lipid domaingddipid rafts [167{169].
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2.4.2 Experimental Studies

Several experimental investigations for the lipid bilayerphase behavior have characterized
the structural and dynamic properties of saturated lipid bilgers in gel, liquid-crystalline,
and transition states. Suurkuusket al. provided quantitative analysis based on calorimetric
and uorescent studies of uni- and multi-lamellar DPPC vesicke[170]. Their heating scan of
multi-lamellar vesicles showed a transition process that clogalesembled a rst-order phase
transition, which was conrmed by uorescent measurements. Founi-lamellar vesicles,
the heating scan showed signi cantly di erent phase behavior, satwo distinct endotherm
peaks with subtle changes in the uorescence measurement dgithne phase transition were
observed. Although these di erences were identi ed between urand multi-lamellar vesicles,
no clear explanation was provided to justify their ndings. Dais used deuterium magnetic
resonance to study the liquid-crystalline, gel phase, and phasensition of multi-lamellar
labeled DPPC vesicles [171]. His work provided quantitative easurements based on the
deuterium spectra, which showed a sharp drop in the order paratee values upon heating
the vesicle, a clear indication of a rst-order transition. Huag and Li reported an extensive
summary of studies of the main phase transition (gel to liquid-gstalline) of phospholipid
bilayers using high-resolution di erential scanning caloriratry (DSC) [21]. The lipids used in
their investigation were saturated and unsaturated PC, PE, andPG (phosphatidylglycerol)
with di erent acyl chain lengths. Based on their DSC measuremes, a clear identi cation of
a rst-order phase transition was found from the sharp endotherrpeak in their heating scans
of the bilayers. Nagle and Tristram-Nagle compiled studies of lgs at the liquid-crystalline
state for DPPC, DMPC, DOPC, and DLPE containing structural data based on X-ray
di raction, NMR, and neutron scattering [172]. Their discussioralso included a brief review
of structural properties of DPPC at the gel, sub-gel, and rip@ phases. Metset al. provided
an extensive DSC analysis and timed-resolved uorescence spestiopy to determine the
nature of the phase transition of uni-lamellar DPPC liposomed} 3], obtaining similar results

to those by Suurkuusket al. [170]. From their analysis, however, they attributed the sub#
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changes in uorescence intensity at the phase transition for wiamellar bilayers to a second-

order rather than a rst-order phase transition.

Currently, there is less molecular evidence for the mechanisoh structural changes
of the phase transition for unsaturated lipids than for saturatd ones. A number of ana-
lytical tools, such as di erential thermal analysis (DTA), di e rential scanning calorimetry
(DSC), Raman spectroscopy, nuclear magnetic resonancéd(NMR), and electron density
map (EDM), have been employed to study the phase transition foravious type of unsatu-
rated lipids [45, 163, 174{178]. Barton and Bunstone were thest to investigate the phase
transition of PC derivatives with varying chain length and dgree of unsaturation using DTA
and DSC [174]. With experiments on DPPC, POPC, and DOPC, theyletermined that a
single unsaturation (a double bond) near the center of th&n-2 tail of POPC is the most
e ective in lowering the melting temperature. They also conaded that changes in the chain
packing are indicative of a phase change. Litmaet al. used Raman spectroscopy to measure
the intensity of the carbon-carbon and carbon-hydrogen bonstretching modes for monoun-
saturated and polyunsaturated lipids at several temperaturgg5]. Based on the temperature
pro le derived from the carbon-hydrogen stretching intensy, they determined a phase tran-
sition temperature for POPC at approximately 270 K. They also bserved that an increase
in the degree of unsaturation results in an increase in latticeefects in the gel-phase, which

were expressed as a lowering of chain melting temperature.

Bryant et al. used?H NMR to investigate the reduction in spectral splitting of
the deuterium spectra of BO/phospholipid systems for POPC and POPE near the main
phase transition [163]. For POPC the splitting intensities werestable above and below
the phase transition, but dropped to zero at or near the phase tmaition. For POPE,
similar splitting intensities were observed, however, the intesities became unstable near the
main phase transition, corresponding to a temperature range @0 degrees. From these
ndings, they concluded that the phase transition for POPE occts at a much broader
range of temperatures compared to POPC. Huang and co-workersed DSC to measure the

phase transition of PC and PE derivatives with di erent carbonnumber in the saturated
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and unsaturated tails [175, 176]. Their studies determined sictural features of the lipid
systems that included the bilayer thickness, the length of the tidyocarbon tail segment before
and after a double bond, and the level of interdigitation. W this collection of results, a
correlation was derived for the phase transition temperatureHowever, the authors presented
no clear explanation for the mechanism of phase changes. Rebtgr§halaev and Steponkus
performed a combination of DSC and NMR experiments to investige the phase transition
of POPE liposomes at di erent hydration levels [177]. Measuteparameters included the
lateral di usion, axial rotation of the molecule, tran -gaucheisomerization, and rotational
moment of the phosphorus headgroup. A phase diagram for the P@Rvater system was
constructed as a function of water content and temperature. fleir analysis determined a
main phase transition temperature L to L ) at approximately 313 K for 7.3 wt% water
content. In another study using EDM, Senguptaet al. reported a stable phase between a
gel and a liquid-crystalline which was identi ed as a ripple pase (a combination of lipids in
the gel and liquid-crystalline phase which resulted in the unewness of bilayer strucutres)
for several types of PC lipids, including POPC [178]. Resultsdm their experiments showed
that POPC exhibits less ripple formation than other PC lipidsmainly due to the asymmetric

unsaturated chain lengths.

2.4.3 Computational Studies

A number of computational studies investigating the phase bekir of saturated phospho-
lipids have been reported using various modeling techniquesijch as Monte Carlo (MC)
simulations [179{182], mean eld theory [183], dissipative pacle dynamics (DPD) simu-
lations [184], atomistic [185{187] and coarse-grained (CG)8§8, 189] molecular dynamics
simulations. Mouritsen et al. used MC simulations to study the rst-order gel- uid phase
transition of lipids [179]. Since at that time thermodynamigoroperties at the transition state
were scarce, they were the rst to report the average lipid chaicross-sectional area, inter-

nal and free energies, coherence length, lateral compresgipibnd speci ¢ heat. Nielsonet
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al. also applied MC methods to investigate the phase behavior of slagind multi-component
membranes containing cholesterol [180]. However, their mddeas developed based on an
o -lattice model with lipid and cholesterol molecules reprsented by hard-spheres. Their
simulations provided consistent interpretation of a rst-orde phase behavior for pure lipid
and lipid-cholesterol bilayer systems. Using a similar approachpRonet al. determined the
lateral di usion coe cient of lipids across the main phase trarsition temperature [181]. Their
results suggested a signi cant change in the lateral di usion offte lipids, which was found
to be comparable to available experimental results. Later, Bnniganet al. investigated the
phase behavior of a spherocylinder lipid model with MC simulatiins [182]. Their simulations
showed distinct di erences in the area per lipid and lateral dision coe cient for the solid
and liquid phases. They also observed a third regime corresponglito a hexatic phase, a
transition state between gel and liquid-crystalline phases, ediiting intermediate values for
the area per lipid and lateral di usion coe cient. Chen et al. applied a macroscopic model
based on the Gibbs potential to describe the transition state ofgids [183]. They reported
the estimated values for phase transition temperature, enth@}, van der Waals energy, num-
ber of gauchebonds, and chain orientational order parameter. The predicn using their
model provided excellent agreement with experiment and th@odynamic properties such
as internal energy and entropy of the system. Kranenburgt al. used DPD to study the
phase behavior of lipid bilayers using model surfactants [184[his technique allowed them
to monitor the area per lipid and the bilayer thickness, both ofvhich drastically changed at

the phase transition from a gel to a liquid-crystalline phase.

Atomistic simulations of the phase transition for saturated lipil bilayers are scarce.
Heller et al. [185] and Venable=t al. [186] performed MD simulations of lipid bilayers in both
gel and liquid-crystalline states. Despite the short duration atheir simulations, their results
provided insight into several lipid properties, such as, interrigpressure, lipid self-di usion
coe cient, order parameter, D-spacing (repeated spacing noral to bilayer), chain tilt, and
%gauche Recently, de Vrieset al. performed a detailed MD study of the phase behavior

of lecithin (DPPC) using atomistic models [187]. Their simulabn showed a spontaneous



Sukit Leekumjorn Chapter 2. Literature Review 30

formation of a ripple phase upon cooling of a fully hydrated DPC bilayer below the main
phase transition temperature. More recently, there have beemnumber of studies based on
CGMD models to investigate the phase behavior of lipids. Stevershowed that DPPC bi-
layers have tilted lipid chains at low temperatures [188]. Wreover, the simulations indicated
a large hysteresis in the area per lipid and bilayer thickness imeating and cooling cycles
of the lipid bilayer, resulting in conditions that are di cul t to identify the phase transition.
In another CG study, Marrink et al. investigated a gel phase formation for DPPC mem-
branes [189]. They suggested a four-stage reversible process faogel to a liquid-crystalline
phase: nucleation, growth, limited growth, and optimizatia. Their simulations yielded a
main phase transition at about 295 5 K and a lateral di usion coe cient in the order of

1 10 ° cm?/s.

While simulation studies of unsaturated lipids are abundant,tiere are only a few that
address the structural properties in relation to the phase tragition [111, 175, 190]. Wang
et al. performed molecular mechanics on several monounsaturated Rids to examine the
in uence of the position of the unsaturation in theSn-2 tail on the phase transition temper-
ature [175]. As an approximation, the lipids were replaced kiye corresponding diglyceride
components. The energy-minimized structures and steric enexg for the diglyceride moi-
eties were related to the main phase transition temperature fdhe di erent positions of
the unsaturation along the Sn-2 tail, which were con rmed by DSC experiments. It was
proposed that a major component for the phase transition was amteopy-driven process.
For POPE, their experimental and calculated phase transitionemperature was about 306
K. In another study, Ceccarelli and Marchi performed atomist MD simulations of a POPC
bilayer at low hydration, by varying the temperature from 2® to 420 K, in increments of 40
K every 50 ps [111]. From snapshots of the bilayer structure at @<, a bent con guration
at the cis double bond in theSn-2 tail and a tilted con guration in the Sn-1 tail was ob-
served. From the volumetric analysis of the bilayer at di erehtemperatures, a discontinuity
around 340 K was identi ed, which was assumed to correspond toghmain phase transition

temperature for POPC bilayer. The phase transition mechanism ag not discussed from
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their results mainly because their simulations were unable tochieve equilibrium at each
time interval. Based on another approximate method, Marsh enipyed a thermodynamic
model to relate the phase transition temperature of monounsatated lipids to structural
and entropic/enthalpic data [190]. Comparison of his result®d Huang and co-workers [176]
showed good agreement with previous experimental and comptional results. This math-
ematical model provided a thermodynamic basis for understaimg) the dependence of the

phase transition on structural parameters.

2.5 Cellular Toxicity and Protective Role of Trehalose

2.5.1 Background

Nonesteri ed long-chain free fatty acids (FFAs) are major sourceof cellular energy [191] and
essential components in triglycerides (TGs), cholesteryl esgprostaglandins, and phospho-
lipid syntheses [192, 193]. There have been numerous repomstbe toxic e ects of fatty
acids on model cellsn vitro. Andrade et al. showed that both saturated and unsaturated
fatty acids exert toxic e ects on melanoma cells through théoss of membrane integrity or
DNA fragmentation [194]. Limaet al. evaluated the toxicity of various fatty acids on Ju-
rkat (T-lymphocytes) and Raji (B-lymphocytes) cells [195] ad found a positive correlation
between the toxicity and the chain length and number of doukl bonds in the fatty acids.
Their experiments identi ed palmitate among the most toxic @ the fatty acids. FFAs, espe-
cially saturated fatty acids, can cause cell death in many types cells, including pancreatic
beta-cell [196, 197], cardiomyocytes [198, 199] and hepattes [200{202].

2.5.2 Experimental Studies

Most of the research up until now on the mechanism of cell deathdased on the production

of potential or toxic intermediates, such as stearoyl-CoA desatase 1 (SCD1) [203{205],
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acids from omega oxidation [206, 207], reactive oxygen sgac(ROS), ceramide [208, 209],
reduced mitochondrial potential [198], and reduction of nwchondrial Bcl-2/Bax ratio [201].
Recent studies by Srivastava and Chan suggested that palmitatart cause lipotoxicity in
liver cells through increased production of hydrogen perae (H,O,) and hydroxyl ( OH)
radicals [202]. Their measurements indicated that the cytokicity was not completely pre-
vented upon treatment with mitochondrial complex inhibitas or free radical scavengers.
This suggests that mechanisms other than ROS production in the itachondria may be
contributing to the toxicity of palmitate. Therefore, it is necessary to investigate the pos-
sibility that palmitate-induced toxicity may be due to hydrophobic e ects on the cellular
membrane. Fatty acids are known to have toxic and fusogenic ects on cells [210, 211].
Furthermore, the mechanism by which fatty acids exert cytotaicity has been identi ed as
the \detergent e ect" [212]. According to this hypothesis, iofized fatty acid micelles solu-
bilize membrane lipids or proteins and disrupt the physical ahfunctional integrity of cell
membranes [210, 211].

Identifying chemical agents to prevent or reverse the e ectfdatty acid induced cel-
lular toxicity has been a major focus of research in the past dees. Studies have suggested
that saturated and unsaturated fatty acids have di erent e eds on toxicity. For example,
there is evidence indicating that dietary oleic acid can ptect endothelial cells against hydro-
gen peroxide-induced oxidative stress and reduce the suscefbitypof low-density lipoproteins
(LDLs) to oxidative modi cations [213{215]. Similarly, Srivastava and Chan found that oleic
acid does not induce the same level of cytotoxicity as palmatiacid in HepG2 cells (human
hepatocellular liver carcinoma cell line) at similar concerations [202] and the addition of
oleic acid reduces the cytotoxicity induced by palmitate [P6]. In another related study,
Kinter et al. investigated the protective role of unsaturated FFA in oxygefinduced toxic-
ity of hamster broblasts and found that monounsaturated FFA increased cell survival as
compared to saturated and polyunsaturated FFAs [217]. Furthemore, it has been shown
that unsaturated FFAs rescued palmitated-induced apoptosis bgonverting palmitate into

triglycerides [203]. Recently, Nataliet al. investigated the e ects of various types of FFAs
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in glial cells and found that oleic acid was a potent inhibito of fatty acid and cholesterol

synthesis [218].

In recent years, it has been established experimentally thatehalose has a stabi-
lizing e ect on biological membranes [219] by protecting tls from dehydration, heat, and
cold [126, 220, 221]. Moreover, evidence is mounting suggegtthat trehalose acts as an
antioxidant, possibly serves as a free radical scavenger [22242, and inhibits the peroxida-
tion of unsaturated fatty acids by heat or oxygen radicals [22 225]. In addition, trehalose
has been found to protect yeast cells and cellular proteinsofn damage by oxygen radicals

during oxidative stress [226].

2.5.3 Computational Studies

There have been MD simulations to investigate separately the ddogical functions of tre-
halose [148{151, 227, 228] and saturated fatty acid molecu[@29{231] and their interaction
with the lipid bilayer. Extensive reviews for bilayers with sacharides are described in Sec-
tions 2.3-2.4. For bilayers with saturated fatty acids, Choet al. investigated the e ect of
long chain transmembrane dicarboxylic acid (32 carbon chawith terminal carboxylic acids)
on palmitic or oleate bilayers [229]. Their simulations restd indicated that the movement of
fatty acids adjacent to the dicarboxylic acid (measured frornthe mean-squared displacement)
were signi cantly reduced and the lipid tail order parametes increased. They concluded that
the presence of dicarboxylic compounds regulates the meclwah and transport properties
of biological membranes by controlling membrane uidity. h another study, Ulander and
Hayman used MD simulations to study the di usion and permeation of/alproate/valproic
acid (a branched saturated fatty acid) through the model DPPilayers [230]. Based on
their simulation results, they estimated the free energy pro le (5-8 kcal/mol), permeation
coe cient (2.0 10 3 cm/s), and diusion coecient ( 10 ® to 10 °cm?/s) of valproic
acid translocation along the bilayer normal. Furthermore, Kecht et al. investigated the

mechanism of membrane fusion of model bilayers containing patate by monitoring the
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change in phase behavior of the bilayers using MD simulations3[]. With a ratio of 1:2
for DPPC/palmitate, they observed a direct phase transformatn from a gel to an inverted
hexagonal phase. During the transformation process, a metastalbilayer was observed
with interlamellar connections or stalks formed and elongat prior to the formation of an

inverted hexagonal phase.

2.6 E ect of Fatty Acids on Biological Membranes

2.6.1 Background

Unbound free fatty acids (FFAs), derived from dietary triglyceides (TGs) and phospholipids,
are aliphatic monocarboxylic acids, which are among the moshportant energy sources for
cells and tissues [192, 193]. Typically containing a lipid chrebetween 4 and 28 carbons,
FFAs are classi ed according to the degree of unsaturation: satated, monounsaturated,
and polyunsaturated [23{26]. The FFA concentration in the phsma is regulated by plasma
protein albumin, that leaves about 0.01 mmol/l unbounded [21, 232]. Recently,in vitro
studies con rmed that saturated FFAs induced signi cant toxic eects on various cells types,
however, unsaturated FFAs have been shown to reduce and/or pent toxic e ects by sat-
urated FFAs [194, 197, 201, 202]. Note that both saturated and saturated FFAs can be
transported through the membrane into cells through passive dnactive transport. Once
inside the cells, FAs can modify the lipid membrane propertiesybaltering the membrane
uidity and in turn a ecting cellular function [233, 234]. B ased on this fact, it is speculated
that, unlike saturated FAs, the presence of unsaturated FAs may hglmaintain or restore

membrane uidity to its normal state.
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2.6.2 Experimental Studies

There have been numerous studies that examined the e ects ohsaturated FAs on lipid
bilayers or liposomes. For example, Sunamotet al. investigated the autoxidation of egg
phosphatidylcholine (EPC), arachidonic and linoleic acidsn homogeneous solution and lipo-
somal membrane systems [235]. Using 1,1-diphenyl-2-picrylhgdy! as radical, they found
that the oxidation rate of unsaturated FAs or lipids was faster uth the membrane systems
as compared to the reaction in solution. Using uorescence poization technique, their re-
sults suggested that the reaction mechanism is controlled by merane uidity. In another
related studies, Leeet al. exposed liposomes containing di erent amounts of oleic, lifec,
and arachidonic acid to oxidizing medium and found that lippomes containing linoleic and
arachidonic acid were less susceptible to oxidation than olescid [236]. After exposing
the fragments of lipid peroxidation to endothelial cells, itwas found that the amount of
monocyte chemotaxis and monocyte adhesion were signi cantigcreased, thus concluding
that oxidation products of linoleic and arachidonic acids an trigger cellular immune re-
sponse. Furthermore, Samunet al. investigated the oxidative damage of EPC liposomes
containing arachidonic acid (C20:4),cis-7,10,13,16,19-docosapentaenoic acid (C22:5), and
cis-4,7,10,13,16,19-docosahexaenoic acid (C22:6) in the pnegs of vitamin E, antioxidant
(Tempo), and cholesterol [237]. Their results showed that allghyunsaturated FFAs are
highly sensitive to oxidation and hydrolytic degradation. Baed on the residual fragment of
FFAs collected over time, cholesterol demonstrated selectivegbective e ect, while Tempo
was better antioxidant than vitamin E. Recently, Watabeet al. examined the decomposition
rate of unsaturated FAs in DPPC liposomes, containing photopofyrin IX (PplIX), from
light irradiations and determined the oxidation rate, fromfast to slow: arachidonic acid<
oleic acid< -linoleic acid < linoleic acid [238]. Although oleic acid contains fewer dold>
bonds than linoleic derivatives, it has a greater oxidationate because the location of the
double-bond is in close proximity to the PplX molecules embeed within the bilayer. In
summary, experimental studies mentioned above are based on tiesulting products of lipid

oxidation, however, none have addressed the interactions faeten the lipid constituents and
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the FAs at the initial stage of this process.

2.6.3 Computational Studies

To gain insight and understanding of the e ect of unsaturated FAn cell membranes, sev-
eral studies using molecular dynamics (MD) simulations have be reported investigating,
separately, the biological functions of fatty acid molecuteand their interactions with the
lipid bilayers [231, 239, 240]. Hyweneret al. investigated the phospholipid component of
membranes that are hydrolyzed into fatty acids by phospholgses A2 enzyme [239]. Using
PLPC, lyso-PC molecules (a PC headgroup with glycerol backhe and palmitic acid chain),
and linoleate/linoleic acid in the model, they found that the bilayers became unstable, as a
result of the penetration of water into the core region of theilayer. Furthermore, Knecht et
al. investigated the mechanism of membrane fusion of model bilagerontaining fatty acids
by monitoring the change in phase behavior of the bilayers uginMD simulations [231].
With a lipid/fatty acid (DPPC/palmitic acid) ratio of 1:2, t hey observed a phase transfor-
mation from a gel to an inverted hexagonal phase. During the dnsformation process, a
metastable bilayer was observed where interlamellar connexsts or stalks were formed and
elongated prior to the formation of an inverted hexagonal pse. Recently, Wong-ekkubut
et al. investigated the structural properties of PLPC bilayers in tle presence of oxidized
lipids and fatty acid derivatives, at di erent concentrations [240]. The fatty acids consid-
ered were Qrans, cis-hydroperoxide linoleic acid, 13rans, cis-hydroperoxide linoleic acid,
9-oxo-nonanoic acid, and 12-oxo-9-dodecenoic acid. Thessults showed an inverse correla-
tion between the degree of oxidation and membrane thicknessy Bicreasing the fatty acid
content in the bilayers, they found an increase in the bilayer stace area while the bilayer
thickness was signi cantly reduced. Their permeation analysishowed that water molecules
were able to penetrate more easily through the bilayer, thusedtabilizing the bilayer struc-
ture. They attributed the toxicity e ect of the oxidized lip ids to an increase in the membrane

permeability.
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2.7 Conclusions

The relevant literature review for the topics of this study isdivided into six sections: mixed
lipid bilayers, lipid bilayers with disaccharides, dehydrate lipid bilayers with saccharides,
phase transition of lipid bilayers, and protective role of trealose and unsaturated fatty acids
in cellular toxicity. Each section is presented with a detailg background to the research topic

along with several signi cant contributions from experimenal and computational studies.

For the mixed lipid bilayers, MD simulations are shown to be an essal tool in
understanding the complexity of the membrane matrix. Two MD snulations methods have
been proposed: atomistic and coarse-grained models. The maivattage of atomistic over
the coarse-grained models is the ability to investigate ne stictural details, however, at
the cost of computational time and smaller bilayer size. As a resukhe lipid bilayer size
is an important factor when considering a basic building blockor membrane studies using
atomistic models. Another important factor in modeling the merbrane structure is the
bilayer composition. Due to the many types of PC and PE lipidshat exist in biological
membranes (PC and PE derivatives), the use of mixed PC and PE hijlers have been limited
in modeling complex membrane structures. As such, mixture of lgs is considered in
Chapter 4. The results discussed in Chapter 4 provide a detailesaysis of structural and

dynamic properties of DPPC/DPPE mixtures commonly encourgred in biological systems.

For lipid bilayers with disaccharides, only one kind of lipid Bayer (DPPC) has been
used to model the interactions with trehalose using atomistic na@l. However, cell mem-
branes are composed of a range of lipids that vary both in the &dégroup and fatty acid
composition. In order to obtain a better assessment of the interaons of trehalose with
a more realistic bilayer structure, the studies reported in Chater 4 also present the sim-
ulations of mixed lipid bilayers containing DPPC and DPPE inthe presence of trehalose.
The simulations provide a detailed analysis of the structural rad dynamic properties of

DPPC/DPPE-trehalose systems commonly encountered in biolagil systems.
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Even though the process of preserving liposomes in the dehydrdtstate is well-
known, there is still limited knowledge at the molecular leveon the properties of dehydrated
bilayers and the role of saccharides in their stabilization. ifce few attempts have been made
to study uni-lamellar bilayers under dehydrated conditionsn the presence of saccharides,
Chapter 5 reports the interactions of lipid bilayers with glicose or trehalose under dehydrated
conditions using MD simulations. The simulations presented alsaqvide insight into how

mono- and disaccharides stabilize the bilayer structure.

For the phase transition of lipid bilayers, lipid bilayers compsed of DPPC have been
used extensively to model the phase behavior from a gel to a ligurystalline phase. It has
been shown that the mechanism of phase transition for lipid bilays is directly related to
structural changes in the bilayer. This is important becausefom a biological standpoint,
studies have suggested that the co-existence of two lipid phasescell membranes is closely
associated with their functions, including signal transductionprotein transport, membrane
sorting, and presentation of putative binding sites for pathogns and toxins. Despite a
number of studies in this eld, coarse-grained models are bett suited to obtain insight
into the phase behavior of lipids, as large bilayers and long sitations are required to
obtain multi-scale properties of membranes. However, coarseiged models are unable
to capture detailed molecular features and characteristiasf the lipid molecules and more
subtle structural properties of the bilayers. As such, the phasednsition studies of complex
lipids cannot be modeled by coarse-grained methods, as impatt molecular features are not
explicitly shown. The study in Chapter 6 investigates the struatral changes of various lipid
bilayers near the main phase transition using atomistic modelsn lthis case, lipid bilayers
composed of DPPC, DPPE, POPC, and POPE are considered. The simtibns provide
insightful information of saturated and monounsaturated lipd bilayers at and near the main
transition state and valuable structural data to understand themechanism underlying phase

transitions.

For fatty acid-induced cellular toxicity, a series of expemental and computational
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measurements are collected to gain insight into how trehalosgeracts with liver cells (hu-
man hepatocellular carcinoma cell line, HepG2 cells) in the ggence of palmitate. As shown
in Chapter 7, the experimental measurements focused on detening the in uence of palmi-
tate and trehalose on the fate of HepG2 cells (performed by atlorators at Michigan State
University), and the computational part aims at interpreting and understanding the exper-
imental results, shedding light into the role of palmitate and tehalose in the toxicity of
HepG2 cells. In addition to Chapter 7, Chapter 8 adds computatnal investigations using
DOPC lipid bilayers exposed to saturated and unsaturated fattyacids (palmitate, oleate,
and linoleate). These are modeled to determine the role of ungeated fatty acids in re-
ducing cellular toxicity. This study aims at predicting and wnderstanding the interactions of
fatty acids embedded inside the lipid bilayers and identifyig the role of unsaturated fatty
acids in preventing changes in membrane uidity. Insight inb these mechanism will add to
our understanding of processes (i.e., metabolic, signaling,dahiophysical) that are induced
by free-fatty acids. This study represents the rst attempt to oliain a comprehensive un-
derstanding of the biochemical and biophysical processes leaylto and resulting from the

toxicity of palmitate on cells.



Chapter 3

Molecular Dynamics Simulations

The vast majority of experimental measurements report averagmolecular properties, either
as time average and/or ensemble average. For biological mawtes, molecular properties
measured from experiments are limited to those obtained from P&y di raction/scattering,
NMR, di erential scanning calorimetry (DSC), and Fourier transform infrared spectroscopy
(FTIR), to name a few (see previous experimental studies in Cpger 2). The ability to
predict the structure and dynamics of membranes at the atomievel using these analytical
tools is a rather di cult task. This is partly due to the comple xity of biological membranes,
the uid state of membranes at physiological conditions, and th lack of experimental data
that correlate the position and motion of atoms/molecules. Whin the past two decades, the
increasing power of computational resources has created mamgw approaches to study lipid
bilayers and has enhanced the experimentalist with the aliyito provide detailed structural

and dynamic properties of model lipid bilayers.

Since the main tool for this study is molecular dynamics (MD)other theoretical
approaches such as stochastic dynamics [241, 242], continudeciostatic methods [243],
Monte Carlo [241], mean- eld [244], and phenomenologicé45, 246] methods will not be
discussed (see previous computational studies in Chapter 2 for maodetails). MD was

originally developed to study the dynamics of liquids, which are represented by solid spheres

40
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and Lennard-Jone particles [247, 248]. Today, MD simulatierhave become an indispensible
tool in the molecular understanding of biochemical and biopisical processes, made possible
by accessible and e cient simulation programs, such as AMBER [249CHARMM [250],
GROMOS [251], GROMACS [252], and NAMD [253], to name a few. Amortpe many
applications of MD simulations is the study of lipid bilayer sysems [254{257]. It was evident
from early studies that atomistic models of lipid bilayers wex able to provide insight into

the molecular properties of lipids and their interactions iad role in biological environments.

Most MD codes are suitable to model lipid bilayers, however, GR@ACS has gained
considerable acceptance as one of the best simulation platforim additional to being an
open-source code, GROMACS is capable of performing largelscaimulations with good
scalability in parallel architectures [258, 259]. MD simulabns most often describe systems
with empirical force- elds, so that interactions at the atomstic level can be related to pre-
dict microscopic and macroscopic properties of the system. A bfioverview of molecular
dynamics, in the context of the methods implemented in GROMASE, is discussed in this

chapter.

3.1 Simulation Methods

Molecular dynamics simulations are based on Newton's Secondw.af Motion [260], given
by,
dv; d’r; .
F(ri) = riEp(ryrasry) = ma = mid—t' = miTZ'; i=1;2:N (3.1.1)
whereF is the force;E, is the potential energy;m;, a;, v;, andr; are the mass, acceleration,
velocity, and position of particlei, respectively;t is time; and N is the number of particles

in the system.

The basis of MD simulations is the solution of the di erential egation shown in

Equation 3.1.1 by numerically integrating it to determine msitions and velocities over time.
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The most common numerical schemes are based on the Verlet algon [261] and its modi-
cations [262]. The Verlet algorithm is a combination of twoTaylor expansions for particle
positionsr(t) moving forward (t+ t) and backward ¢ t)intime. Equations 3.1.2 and 3.1.3

show the rst four terms of the expansion series,

@(t) 1@r(t) 1 @r(t)
oL t+ 3 o t2+ 3 Gt t3+ (3.1.2)

@(t) i+ 1@r(t) £2 1@r(1)
@t 2 @1 3 @1

The new positionsr(t + t) are obtained by adding the two series expansions, as shown by

r(t+ t)=r(t)+

rt t)=r(t) t3+ o (3.1.3)

Equation 3.1.4.
rt+ t) 2r(t) r(t t)+ a(t)t? (3.1.4)

where, a(t) is the acceleration (second derivative). Note thag(t) is determined by dividing
the force F(r) by the massm, which is obtained from the gradient of the potential energy

Ep(r) (see the next section for more details on the potential enerpy
1 1
t)y= —F(r)= —r E 3.15
at)= F(N= 1 Eyr) (3.15)

The velocity is then determined from the trajectories of thdorward and backward position,

r(e+ t) r(t t)

vt = 2t

(3.1.6)

Another equivalent numerical integration scheme implementein GROMACS is the half-step
Leap-Frog algorithm. In this algorithm, the stored quantities are the current positions (t),
the half-step velocitiesv (t % t), and the accelerationsa(t). The velocities atv(t + % t)

and future positionsr(t + t) are calculated from,

1 1
v t+§t =v t §t +a(t)t (3.1.7)
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Figure 3.1.1: General procedure for the Leap-Frog algoritin a) Forces are calculated from
the known particle positions at timet. b) With the known forces at stept and velocities at
stept 7 t, the velocities for the next half-stept + 1 t are calculated using Equation 3.1.7.
c) The particle positions at stept + t is calculated using Equation 3.1.8 and the forces at
stept + t are calculated as described in a). d) The procedure is repedte

1
r(t+ t)=r()+ v t+ét t (3.1.8)
Since the velocity terms are evaluated at half-step, the cuent velocity is calculated by,

t

vi+tit +vit 1
2 2 (3.1.9)

2

v(t) =

The term Leap-Frog re ects the fact that the positions are evated at t and the velocities

att % t. The general procedure for the Leap-Frog algorithm is shown Figure 3.1.1.

3.2 Potential Energy

In a typical simulation, a force- eld (collection of interadion parameters) is used to describe
the interactions between the particles in the system. A forceld is comprised of pair-
additive potentials representing inter molecular and intrenolecular interactions. In general,

the functional form and parameters in a force- eld are empically derived from experimental



Sukit Leekumjorn Chapter 3. MD simulations 44

properties or are obtained from quantum mechanics calculahs. The following sections
describe the pertinent functional forms of the force- eld emloyed herein (parameters for

the corresponding systems are listed in Appendix A).

3.2.1 Intermolecular Potentials

Intermolecular potentials are generally described by Couttbic and Lennard-Jones (LJ)
potentials, used to express electrostatic and van der Waals inéetions, respectively, between

particles. Their mathematical representations are,

X X
Veoulomb = qq = f q— (3.2.1)

irj>i

X o1z 6
V= 4y L —L (3.2.2)
o ;
where Veouomp @nd Vi ; are the Coulombic and Lennard-Jones potentials, respectiyel ,
is the permittivity constant; f=;£-=138.935485 kJ mol® nm e ? [263];" and are LJ
parameters for particlei and j; qis the charge; andr is the distance between andj. A

schematic representation of the intermolecular potential ishown in Figure 3.2.1.

Calculation of the Coulombic and Lennard-Jones potentialare the most demanding
part of simulations, as they account for pair interactions bateen all particles in the system.
These interactions decay with increasing distances (see Fig@®.1), therefore, they are usu-
ally truncated outside a primary cuto radius r.. For this reason, all simulations performed
here apply the cuto method. To improve the accuracy of the simlations, the truncation
of the potentials are corrected to account for long-range teractions by the Particle Mesh
Ewald (PME) method [108, 263] for electrostatic interactios and dispersion correction for

the van der Waals interactions.
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Figure 3.2.1: Schematic representation of a) Coulombic and hennard-Jones potentials.
Note that both repulsive and attractive charges are shown for th Coulombic potential.

3.2.2 Intramolecular Potentials

Intramolecular potentials are used to describe the interaans between covalently bonded
atoms within a molecule. Generally, the potentials are repsented by harmonic and pe-
riodic functions giving by Equations 3.2.3 to 3.2.7. These agtions describe the energy
contributions for bond, angle, improper dihedral, torsionand Ryckaert-Bellemans (RB) tor-
sion potentials, respectively. A schematic representation of ¢hintramolecular potentials is

illustrated in Figure 3.2.2.

X k>
Voond = _J(|| ||O )2 (3.2.3)
2 Nu
1)
Xk
Vangle = %’k( gk Sx)? (3.2.4)
ik
X 2
Vimproper = Kisiner (i ikl ) (3.2.5)
ikl
X
Viorsion = ki;j;k;l [1+codn i(;)j;k;l ) (3.2.6)
ikl
PANIDC
Vre = Cm[coq1 ikt )] (3.2.7)

i;j;k;l m=0
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Figure 3.2.2: Schematic representation for a) bond, b) angle) improper dihedral, d) torsion,
and e) Ryckaert-Bellemans potentials. Note that improper digdral potential is used to

keep planar atoms from ipping to its isomers and Ryckaert-Béemans potential is used
speci cally for hydrocarbon atoms.

For Vihond, Vangle, and Vimproper » the potentials are represented by harmonic functions where
the force constants Kk, k , k ) are listed as the parameter sets along with the equilibrium
bond length I°, bond angle °, and plane angle °, respectively. ForViysion, the potential

is governed by a periodic function with three parameters setsperiodic constants k ),
equilibrium torsion angle ( °), and periodicity (n). Lastly, for Vrg, the potential is described

by ve periodic functions with constant coe cients C,,.

3.3 Kinetic Energy, Temperature, and Pressure

The kinetic energy of a system is calculated from the velocityf @ach particle by,
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|
Ey = émiviz (331)

i
where Ey is the kinetic energy;N is number of particles in a system; anan and v are the

mass and velocity of particle, respectively.

From the kinetic energy, the temperaturel of a system is calculated from the Boltz-

mann relation,

3
Ey = éN ke T (3.3.2)

wherekg is the Boltzmann's constant.
To compute the system pressure, the kinetic energy is rst expressed a tensor,

Ey = %mivi Vi (333)

wherem and v are mass and velocity of particle, respectively.

The pressure tensorP is then calculated from the di erence between the kinetic

energyEy and the virial  term,

p= é(Ek ) (3.3.4)

whereV is the volume of the simulation box.
The virial  tensor is de nded as,

W
2

i<j

ri Fj (3.3.5)
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wherer is the position vector ¢; = r; r;) and F is the force on particlei exerted byj .

Finally, the scalar pressureP is computed as,

_ trace(P)

p
3

(3.3.6)

3.4 Ensembles

An ensemble is a collection of all possible systems which have deet microscopic states
but have an identical macroscopic or thermodynamic state [2p4Depending on the nature
of systems considered, one can consider di erent ensembles. Foaragle, the canonical
ensemble speci es the number of particled, volume V, and temperatureT; the isobaric-
isothermal ensemble has constant number of particlé$, pressureP, and temperatureT.
In this study, NPT ensembles are largely employed as they are the most suitable floe
desired conditions, and provide a direct comparison to laboraty environments. In the
NPT ensemble, the number of particle®N is xed, and the temperature T and pressure
P are controlled by a thermostat and barostat, respectively, toresure the average system
temperature and pressure are maintained at the set points. Thelll@ving two sections brie y

describe the implementation of the thermostat and barostat carols in MD simulations.

3.5 Thermostat

As implemented in GROMACS, the system temperature, calculatettom the particle ve-
locities, is controlled by the Berendsen weak coupling tecliuie [265], which assumes an
isolated system coupled to an external heat bath. In practicakrms, this corresponds to the

addition of a temperature coupling term to the equation of mton as,
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dVi m; E

mia = Fi + Z T 1 Vi (351)

where 1 is the coupling time-constant (strength of the coupling)T, is the set temperature;

and T is the instantaneous temperature.

The heat ow into or out of the system is adjusted by scaling the pdicle velocities
with a time-dependent factor, . The temperature scaling factor for each half-step in the

Leap-Frog integration is given by,

1=2
L [ ] (3.5.2)

3.6 Barostat

Similarly to the thermostat, the pressure on a system is controlleby the Berendsen weak
coupling technique [265]. Since the pressure is a direct measwaf the forces normal to a
surface, controlling the pressure implies scaling the partidecoordinates and box vectors

along thex-, y-, and z-directions [266]. The change in the equation of motion follvs,

(Po P)

= P

i Iy (t) (3.6.1)

wherer and v are the position and velocity of particleN, respectively; is the isothermal
compressibility of the systempP, is the set pressureP is the instantaneous pressure; and

is the coupling time-constant [265, 266].

In general, the Berendsen algorithm rescales the coordinatasd box vector with a

scaling matrix, , given by,
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= 3—2 [Poj Py (1)] (36.2)

wherei and ] are the components of the pressure tensor; andis a delta function. In all

simulations presented in this study, all o -diagonal elementsf the scaling matrix are zero.

There are three pressure coupling schemes available in GROMAGSbtropic, semi-
isotropic, and anisotropic. In isotropic coupling, all three emponents of the box vector
are equally scaled, ensuring that the simulation box remains @portional. In semi-isotropic
pressure coupling, two dimensions are coupled isotropically canhe third scales indepen-
dently. And in anisotropic coupling, all components of the boxector are uncoupled, and as

such, it imposes the least amount of constraint on the system.

3.7 Properties Measurement

Basic equilibrium properties can be calculated from MD simuteons as time averagei ;.

after the system is equilibrated. That is, the average value ofpperty A over the simulation

period can be obtained from,

— i o N .+N 1 )M N . N
= lim = A pr(t);rT(t) dt M A pr(t);r(t) (3.7.1)

to i=1

where is the simulation time; M is the number of time steps in the simulationA; is the
instantaneous value ofA, expressed as a function of the momentum and positionsr of the

atoms N in the system. The ergodic hypothesis assumes thbAi is independent of the

time

choice of timetg, and it is equivalent to the ensemble averageAi [267].
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3.8 Summary

All the MD simulations presented in this dissertation are perforrad with GROMACS, a
parallel molecular simulation suite originally developed ithe Department of Biophysical
Chemistry at the University of Geningen [252]. GROMACS has tle capability of perform-
ing large scale simulations which is necessary for the model diphilayers. With suitable
force- eld parameters (see appendix A), simulations are perfoed by integrating the equa-
tion of motion using the Verlet scheme with the half-step Leap<dg algorithm. Berendsen
thermostat and barostat are implemented in typical simulatios to control the temperature
and pressure of the model bilayers, thus simulating NPT ensembles.cAmplete description
on how to set up MD simulations for a particular system using GROMAG can be found in

the user's manual [252].



Chapter 4

Molecular Investigation of Trehalose

with Mixed Lipid Bilayers

Cell membranes are composed of a wide range of phospholipidseritig in headgroup and
fatty acid composition (see Chapter 1). From both experimentand theoretical standpoints,
structural and dynamic properties of model lipid bilayers cmposed of one or more types of
lipids are of great interest in many applications involving mlogical membranes (see Chapter
2.1 for details on mixed lipid systems). In particular, in the dd of biological stabilization,
model lipid bilayers containing DPPC have provided insightrito the mechanism by which
disaccharide molecules interact with the lipid bilayer to peserve the membrane structure
and biological functions (see Chapter 2.2 for more details dsiological preservation). In
order to obtain a better assessment of the interactions of trelade with a more realistic
bilayer structure, this chapter presents MD simulations of migd lipid bilayers containing
DPPC and DPPE, two of the most abundant lipids found in biologtal membranes. The aim
is to characterize mixed DPPC and DPPE bilayers at di erent nembrane compositions and
the interactions of trehalose therewith. The simulations pigented here also resolve issues
related to the distribution of hydrogen bonds between DPPE, BPC, trehalose, and water

molecules. This work provides detailed analysis of structurand dynamic properties of

52
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DPPC/DPPE bilayers and trehalose.

4.1 Simulation Details

Molecular dynamics simulations were performed on systems cainting a total of 256 lipid
molecules (128 per leaet) arranged in a bilayer structure. Wy hydrated systems (30
waters/lipid) containing DPPC and DPPE were studied for the conpositions shown in Ta-
ble 4.1.1. Figure 4.1.1 shows the structure and the assigned nuening considered for the
atoms in DPPC and DPPE. The initial con guration for Lipid-A (pure DPPC) was con-
structed from the replication of a previous equilibrated bayer containing 64 lipids [268].
The con gurations for the mixed systems (Lipid-B, C, D) were ceated by randomly re-
placing DPPC molecules with DPPE molecules, namely the N(G}) (choline) moiety of
DPPC by the NH3 (amine) group of DPPE (in the united-atom representation usedthe
CHj3 group is a single site, thus these were replaced by hydrogen atoand the bond length
with nitrogen adjusted to 1.0A). Note that a force- eld for DPPE is currently unavailable
but it is proposed to be composed of the combination of the lipidydrocarbon tails from
DPPC and the lipid headgroup from POPE [269]. Figure 4.1.2a skws a snapshot of Lipid-C
system containing 128 DPPC and 128 DPPE molecules (note that anifiorm distribution of
DPPC/DPPE molecules was set for both lea ets). For the pure DPIE system (Lipid-E), all
DPPC molecules from Lipid-A were converted to DPPE using the sae approach described
above. Lipid-F, G, and H were constructed by randomly insertig trehalose molecules into
the aqueous region of previously equilibrated Lipid-A, C, an#&, respectively. During the in-
sertion process, overlapping water molecules with trehalosereeleleted and additional water
molecules were subsequently removed to obtain a 5 wt% trehal@sacentration. Figure 4.1.3
shows the structure and assigned atomic numbering for trehalosg low trehalose concentra-
tion was chosen since it is in the range of values reported in opreservation, lyophilization,
and other modeled membrane-trehalose studies [124{127]. &g 4.1.2b shows a snapshot

of 1:1 DPPC/DPPE-trehalose system (Lipid-G system).
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Table 4.1.1: Composition for mixed DPPC/DPPE bilayers with aad without trehalose. A
total of 256 lipids were used for all systems. Numbers for lipids emper lea et and each
lea et contains the same number of DPPC and DPPE molecules.

System DPPCl/leaet DPPE/leaet Water Trehalose

Lipid-A 128 0 7,680
Lipid-B 96 32 7,680
Lipid-C 64 64 7,680
Lipid-D 32 96 7,680
Lipid-E 0 128 7,680
Lipid-F 128 0 7,225 20
Lipid-G 64 64 7,225 20
Lipid-H 0 128 7,225 20
DPPC o
14 17 18 19 20 21 22 23 24 25 28 27 28 29 X 31
/3 (% u 0’15 Sn2 -
I N R
/45 ° 0Os o o
L ! 10 35
choline phosphate carbonyl hydrocarbon tails
amine H phosphate H carbonyl A hydrocarbon tails
0] 0]

DPPE o)

Figure 4.1.1: Molecular structure and assigned numbering ofahs for DPPC (above) and
DPPE (below). Chemical symbols are hydrogen (H), nitrogen (N)oxygen (O), and phos-
phorus (P).
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Figure 4.1.2: Snapshot of a) Lipid-C and b) Lipid-G at 350 K. Clored molecules are the
DPPC headgroup (blue), DPPE headgroup (green), lipid tailg¢gray), water (red), and tre-
halose (brown). See Table 4.1.1 for additional information.

OH

TOl1  TO5

HO O O
OH
TO6
O

HO HO OH

TO2 TO4

OH
HO TO3

Figure 4.1.3: Molecular structure and naming of oxygen atomis trehalose. Chemical
symbols are hydrogen (H) and oxygen (O). Hydrogen atoms bound tarbon atoms are not
shown. The assigned numbering and naming of all atoms for trelbak is listed in Appendix
A.2.11.



Sukit Leekumjorn  Chapter 4. Interactions of Trehalose with Nked Lipid Bilayers 56

The force- elds for DPPC and DPPE were consistent with those enmgyed in the
previous studies which included intramolecular parameter®r bonds, angles, proper dihe-
dral, and improper dihedral [103, 270]. The Ryckaert-Belleans potential was used for
the torsion potential of the hydrocarbon chains [271]. Non-bwled interactions were de-
scribed by the parameters from Bergeet al. [104, 110, 272] and partial atomic charges were
obtained from Chiu et al. [96]. The single point charge (SPC) model was adopted for wa-
ter [273]. To improve computational e ciency, the united-aom representation was used for

the methyl/methylene groups in the alkyl chains of both DPPCand DPPE.

Steepest-decent energy minimization was performed on eactsteyn before starting
the simulations. Each lipid system was allowed to equilibrate fat least 1 ns, followed by 50
ns runs for all systems. Simulations were performed in ti¢P T ensemble. Temperature and
pressure of the simulation box were kept constant using the weakuming technique [265],
with correlation times 1+ = 0.1 ps and p = 2.0 ps for the temperature and pressure, respec-
tively. Temperature for all systems was set at 350 K, which is ake the liquid-crystalline
phase transition temperature of the fully hydrated pure and mied DPPC/DPPE bilay-
ers [18]. Constant pressure was attained by semi-isotropic presswoupling to a pressure
of P = 1 bar (compressibility = 0:46 10 ° bar 1), thereby allowing the xy- and z- di-
mensions of the simulation box containing the bilayer to uctate independently. Periodic

boundary conditions were imposed in all three directions.

The linear constraint solver (LINCS) algorithm was used to conséin all bonds of
the lipid molecules [274], and the SETTLE algorithm for wate molecules [275]. These
constraint algorithms allowed simulations to be carried out #h a 2 fs time-step using
the Leap-Frog integration method [248]. Non-bonded interéions were cut o beyond 9A.
Due to the shortcomings of electrostatic interaction truncabns resulting from a simple large
cuto and reaction- eld dielectric [276], along with well documented simulations of biological
systems [277{280], particle-mesh Ewald (PME) [108, 263] wasplamented in all simulations
to account for the long-range electrostatic correction (02Lnm for the grid size, 4 order

spline interpolation, and real-space cuto at 9A). Trajectories were collected every 2 ps.
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All simulations were performed with the GROMACS 3.3 software pzage [258, 259] (single-
precision mode) in parallel (about 5 ns/day in 12 nodes) using Vinga Tech's SystemX [281].

4.2 Analysis of Mixed DPPC/DPPE Bilayers

Equilibrium properties, structure, and dynamics for pure andmixed lipid bilayers were
calculated over the 50 ns simulation runs. To maintain the stabiy of the lipid systems,
all simulations were performed above the experimental ligicrystalline phase transition
temperature ( 315 K for pure DPPC [282], 324 K for 25 mol% DPPE, 329 K for 50
mol% DPPE, 333 K for 75 mol% DPPE, and 337 K for pure DPPE, as reported by
Petrov et al. [18]). Since the abundance of PE across organisms and cell type highly
variable, it is necessary to examine compositions spanning thencentration spectrum (see
Table 4.1.1). An evenly distributed bilayer of DPPC and DPPE méecules on each lea et
was necessary to create a stable system in which the average arealipé&d in each lea et
was not signi cantly di erent and distortion of the simulation box could be neglected. The
stability of fully equilibrated lipid systems was veri ed by maitoring the average area per

lipid over the simulation runs.

4.2.1 Area per Lipid

The average area per lipid was calculated from the cross seot area of the simulation
boxes (plane of the bilayer, in this case, along they-plane) divided by the number of lipids
per lea et (128 lipids). Figure 4.2.1a shows the time averageea per lipid for Lipid-A to

E. The average values for pure DPPC and DPPE systems are 0.62.01 nn? and 0.58 0.01
nm?, respectively. For the pure DPPC system, the value obtained ages well with previous
MD simulation results at 350 K of 0.668 0.007 nnt [147]. For the pure DPPE system,
the value agrees well with previous simulation results at 343 kf 0.58 nnt [115] and

the experimental result of 0.60 nnt at 342 K [283]. Coarse-grained MD simulation has
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Figure 4.2.1: Area per lipid for the lipid bilayers over the corse of the simulations: without
trehalose and with trehalose. Straight dash lines show the avg®area per lipid (hnumber in
parentheses).

reported an area per lipid of 0.58 nnt in the liquid-crystalline phase of an 1:1 DPPC/DPPE
bilayer [121], a value smaller than that obtained here for theame bilayer mixture ( 0.62

nm2).

4.2.2 Lipid Tail Deuterium Order Parameter

The lipid tail deuterium order parameterScp [92] is a measure of the orientation and ordering
of the phospholipid tails in the bilayer with respect to the biayer normal. Note that a Scp
value of 0.5 corresponds to the perfect alignment of the lipid tails tohe bilayer normal.
Figure 4.2.2a shows the averad&-p as a function of the carbon atom along the lipid tails for
Lipid-A to E. The carbon atoms are numbered as followSn-1 tail consists of carbon atoms
C34, C36-C50 andSn-2 of C15, C17-C31 (see Figure 4.1.1). For the mixed systems, the
combined values obtained for the two lipid tails of DPPC and PPE are reported as a single
set of values. Previous experimental results are also shown in fig 4.2.2a for comparison,
which includes NMR measurements of pure DPPC at 353 K [283] andiig DPPE at 342

K [17]. Large dierences are seen between the experimentaldasimulation results in the
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Figure 4.2.2: Deuterium order parameter $cp) of the phospholipid tails at 350 K for a)
Lipid-A to E and b) Lipid-F to H. Lines correspond to Lipid-A (solid), Lipid-B (dot), Lipid-
Closed circles, squares, and
diamonds correspond to Lipid-F, Lipid-G, Lipid-H, respectivly. Open circles and squares
are experimental NMR measurement of pure DPPC at 353 K [283] armlire DPPE at 342
K [17]. For clarity, the average value for the two lipid tailsis shown.

C (dash), Lipid-D (dot-dash), and Lipid-E (dot-dot-dash).

lower carbon number because lipid force- elds need furtheredelopment.

However, the

results obtained lie within an acceptable range with a similairend in the order parameter

of the lipid tails. Even though there are no data available fothe mixed lipid systems, the

values obtained lie within the two limits of the pure systems.

4.2.3 Mean-Squared Displacement for the Lipids

Figure 4.2.3 shows the mean-squared displacement for the lipieblecules for all systems con-

sidered. The solid and dashed lines show the results for DPPC and BB, respectively. The

calculated 2D di usion coe cients using the Einstein relation range from 032 0:20 10 °©

cm?/s to 0:79 0:10 10 © cn?/s. These results are comparable to those obtained from
previous MD simulations of pure DPPC of @127 0:005 10 ® cm?/s at 323 K [284], of
0:33 0:1 10 ® cm?/s at 350 K [147], and coarse-grained MD simulations in the lidd-

crystalline phase of 0.32 10 ® cm?/s [121]. The values of diusion coe cient for the
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Table 4.2.1: Calculated equilibrium properties for the ligl bilayers. Dpppc and D pppe
represent the 2D (lateral) di usion coe cient. Dtre represents the 3D di usion coe cient.
Distance P-P is the estimated bilayer thickness. All results are for simulatioat 350 K.

SyStem D DPPC a D pppe a D1re a Distance P-P b

Lipid-A 0:79 01 343 001
Lipid-B 0:59 0:1 059 01 366 001
Lipid-C 0:51 01 048 01 379 001
Lipid-D 0:57 0:2 053 02 3:86 001
Lipid-E 0:32 02 4:.00 001
Lipid-F 0:56 01 362 01 356 001
Lipid-G 0:41 01 035 01 448 01 378 001
Lipid-H 030 02 493 01 395 001

2 values reported adD  10° cn/s
b values reported in nm

various lipid systems are also listed in Table 4.2.1. Due to a laggincertainty in determining
the di usion coe cients by tting a line of unity slope in Figur e 4.2.3, larger error estimates
were imposed for Lipid-D and Lipid-E systems due to the high uaiations in the mean-
squared displacement at the di usive region (see values in Tab{e2.1). It is clear that the

lipid molecules in Lipid-D and Lipid-E require a longer timeto reach the di usive regime.

4.2.4 Component Density Pro les for Lipid Bilayers

Figures 4.2.4a-c show the component density pro les for pureHPC, DPPE, and mixed 1:1
DPPC/DPPE bilayers along the normal direction to the bilaye interface. The interface is
the region with the highest molecular density j.5 2:5) nm), corresponding to the lipid
headgroups. This location of the interface is con rmed by thg@hosphorus and nitrogen
density pro les for DPPC bilayers (see Figure 4.2.4a). Simitdeatures are also observed for
the mixed and pure DPPE bilayers (see Figures 4.2.4b-c). Thegion (25 4:0j nm) of
approximately 950 kg/m® corresponds to the aqueous phase, and the section with the lowest

density is at the center of the bilayer structure correspondingp the terminal lipid tails.
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Figure 4.2.3: Mean-squared displacement for pure and mixed BE and DPPE bilayers: a)
without trehalose and b) with trehalose. Solid and dash lines peesent the displacement of
PC and PE lipids, respectively. Circles and squares are the cesponding results without
trehalose. Short solid line has unity slope. Numbers indicate ¢hdisplacement of the lines,
shifted for clarity.

Another useful property to describe the structure of the bilayex is the nitrogen and
phosphorus density pro les, as shown in Figures 4.2.4a-c (theigbt of the distributions
corresponds well with the lipid compositions). For the pure DPE system (Figure 4.2.4a),
it is clear that the nitrogen density pro le is aligned at abou the same position as the phos-
phorus density pro le. A closer inspection shows that the distribtion of nitrogen extends
slightly further to the aqueous phase, that is, the N(CH)3 (choline) group is fully hydrated.
In contrast, the density pro le of nitrogen for the pure DPPE sysem (Figure 4.2.4c) extends
toward the bilayer core beyond the phosphorus density pro leThis indicates that the NH;
(amine) group in DPPE favors interactions with the phosphateand/or carbonyl groups.
One explanation for this behavior is the preferential hydrgen bonding with the lipid oxy-
gens located around the headgroups (experimentally obseagy Habner and Blume [88] and
predicted computationally by Damodaran and Merz [114], dernéset al. [115], and Murzyn
et al. [116]). This observation is more pronounced in the mixed ligs (Figure 4.2.4b) where
the pro le for the DPPC choline group extends into the aquecosiphase and the DPPE amine

group toward the bilayer core. Note that the pro les of the phgphorus atoms for the mixed
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Figure 4.2.4: Component density pro les for lipid bilayers 8350 K: a) Lipid-A, b) Lipid-C,
c) Lipid-E, d) Lipid-F, e) Lipid-G, and f) Lipid-H. Line repre sentation corresponds to: total
density (solid), water (dot), PC-nitrogen (dash), PC-phosphaus (dot-dash), PE-nitrogen
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pro les for nitrogen, phosphorus, and trehalose are magni ed 5.

The density
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1:1 DPPC/DPPE system are almost overlapping, and the pro les ofhe nitrogen atoms are
either closer to the water interface (DPPC nitrogen) or closeto the bilayer core (DPPE
nitrogen). This preferential interaction of the headgroup results from the type of interac-
tions, which in the case for choline is the hydrophobic hydratn around the CH groups,
and for amine is the competition of hydrogen bonds with wateand oxygen atoms in the
headgroups. Figure 4.1.2a clearly demonstrates these phenaméor the mixed 1:1 bilayer
system where most of the DPPC headgroups (represented in blue)imdoward the aqueous
phase and the majority of DPPE headgroups (represented in gréepoint toward the bilayer

core (gray color region).

4.2.5 Bilayer Thickness

From Figures 4.2.4a-c, the distance between the two maximumegks, which is directly
related to the bilayer thickness, is estimated to increase witimcreasing DPPE concentration,
from about 3.43 nm in pure DPPC to about 4.00 nm in pure DPPE (tis thickness is referred
as the distanceP-P in Table 4.2.1). The decrease in the area per lipid (see Figure24)
accompanied with an increase in the bilayer thickness has begreviously observed in both
experiments and simulations, which is attributed to the smalle DPPE headgroups and
results in a closer packing of the lipids according to the numbeof DPPE molecules in
the system. From this simple quantitative analysis, the smaller aa per lipid reduces the
mobility of lipid tails by partially constraining the lipid o rientation in the plane of the
bilayer surface, therefore causing the lipid tails to extendnithe direction normal to the
bilayer. This reasoning is consistent with the observations ohdreased bilayer thickness
with increasing DPPE concentration. However, other factors, st as hydrogen bonding,
also play an important role in the structure and dynamics of theilayer, and these will be

considered in detail as well.
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4.2.6 Phosphorus-Nitrogen Angle Distribution

To further con rm and quantify the preferential positioning of the choline and amine groups,
the average intramolecular angle was calculated for the psghorus (P) to nitrogen (N) vector
for both DPPC and DPPE. The intramolecular angle was computkfrom the angle formed
between the P-N vector (phosphorus and nitrogen in the same i) and the axis normal
to the bilayer surface g-axis). Figure 4.2.5a illustrates the vector and angles consigd, as
well as the normalized angle distribution for the P-N vectordr the lipid systems. An angle
of zero degree corresponds to a vector aligned with the axis reference pointing toward
the aqueous phase, and an angle of 180 degrees corresponds &ctrpointing toward the
bilayer core. The angle distributions for DPPC and DPPE are shan in Figures 4.2.5b and
c, respectively. For DPPC, the angle distributions of Lipid-Ato D are broad with a distinct
maximum. For Lipid-A, the wide distribution peaks at about 100degrees, indicating that the
choline groups are exposed to the aqueous phase and are unhiad¢o take any orientation.
As the concentration of DPPC decreases, the angle distributionrfthe DPPC groups shifts
to lower values (maxima at approximately 40 degrees in Lipi®), suggesting that most of the
choline groups are more exposed to the aqueous phase. This issed by the closer packing
of the lipids in the presence of DPPE, as observed in the reduati of the area per lipid. For
DPPE in Lipid-B to E, the majority of the angles for the P-N vedor are greater than 90
degrees, indicating that most of the amine groups in DPPE areVarably interacting with
lipid oxygen atoms (Figures 4.2.5¢). A bimodal distributiorfor the angle of the P-N vector is
observed and becomes more pronounced with increasing DPPE @amtration. This suggests
that there are two preferential hydrogen bonding sites: one aethe interface (distribution
less than 90 degrees) and one near the lipid oxygen atoms (distriion greater than 90
degrees). In general, it is expected that additional DPPE metules should induce more
hydrogen bonds of DPPE with lipid oxygen atoms and, consequén increase the angle in
the distribution curves in the limit to pure DPPE. However, the results indicate otherwise,
and they can be reasoned as follows: the fact that there are mddedonors from NH; groups

in DPPE than available H-acceptors from lipid oxygens meandat there is a competition
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Figure 4.2.5: Top row: a) Pictorial representation for P-N vetor for DPPC and DPPE.
b) Normalized angle distribution for P-N vector for DPPC in Lipid-A to D and c) DPPE
in Lipid-B to E. Lipid systems are represented by: solid (Lipid-A) dot (Lipid-B), dash
(Lipid-C), dot-dash (Lipid-D), and dot-dot-dash (Lipid E). B ottom row: Normalized angle
distribution for the P-N vector for d) DPPC between Lipid-A and F, e) DPPC and DPPE
between Lipid-C and G, and f) DPPE between Lipid-E and H. Systemwith and without
trehalose are represented by solid and dash lines, respectivelyl #igles are measured with
respect to the normal of the bilayer surfacezfaxis).

for hydrogen bonds between lipid oxygens and water. Since tftbrs are in excess, hydrogen
bonds with water near the lipid-water interface becomes meirfavorable, thus decreasing the

average tilt angle of the P-N vector as seen in the bimodal dighution curves.

4.2.7 Hydrogen Bonding Analysis: DPPE as H-Donor

An extensive analysis of the hydrogen bonding with the NHgroup was performed to provide

greater insight into the structure of the bilayer. Here, a hydrgen bond is de ned according
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Table 4.2.2: Average number of hydrogen bonds between the NHjroup in DPPE and

H-acceptors in water, lipid (lipid oxygen atoms), and trehalse (trehalose oxygen atoms).
Average number of inter and intramolecular H-bonds are calatled separately for the lipids.
Note that all values are reported per NH.

Lipid-B Lipid-C Lipid-D Lipid-E Lipid-G Lipid-H

Inter H-bond/NH 3 1.13 1.11 0.98 0.90 1.05 0.93
Intra H-bond/NH 3 1.04 0.98 0.97 0.98 0.98 0.97
H-bond H,O/NH 3 0.75 0.75 0.85 0.93 0.77 0.89
H-bond trehalose/NH; 0.01 0.04

Total H-bond/NH 3 2.92 2.85 2.80 281 2.82 2.81

to the criteria suggested by Brady and Schmidt [285], with the idtance between the donor
and acceptor (in this case, nitrogen-oxygen) to be within 0533nm and the angle donor-
hydrogen-acceptor between 120 and 180 degrees. Table 4.2 @wshthe average number of
hydrogen bonds between NH in DPPE and all other oxygen atoms, including lipids and
water, for each system with DPPE (Lipid-B to E). The oxygen sitesvailable as H-acceptor
are located at the phosphate group (O7, 09, O10 and 0O11), at thevo carbonyl groups
(014, 016, 033, 035), and water (OW). Figure 4.1.2 shows the pi@ent oxygen sites on
the lipids. Separate calculations were performed for DPPC drDPPE to di erentiate the
hydrogen bond contributions from each lipid. Hydrogen bondantributions resulting from
intermolecular and intramolecular hydrogen bonds for DPPEare separately reported for
each system. From the results shown in Table 4.2.2, the total awge number of hydrogen
bonds per NH group is independent of the DPPE concentration at about 2.82.92 (last
row in Table 4.2.2). This is expected because NHhas three H-donors, thus able to form
a total of three hydrogen bonds. To maintain a number of hydragn bonds per NH, both
intermolecular and intramolecular hydrogen bonds are reded with increasing DPPE con-
centrations while intermolecular hydrogen bonds with watesigni cantly increase. This is
related to a shifting between intermolecular and intramoladar hydrogen bonds with water

due to an excess of H-donors (competitive hydrogen bonding ets).
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Evidently, the total number of hydrogen bonds between NH and lipid oxygens or
water plays an important role in determining the average aeeper lipid. The total number
of DPPE increases from 25 mole% (Lipid-B) to 100 mole% (Lipi&) while the average
area per lipid decreases from 0.66 to 0.58 Am If assuming that the area per lipid for
the mixed systems is simply a linear average of the pure lipids, éhdash line shown in
Figure 4.2.6 is obtained. However, as shown in the gure, the @a per lipid signi cantly
deviates from the ideal case. For example, there is approxitely a 9.5% reduction in
area per lipid from Lipid-A (pure DPPC) to Lipid-B (25% DPPE), whereas the ideal case
predicts a 5.2% reduction. The percentage reduction in therea per lipid from Lipid-B
to C, Lipid-C to D, and Lipid-D to E are 6.1%, 4.5%, and 3.0%, repectively. The fact
that the area per lipid decreases non-linearly and the perdage reduction becomes smaller
with increasing DPPE concentration can be explained by the psence of more H-donors
than available H-acceptors as the DPPE concentration increas, resulting in a competition
between the lipid oxygens and water for hydrogen bonds witthé NH; group. The presence
of more water molecules near the NHgroups in DPPE increases the hydration of the lipids,
thus causing a smaller decrease in the area per lipid than wouldherwise occur. This
is seen from the data in Table 4.2.2 that shows the increase in tmeimber of hydrogen
bonds between NH and water per DPPE, while the number of inter and intramoleclar
hydrogen bonds per NH decreases with increasing DPPE concentration. A similar behiav
has been observed by de Vries et al. in DOPC/DOPE mixtures in wth the area per
lipid decreased non-linearly with increasing PE content [115The study by Gurtovenko et
al. on DMPC and dimyristoyltrimethylammonium propane (DMTAP) mi xtures, a neutral
and cationic lipid, respectively, also showed a non-linear depdence of the area per lipid,
with a minimum at about 0.5 mole fraction [286]. For the systemsonsidered, DPPC and
DPPE are both neutral lipids and their mixtures do not expanddue to the increased charge
concentration and electrostatic repulsion, unlike the resutobserved by Gurtovenket al. for
mixed DMPC/DMTAP lipid systems [286].
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Figure 4.2.6: Average area per lipid for DPPC/DPPE bilayers 4350 K. Actual values are
reported in Table 4.2.2. Dash line is the ideal case if the areamplipid linearly decreased
with increasing DPPE concentration. Error bars are estimatedgtandard deviation of the
trajectories collected over the last 30 ns.

4.2.8 Radial Distribution Functions for Lipid Oxygen Atoms

Additional analysis of the hydrogen bonds was performed to iegtigate the e ect of lipid
hydration with increasing DPPE concentration. Various radal distribution functions (RDF)
between lipid oxygen atoms and water were calculated, as tw shown in Figure 4.2.7 for
the Lipid-C system (RDFs were calculated separately for DPPC ahDPPE). RDFs for
the other compositions are not shown for the sake of brevity, butey are all similar to
those in Figure 4.2.7. The hydration radius for each lipid oxyen was found by determining
the distance of the rst minimum in the RDFs. Most RDFs showed a welble ned peak
below 0.35 nm, con rming possible hydrogen bonds within the layation radius based on
the criteria suggested by Brady and Schmidt [285]. Table 4.2summarizes the hydration
radius for the various lipid oxygens obtained from the RDF awes. As seen in Figure 4.2.7,
hydration radii for the O7 from DPPE and O33/035 from both DPPC and DPPE are
unavailable because no minima were found in the RDFs. Once thember of water molecules
within the hydration radius are determined, the number of hgrogen bonds between lipid

oxygen atoms (H-acceptor) and water (H-donor) can be calcukd using the prior criteria
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Figure 4.2.7: Radial distribution functions for lipid oxygen atoms and water for a mixed 1:1
DPPC/DPPE bilayer. The plots correspond to water interacting with a) DPPC phosphate
group, b) DPPE phosphate group, c) DPPC ester group, and d) DPPEster group. Phos-
phate oxygen atoms are represented as follow: O7 (solid lin®9 (dot line), O10 (dash line),
and O11 (dot-dash line). Ester oxygen atoms are represented afldw: O14 (solid line),
016 (dot line), O33 (dash line), and O35 (dot-dash line)

de ning a hydrogen bond [285].

4.2.9 Hydrogen Bonding Analysis: Water as H-Donor

Table 4.2.4 shows the average number of hydrogen bonds betwdipid oxygen atoms and
water for DPPC/DPPE bilayers (Lipid-A to E). Note that the smal | humber of hydrogen
bonds in DPPE between water and O7 or O16 results from the prefed association of these
sites with the amine group, which in turn expels most of the watearound O7 (closest to
the amine group). This also explains why a hydration shell araa O7 was absent (see Ta-
ble 4.2.3). On the other hand, the low number of hydrogen bosdetween water and O33
was somewhat unexpected because the formation of hydrogen t®nvith the amine group

(Table 4.2.2) and the hydration shell were not observed (Figar4.2.7). In this case, it may be
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Table 4.2.3: Hydration radius for lipid oxygen atoms. All valus reported in nm.

PC headgroup PE headgroup
Lipid-A Lipid-B Lipid-C Lipid-D Lipid-B Lipid-C Lipid-D Li pid-E
o7 0.320 0.320 0.320 0.320
09 0.326 0.324 0.326 0.326 0.326 0.326 0.324 0.324
010 0.326 0.324 0.324 0.322 0.324 0.322 0.322 0.322
011 0.316 0.312 0.312 0.312 0.312 0.312 0.314 0.314
014 0.352 0.352 0.350 0.350 0.356 0.354 0.350 0.352

016 0.386 0.388 0.392 0.398 0.390 0.390 0.392 0.394
033

036

simply caused by the alignment of the lipids that prevents favable hydrogen bond interac-
tions with O33 (discussed by Hitchcoclet al. [48]). Note that there are a signi cant number
of hydrogen bonds occurring at O35 (located below O33) whiadiminates the possibility
that O33 is too deep into the bilayer. The total number of hydogen bonds between water
and lipid oxygen atoms is found to decrease with increasing DEERconcentration, as shown
in Table 4.2.4 from 1,615 (pure DPPC) to 1,241 (pure DPPE). Té average number of hydro-
gen bonds per DPPC molecule, between water and lipid oxygetoms, still decreases with
increasing DPPE concentration (approximately 6.31 to 5.9IniTable 4.2.4). However, for
DPPE, the number of water/lipid oxygen hydrogen bonds per DPE decreases with DPPE
concentration (approximately 5.27 to 4.85 in Table 4.2.4)These results are expected and
are a con rmation of earlier discussions: the number of hydrogdsonds between NH and
water per DPPE increases while the average number of inter amatramolecular hydrogen
bonds between lipid molecules decreases with increasing DPB&hcentration, thus making

lipid oxygen atoms in DPPE and water available to form hydrogn bonds.
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Table 4.2.4: Intermolecular hydrogen bonds with water. Taldated values are the ensemble
average of hydrogen bonds. Average number of hydrogen bonds peid are also shown
below. Averages for pure DPPC and DPPE bilayers are shown in LA and Lipid-E,
respectively.

Acceptor  Lipid-A2 Lipid-B? Lipid-BP Lipid-C?2 Lipid-CP" Lipid-D?2 Lipid-DP Lipid-EP

o7 151.4 115.4 6.4 78.5 13.2 39.5 21.3 29.1

09 447.5 319.2 112.2  202.7 209.1 98.4 291.7  377.7
010 403.1 273.5 90.9 168.1 162.0 81.0 234.4 2979
011 75.8 57.6 16.3 39.1 36.1 20.1 51.7 72.0
014 108.7 88.6 18.1 52.2 38.0 26.8 58.9 82.5
016 280.2 208.9 54.1 134.6 124.8 72.7 172.0 229.1
033 27.5 19.9 8.6 13.7 15.1 6.5 23.5 27.9
035 121.1 90.0 30.8 62.7 60.8 33.2 92.7 124.8
Total 1,615 1,173 337 752 659 378 946 1,241

H-bond/lipid 6.31 6.11 5.27 5.87 5.15 5.901 4.93 4.85

2 Hydrogen bonds in DPPC molecules
b Hydrogen bonds in DPPE molecules

4.2.10 Lateral Movement of DPPE Molecules

To verify the dynamic properties of DPPE in the mixed systems (ipid-B to E), in partic-
ular the mixing of the lipids, the lateral movement of the DPPEmolecules in the bilayer
was investigated based on the trajectories accumulated overet length of the simulations.
Figures 4.2.8a-c show the lateral movement (along the/-plane) of the phosphorus atoms
on one of the lea ets of Lipid-B, Lipid-C, and Lipid-D, respetively. Each color represents a
di erent phosphorus atom in the system. Figures 4.2.8d-f show bnthe initial (open circles)
and nal (closed circles) positions of the phosphorus atoms aft&0 ns. Periodic boundaries
were removed from the coordinates for clarity. It is clear tht the movement of DPPE is
random and the molecules have no tendency to move in any padiar direction along the
bilayer. Note that the majority of the DPPE molecules move raflly around the membrane
surface (approximately 1.73 nm from the initial position in Lpid-B), but they become more

restricted with increasing DPPE concentration (approximatéy 1.62 nm in Lipid-C and 1.23
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nm in Lipid-D). The displacements are estimated from the distaces the DPPE molecules
travel laterally during the simulation (see Figures 4.2.8d-for the initial and nal positions).
The high mobility of DPPE from their original position in Lipi d-B suggests that there are
strong interactions causing the molecules to di use laterallyhrough the bilayer. It is prob-
able that intermolecular hydrogen bonds between the lipid&acilitate their di usion. At a
higher DPPE concentration (Lipid-D), DPPE seems to show less rbdity as the displace-
ment of the molecules is relatively small. This may be a direaesult of hydrogen bond
competition between NH in DPPE and water at the interface, which reduces the inter-
actions between lipids, and thus make the movement of DPPE toebmore localized. It is
also seen from the plots in Figure 4.2.8 that there is no aggremen between lipids, as their

di usion along the membrane lea et seems random.

4.3 Analysis of Mixed Lipid Bilayers with Trehalose

A number of quantities were analyzed to characterize the eat of trehalose on the properties
of pure and mixed bilayers, including: area per lipid, lipid &il order parameter, mean-
squared displacement, density pro les, lipid binding and con gration, hydrogen bonding,
and binding and di usion of trehalose. To accomplish this task,rehalose is introduced to
selected systems in order to investigate and characterize itseet on the properties of pure
and mixed bilayers (see Table 4.1.1). Results for the lipid systes without trehalose have
been reported in the previous sections and, where approp®atare shown side by side for
comparison. All simulations were performed at 350 K to keep ligibilayers in a stable liquid-
crystalline state. Experimentally, the phase transition for tle compositions considered are:
315 K for pure DPPC [282], 329 K for 1:1 DPPC/DPPE, and 337 K fopure DPPE, as
reported by Petrov et al. [18]. As noted in previous sections, the mixed 1:1 DPPC/DPPE
bilayer contained an even number of DPPC and DPPE molecules @ach lea et which is a

condition necessary in order to obtain a stable system.
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Figure 4.2.8: Lateral movement of phosphorus atoms in DPPE alg the xy-plane on one
of the lea ets in a) Lipid-B, b) Lipid-C, and c) Lipid-D systems. Each color represents one
DPPE molecule. For clarity, the corresponding initial (opercircles) and nal (closed circles)
positions of the phosphorus atoms are shown in d), ), and f). Quie of the nal simulation
box dimension is shown as dash line. Coordinates are plotted faut periodic boundary
conditions. Trajectories are collected from the last 30 ns ohé simulations.
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4.3.1 Area per Lipid

The area per lipid, calculated from the cross-sectional area tife simulation boxes (plane
along the bilayer interface), for the systems containing tredlose are shown in Figure 4.2.1b.
The average area per lipid for pure and mixed DPPC/DPPE bilagrs are 0.69 0.01 nnt,
0.62 0.01 nnt, and 0.58 0.01 nn? for Lipid-F to H, respectively. For the DPPC-trehalose
system, previous simulations results reported the average aneer lipid of 0.666 nnt at 350
K for 3.4-18.1 wt% trehalose [228], 0.56-0.58 irat 325 K for 25.5-51.0 wt% trehalose [148],
and 0.629 nnt at 323 K for 13.5 wt% trehalose [149]. For the DPPE-trehalose drmixed
1:1 DPPC/DPPE-trehalose systems, experimental or simulation da are currently unavail-
able. As seen from the results, the area per lipid is unchanged Hbyetpresence of trehalose,
whether the bilayer is composed of DPPC, DPPE or a mixture theof. In a similar man-
ner as explained previously for DPPC [228], the interactionsf trehalose with DPPE and
DPPC/DPPE bilayers are only super cial, along the interfacethrough occasional binding
to the headgroups, and for this reason, trehalose is unable tofden the bilayer at low

concentrations. Further reasoning is given in the following s&ons.

4.3.2 Lipid Tail Deuterium Order Parameter

The e ect of trehalose on the bilayer structure was also measurdtbm the lipid tail deu-
terium order parameter Scp) [92]. Figure 4.2.2b showsScp as a function of the carbon
atom along the lipid tails for lipid systems with and without trehalose. The average order
parameter of the two lipid tails (Sn-1 and Sn-2) are independently reported for DPPC and
DPPE. From the properties analyzed, the presence of trehaloaethe concentrations studied
is seen as minimal and because trehalose is unable to penetrat® ithe bilayer core, the
lipid tail should be minimally a ected or una ected at all. This is indeed what is observed,

with the order parameter for the systems with and without treh#éose being very similar.
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4.3.3 Mean-Squared Displacement of Lipids and Trehalose

Figure 4.2.3b shows the mean-squared displacement (MSD) of theid molecules for all
lipid-trehalose systems. Previous MSD of DPPC, DPPE, 1:1 DPPC/BPE bilayers without
trehalose (see Figure 4.2.3a) are also shown for comparison. Frtma plot, it is evident
that the displacement of the lipids is slightly reduced in the sstems containing trehalose.
This suggests that trehalose interacts with the lipid molecuteand their dynamics change
due to this binding. For Lipid-H, in comparison to Lipid-E, it is observed that trehalose
reduces the movement of the lipid molecules. Minor di erensein the MSD for Lipid-G
and C suggest weaker interactions between trehalose and lipicdlacules. The calculated 2D
di usion coe cients for the lipids (shown in Table 4.2.1) range from @30 0:2 10 8 cm?/s to
0:56 0:1 10 ° cm?/s. For the DPPC-trehalose system, the estimated values for thetieral
di usion coe cient of lipids are 0.31 0.37 10 ® cm?/s at 325 K [148] and 0.33 10 ©
cm?/s at 350 K [228], which are also in good agreement with the cumt results. Due to
the large uncertainty in determining the di usion coe cients by tting a line of unity slope
to the curves in Figure 4.2.3, a larger error estimate was imped in the value for Lipid-H.
This re ects the long time required for the lipid molecules ¢ reach a di usive regime. The
di usion coe cients of trehalose, also shown in Table 4.2.1, rage from 362 0:1 10 % cm?/s
in DPPC-trehalose to 493 0:1 10 ° cm?/s in DPPE-trehalose at 350 K. These values are
comparable to those obtained from previous DPPC-trehalose gifations of 0.8 3.5 10 ©
cm?/s for 3.40 18.1 wt% trehalose at 350 K [228], 2.5 10 © cnv¥/s for 25.5 51.0 wt%
trehalose at 325 K [148], and from NMR measurements of trehaloseaqueous solutions of

10.1 15.6 10 ® cm?/s for 3.40 18.1 wt% trehalose at 358 K [287].
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4.3.4 Component Density Proles for Lipid Bilayers with Tre-

halose

From the individual component density pro le of Lipid-A, C, and E, shown in Figures 4.2.4a-
c, respectively, in comparison to Lipid-F, G, and H, shown in Figes 4.2.4d-f, trehalose is
observed to remain in the aqueous phase without penetratingtinthe bilayer core region.
Note that the density pro les are shifted so that the center of theplot is in the aqueous
phase. In the Lipid-F system (Figure 4.2.4d), the trehalose demgipro le is uniform along
the aqueous phase, whereas in Lipid-G (Figure 4.2.4b) and kdpH (Figure 4.2.4c), the
density distributions for trehalose are uneven with a slight carentration of trehalose near
one interface of the membrane, indicating a preferential bding of trehalose with the lipids.
As observed in Figures 4.2.5b-c, the amine group of DPPE is exgeadl to the agqueous phase
at the interface where it can interact strongly with trehalose¢hrough hydrogen bonding. For
all of the systems considered, trehalose molecules are able toesupally interact with the
bilayer interface and hydrogen bond favorably to the phosplt@ and ester headgroups in the
lipid molecules. This is seen from the density pro les extendiinto the headgroup region
as far as the phosphorus density pro le. As it will be shown, the est oxygen atoms in the

lipids are the binding sites for the hydroxyl groups in trehaise.

4.3.5 Phosphorus-Nitrogen Angle Distribution

In order to further quantify the structure of the lipid bilayers and the e ect of trehalose on
their structure, the orientation of the vector formed from the phosphorus to nitrogen atoms
(P-N) was analyzed for both DPPC and DPPE. The intramolecularangle was computed
from the angle formed between the P-N vector (see Figure 4.2.%or an illustration of the

angle). Figures 4.2.5d-f show the normalized distribution fahe P-N vector angle for the
Lipid-F to H systems. The angle distributions for DPPC in Lipid-F and G are both broad

but with distinct maximum values for the angles. In Lipid-F (Figure 4.2.5d), the wide
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distribution peaks at about 100 degrees, indicating that theholine groups are exposed to
the aqueous phase and unhindered to any preferred orientatioln Lipid-G (Figure 4.2.5e),
the distribution for the PC groups shifts to lower values, suggeisty most of the choline
groups are more exposed toward the aqueous phase. This is causedloser packing of the
lipids in the presence of DPPE (lower area per lipid). For DPPHn Lipid-G, the majority of
the P-N angles is larger than 90 degrees, indicating that alhe amine groups of DPPE in the
mixed lipid-trehalose system favorably interact with the lipd oxygen atoms (Figure 4.2.5e).
A bimodal distribution for the P-N angle is observed for DPPE inLipid-H (Figure 4.2.5f)
showing two preferential sites near the interface (distributin less than 90 degrees) and
those near the lipid oxygen atoms (distribution greater than @ degrees). This demonstrates
that there are more H-donors from NH groups in DPPE than available H-acceptors from
lipid oxygen atoms, causing the excess H-donors to interact witlvater at the interface.
Comparison of the angle distribution between lipid systems wittand without trehalose
shows a slight shift in the distributions, thus supporting the ideahat trehalose interacts

with the membrane but does not alter its structure (see Figure4.2.5d-f).

4.3.6 Hydrogen Bonding Analysis: DPPE as H-Donor

The hydrogen bonding of the NH (amine) group in DPPE provides great insight into
the structure of the bilayer and the interactions with trehabse. Table 4.2.2 shows the
ensemble average number of hydrogen bonds betweenNid DPPE and all oxygen atoms
(H-acceptor) in the lipid, trehalose and water, for Lipid-G anl Lipid-H. The oxygen sites
available as H-acceptor are located at the phosphate group (029, 010, O11), at the two
ester groups (014, 016, 033, 035), trehalose oxygens (01, OB, @4, O5, O6 shown in
Figure 4.1.3), and water. Separated contributions resultgn from intra and intermolecular
hydrogen bonds for DPPE are also reported for inter and intrapiecular H-bond between
DPPE. From this analysis, a summary of the average number of hyolgen bonds between

the NH; group of DPPE and various hydrogen acceptors from water, ligh and trehalose
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is shown in Table 4.2.2. The total average number of hydrogerohds per NH is about
2.81 2.82 (see last row of Table 4.2.2), independent of the DPPE camtration (this value
is expected since there are three H-donors per BIH Moreover, it is interesting to see that
the total number of hydrogen bonds from the amine group in DPP is also una ected by
trehalose. In the presence of trehalose, the amine group is alde hydrogen bond with
trehalose, which results in a decrease of intermolecular hydgen bonds between lipids and,
consequently, an increase in the number of hydrogen bonds witvater. This is shown in
Lipid-G where the number of hydrogen bonds between NHand water per DPPE increases
from 0.75 (Lipid-G) to 0.77 (Lipid-C) while intermolecular hydrogen bonds decreased from
1.11 (Lipid-G) to 1.05 (Lipid-C). The same behavior is not obsged in Lipid-H mainly
because the N groups are more exposed to water due to the competition for hyafen
bonds, which creates preferential hydrogen bonding sites fmehalose oxygen atoms to bind.
As a result, the interaction between trehalose and the NHgroup occurs by replacing the

interactions between water and the NEl group.

From Table 4.2.2, the total number of hydrogen bonds per NH(ensemble average)
between NH and all trehalose oxygen atoms is signi cantly increased fromipid-G to
H (approximately 0.01 to 0.04). The large di erence in valuelemonstrates a preferential
binding of trehalose to the amine group in DPPE in Lipid-H. Thisis expected because
the amine group is more exposed in the interface in Lipid-H timain Lipid-G, as observed
from the normalized P-N angle distribution previously calcwdted (see Figure 4.2.5). This
is explained by the fact that there are more H-donors than avable H-acceptors as the
DPPE concentration increases, resulting in a competition bew®en lipid oxygen atoms and
water for hydrogen bonds with the NH groups. From these results, it is concluded that
hydrogen bonds are formed between NHand trehalose oxygen atoms near the interface in
Lipid-H. However, due to the preferential binding of NH to lipid oxygen atoms in Lipid-G,

interactions with trehalose are less than expected.
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4.3.7 Hydrogen Bonding Analysis: Trehalose as H-Donor

A hydrogen bond analysis was also performed to investigate thénding of trehalose as H-
donor to other H-acceptors (lipid oxygen atoms). For this angkis, the H-donors are the
hydroxyl (OH) groups in trehalose denoted by TO2, TO3, TO4, and O6 (see Figure 4.1.3).
Note that trehalose has two glucose rings with the same hydroxyt@ips on each ring. In-
stead of calculating the ensemble average of hydrogen bondsween the OH groups and
lipid oxygen atoms, which is relatively small in number, the a&oal number of hydrogen
bond contacts between these two groups over the course of the giations are determined,
as shown in Table 4.3.1. Lipid-H shows the largest number of cats ( 5.8 1C°). This
is expected because Lipid-H has the largest number of amine gps which can preferen-
tially hydrogen bond with trehalose. Lipid-F has the least nurber of contacts ( 4.9 10°)
because this system does not contain strong H-donors (§IH Using the same analysis, it is
expected that Lipid-G would have the average number of cortés in between Lipid-H and F,
however, only a slight increase in the number of contacts is olrged ( 5.0 1C°). This can
be explained by two factors. First, the trehalose density pro Igas shown in Figure 4.2.4)
and the P-N angle distribution (as shown in Figure 4.2.5) sugges#iat a signi cant amount
of amine groups in DPPE are more exposed to the aqueous phase ipid-H compared to
Lipid-G. These amine groups are at the interface and they carasily hydrogen bond to the
hydroxyl groups in trehalose. Consequently, at the interfagcghe hydroxyl groups are then
in the range to form hydrogen bonds with lipid oxygen atoms. Netthat for every trehalose
molecule that comes in contact with an amine group, there ara total of eight hydroxyl
groups that can potentially form hydrogen bonds with lipid aygen atoms. Second, due to
the competition between excess H-donors and H-acceptors inidippxygen atoms or water,
a signi cant increase in the hydration of the amine group of DPE in Lipid-H is observed,
resulting in a reduction of inter and intramolecular hydroga bond between lipids. This
results in a greater increase in the number of hydrogen bond ¢aats of trehalose with lipid

oxygen atoms in Lipid-H than in Lipid-G.
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Table 4.3.1: Approximate number of hydrogen bond contacts lveen trehalose hydroxyl
groups and lipid oxygen atoms over the course of 50 ns simulatf Individual contact points
are independently reported for DPPC and DPPE in the mixed ligl systems. Contacts are
counted only for trajectories saved every 2 ps. All values reged as # of contact 10 3.

Lipid  Lipid-F2 Lipid-G? Lipid-GP Lipid-HP

o7 65.8 45.5 5.5 12.8
09 175.0 96.9 124.5 244.1
010 133.2 70.5 65.2 189.9
011 32.5 20.5 15.9 35.2
014 29.8 7.1 1.0 14.7
016 39.6 16.1 10.0 56.7
033 4.2 2.0 1.4 2.3
035 14.8 8.3 5.3 26.8

Total 494.9 266.9 228.7 582.6

Trehalose Lipid-P Lipid-G? Lipid-G® Lipid-HP

TO2 121.4 65.1 61.1 148.1
TO3 143.2 73.2 68.6 165.8
TO4 139.1 82.2 65.0 158.6
TOG6 91.3 46.5 34.0 110.1

Total 494.9 266.9 228.7 582.6

a Interaction between DPPC and trehalose
b Interaction between DPPE and trehalose
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4.3.8 Dynamics of Trehalose in Pure and Mixed Lipid Bilayers

To summarize the properties of trehalose in the pure and mixed”RPC/DPPE bilayers, the
dynamics of trehalose from the trajectories were monitoredver the length of the simula-
tions. Here, one trehalose molecule was selected (representedhgyposition of TO1 atom-
see Figure 4.1.3) from each of Lipid-F, G and H, and investigatats interaction with the
lipid oxygen atoms, as shown in Figures 4.3.1a-c, respectivétyajectories shown are with
respect to the z-direction only). From the gures, it is clear that trehalose 5 randomly
interacting with the membrane interface. Figures 4.3.1a-show close contact of trehalose
with the bilayer as the trajectories of trehalose overlap thphosphorus layer at certain times.
Furthermore, Figures 4.3.1d-f illustrate the hydrogen bongbairs which are responsible for
each contact between trehalose and lipid molecules. The hydyb groups in trehalose are
assumed as H-donors and lipid oxygen atoms as H-acceptors. Thegpkhow the interaction
of H-donors with lipid oxygen atoms, denoted by O7, 09, 010, 01014, 016, 033, and O35
for DPPC, and O7E, O9E, O10E, O11E, O14E, O16E, O33E, and O3%& DPPE. Compar-
ison of the trajectories plots in the top and bottom rows indiates the times when trehalose
binds to the headgroups. For example, Figures 4.3.1a and d mspond to the trajectory
of a trehalose molecule and its binding to the lipids. In this @, trehalose predominantly
binds to the phosphate oxygen atoms, while fewer interactioreccur with the ester groups.
On the other hand, the interactions of trehalose with pure DPE (Figures 4.3.1f) show that
the ester groups are more exposed and more accessible to bind widhalose, as previously
reported [228]. Even though the binding of trehalose with DPP is more than with DPPC,
the interactions are super cial along the interface, that isthere are fewer interactions of

trehalose with the ester headgroups.
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Figure 4.3.1: Dynamics of one selected trehalose moleculeresgnted by the position of the
oxygen atom (TO1) from a) Lipid-F, b) Lipid-G, and c) Lipid-H. Corresponding hydrogen
bond interaction between the hydroxyl groups of the selectelehalose molecule and lipid
oxygen atoms are shown for d) Lipid-F, e) Lipid-G, and f) LipidH. The hydroxyl groups are
TO2 (circles), TO3 (squares), TO4 (diamonds) and TO6 (triangles) The average position
of phosphorus atoms illustrates the location of the bilayer terface. The positionz = 0

corresponds to middle of the aqueous phase. The average positd the phosphorus atoms
in DPPC and DPPE are independently reported in b) for clarity



Sukit Leekumjorn  Chapter 4. Interactions of Trehalose with Nked Lipid Bilayers 83

4.4 Summary

4.4.1 Pure and Mixed DPPC/DPPE bilayers

Molecular dynamics simulations have been used to study structalrand dynamic properties
of fully hydrated mixed DPPC and DPPE bilayers at 0, 25, 50, 75and 100 mol% DPPE.
Simulations were performed for 50 ns at 350 K and 1 bar for thigjliid-crystalline state of the
mixtures. Results show that the average area per lipid reduce®i 0:69 0:01 nn? in pure
DPPC to 0:58 0:01 nn? in pure DPPE systems. The lipid tails become more ordered with
increasing DPPE concentration, resulting in a slight increaseaimembrane thickness (313
0:01 nm in pure DPPC to 400 0:01 nm in pure DPPE). In-depth analysis of the hydrogen
bond distribution in DPPE molecules shows that the amine groupstrongly interact with the
phosphate and carbonyl groups through inter/intramoleculahydrogen bonds. This yields
a bilayer structure with DPPE headgroups preferentially loated near the lipid phosphate
and ester oxygens. It is observed that increasing DPPE concentiicns causes competitive
hydrogen bonding between the amine groups (H-donor) and thdpsphate/carbonyl groups
or water (H-acceptor). Due to the increasing number of H-donofsom DPPE molecules with
increasing concentration, DPPE becomes more hydrated. Tegtory analysis shows that
DPPE molecules in the lipid mixtures move laterally and randmly around the membrane
surface and the movement becomes more localized with increasiDPPE concentration.
For the conditions and simulation time considered, no aggretyan or phase separation was
observed between DPPC and DPPE.

4.4.2 Pure and Mixed 1:1 DPPC/DPPE bilayers with Trehalose

Molecular dynamics simulations were performed to study struatal and dynamic properties
of fully hydrated pure and mixed bilayers of DPPC and DPPE in he presence of trehalose

(5 wt%). Simulations were performed for 50 ns at 350 K and 1 bam the liquid-crystalline
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state of the lipid bilayers. At the concentration considered, lte e ect of trehalose on the
structure of pure and mixed DPPC/DPPE is minimal, with the area per lipid and lipid tail
order parameter unchanged compared to systems without tretwsle. Density pro les indicate
a larger concentration of trehalose near the interface, suggieg preferential binding of
trehalose with the bilayer. Hydrogen bond analysis between tnalose and the bilayers shows
that the largest number of interactions occurs with pure DPPHipids, whereas the fewest
interactions occur in a pure DPPC bilayer. The latter is a reslti of the intermolecular and
intramolecular binding of the amine group in DPPE, thus attacting trehalose to hydrogen
bond to the bilayer. For the mixed 1:1 DPPC/DPPE bilayer, the e ect of H-donors (amine
groups) is due to the decrease in bindings with neighboring igs. In this case, trehalose
is concentrated near the interface; however, the binding dfehalose with the bilayer is

signi cantly reduced compared to pure DPPE bilayers.



Chapter 5

Stabilization of Dehydrated Lipid

Bilayers with Glucose and Trehalose

In addition to Chapter 4, the focus of this chapter is to obtan a better understanding on
how saccharides (glucose and trehalose) protect and preserve #tructure of DPPC bilayers
at dehydrated conditions and lower the phase transition tempature. A key concept on the
preservation mechanism by saccharides was proposed by Cratel. [159], suggesting that
the stabilization of the bilayer results from the saccharide nfecules that t in spaces between
lipids at the bilayer interface. In principle, this is unattainable in typical bilayer simulations,
because the relaxation time of the lipids is very long. In adton, the exerted pressure in the
lateral directions prevents an expansion of the bilayer to ksl the saccharide molecules from
intercalating between the lipid molecules. Previous DPPCrehalose simulations in the fully-
hydrated state have shown that hydrogen bonds between trehak and lipid molecules are
random, temporary, and seldom form with multiple lipids at the interface [148{151, 227, 228].
At low hydration and high trehalose concentration, previousMD simulations predicted that
the interactions become more prominent, as trehalose dispéaimterfacial water and preserve
the bilayer structure by increasing the bilayer lateral pressaer [164]. Therefore, to further

gain insight into the interactions of saccharides with the bayer as suggested by Crowet

85
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al. [159], constant surface areaNP,AT) simulations of lipid bilayers were performed with
and without saccharides. This computational study aims to detenine whether saccharides
can stabilize dehydrated bilayers as in a manner similar to pdections for the fully-hydrated

State.

5.1 Diculties and Challenges

Three di culties arise when performing MD simulations to modé uni-lamellar bilayers at
dehydrated conditions. First, phospholipid force- elds deveped for fully-hydrated condi-
tions may be unsuitable for simulations under dehydrated coittbns. Using the current lipid
force- elds, a recent study by Doxastakiset al. obtained reasonable structural properties of
dehydrated lipid bilayers (0.78 water/lipid) from MD simulations, which were in agreement
with elastic and quasielastic neutron scattering results [165]Second, periodic boundary
conditions (PBC) implemented in typical MD simulations with long-range electrostatic cor-
rections essentially create a multi-lamellar bilayer structte (see Figure 5.1.1a). Therefore,
an alternative setup is required for uni-lamellar bilayers. Tird, due to the low water content
at dehydrated conditions, the lipid bilayer lateral compressility is no longer the same as
the typical compressibility derived from a fully-hydrated stae; as such the bilayer structure
can be overly compressed with the parameters from the fully-tiyated state. To overcome
the PBC and compressibility problems, the two lipid bilayer setps used in this study are

described in the following paragraphs.

In typical fully-hydrated lipid bilayer simulations withou t long-range electrostatic cor-
rections (cuto method), even though a multi-lamellar strudure is represented using PBC,
each bilayer is e ectively shielded from interactions withts periodic image because a large
continuous water layer separates the bilayer images (see Higlb.1.1a and c), thus making
the bilayer essentially uni-lamellar. Inclusion of long-rang electrostatic corrections (e.g.,

Ewald summation) results in a more accurate account of the intactions in the simulations,
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Figure 5.1.1: Schematic representation of lipid bilayers thiout (a and b) and with (c and
d) glucose and trehalose. a) and c) are conventional lipid byler setups. b) and d) are
gas-containing lipid bilayer setups. A lipid molecule is repeented with a black circle and
two lipid tails. Gray circle, oval, and square are water, sacchide, and gas molecules,
respectively. Two periodic images of the bilayers are shown &) and c) to di erentiate
the two types of bilayer settings (dotted rectangular lines i@ the bounds of the simulation
boxes).
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however, in doing so, each bilayer is no longer shielded frometiperiodic images, resulting
again in a multi-lamellar structure. Under dehydrated condibns, the water layer is sig-
ni cantly reduced, causing the bilayer images to self-intei@. Note that the in uence of
periodic images becomes more apparent in dehydrated lipiddyer simulations regardless
of the method for the long-range interactions. This was the gpoach used by Doxastakis
et al. for their dehydrated multi-lamellar bilayers [165]. To moel a uni-lamellar bilayer at
dehydrated conditions, enough water has to be present so thatehbilayer images do not
self-interact due to the PBC. To accomplish this, the number of ater per lipid was reduced
to 20 (lower limit also used by Skibinskyet al. [164]) in the rst setup. It was determined
that 12 and 30 water/lipid are typical values for dehydratedand fully-hydrated bilayers, re-
spectively [288, 289]. At this ratio, a water layer of about 1 m separates the bilayer images.
Note that saccharide molecules present in this water layer maymerience interactions with

both lea ets at the same time, due to PBC.

In a typical bilayer simulation with PBC, the bilayer is still considered as a multi-
lamellar structure because of its periodic images. To overcorttds problem, a continuous
inert gas layer was introduced to separate the water layersoim each side of the bilayer in
the second bilayer setup (schematic representation of this byler is shown in Figure 5.1.1b).
Note that this structural representation is signi cantly di er ent from the previous work on
monolayers by Skibinskyet al. [164]. The gas layer was composed of 44 argon atoms, lling
the vapor space of the simulation box with lateral dimensions egl to the bilayer surface
(Ax, 0.645 nnt) [276, 284] and heightl(, 19.6 nm), such that the normal pressureRy )
exerted on the bilayer was 1 bar. Although this is an unconveisnal method for lipid
bilayer simulations, the bene ts from this setup are that the bliayer is truly uni-lamellar and
dehydrated conditions can be considered without self-intection of the bilayers. For these

bilayer structures, a ratio of 10 water/lipid was used in all case
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Table 5.2.1: Composition and simulation time for the bilayer sstems considered.
DPPC? Water Glucose Trehalose Argon  Time (ns)

144 5,760 240, 240, 180

144 5,760 120 240, 240, 180

144 5,760 60 240, 240, 180

144 1,446 44 30, 30, 30

144 1,446 6(° 44 30, 30, 30

144 1,446 3¢ 44 30, 30, 30
aper lea et

5.2 Simulation Details

All bilayers considered here contained a total of 288 DPPC maleles (144 per lea et). For
each bilayer setup, three sets of bilayer simulations were catestied: without saccharides,
with 32.8 wt% glucose, and with 16.5 wt% trehalose (see Table 3.Zor more details); these
are considered high concentrations of saccharides. The corication of glucose to trehalose
of 2:1 was chosen to preserve the number of glucose-rings in eaghtem. Glucose and
trehalose molecules were randomly inserted in the aqueous pbaf a fully-hydrated bilayer
and the excess water removed to obtain a ratio of 20 water/ligi (details of this procedure
can be found in Chapter 4.1. After the insertion of saccharideshe bilayers were equilibrated
for at least 5 ns. For uni-lamellar bilayers (Figure 5.1.1b), éarge vapor space with an inert
gas was superimposed in the system. Short annealing simulatioims were performed on
these systems (heated to 325 K and then cooled to the set tempenaty For uni-lamellar
bilayers with saccharides (Figure 5.1.1d), 60 glucose or 3@lalose molecules were placed on
each side of the bilayer. These systems were annealed for 5 ns @& 380 K, temperature
above the glass transition temperature for glucose and trehak® [290, 291], and then cooled

to the set temperature). All systems were simulated at 290, 300, @310 K.

The force- elds for DPPC and water were consistent with those ephoyed in the
studies reported in Chapter 4.1, which included intramoledar parameters for bonds, angles,

proper dihedral, and improper dihedral [103, 270]. The Ryakrt-Bellemans potential was
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used for the torsion potential of the lipid hydrocarbon chain§271]. Non-bonded interactions
were described by the parameters from Bergest al. [104, 110, 272] and partial atomic
charges were obtained from Chiet al. [96]. The united-atom representation was used for
the methyl/methylene groups in the alkyl chains of DPPC. Altrough the lipid force- eld
was optimized for fully-hydrated conditions in the temperture range of 320-330 K, recent
studies demonstrated that it can also be applied to study lipid kbayer phase transition,
including the gel state [94, 95] and dehydrated conditions§®]. The optimized potential for
liquid simulations (OPLS-AA) force- eld was used for glucose antrehalose [292]. Argon
parameters were obtained from the Gromos force- eld [293The single point charge (SPC)

model was adopted for water [273].

Another unknown parameter in the simulation of lipid bilayersat dehydrated condi-
tions is the lateral compressibility factor. Since the amounbf water is low at dehydrated
conditions, the typical compressibility of 4.5 10 ° bar ! (water compressibility at 45 C) is
inappropriate. To eliminate this unknown, constant surface r@a simulations NP,AT ) were
performed, where the lateral Xy-directions) and normal -direction) compressibilities were
set to zero and 4.5 10 ° bar 1, respectively. Similar conditions were previously appliedi
a study by de Vrieset al. that found that lipid bilayers undergo a ripple phase transiton (a
combination of ordered and disordered lipid tails with intedigitation) [187]. For all bilayers
considered here, the surface ared§, 0.645 nnf) was constrained to that at 325 K and 1
bar [276, 284]. In comparison to the previous study by Skibinslkgt al., in which trehalose
was shown to slightly increase the bilayer lateral pressure [164je rst part of this study
investigated the bilayer stabilization below the main phase &nsition temperature caused
by an increase in the bilayer lateral pressure in the presence ottcharide molecules. For
the uni-lamellar systems with a vapor phase, the surface area walso constrained, and
because the gas exerted a constant pressure of 1 bar normal to thiayer, the box height
was also xed NV T simulations). This setup allowed us to study the bilayer stabiliation

at dehydrated conditions in the presence of saccharide molézsi

A timestep of 2 and 3 fs was used for the simulations (see Table 3.2or the total
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simulation times). Note that the results obtained using a 3 fs tim&ep provided stable
bilayer structures comparable to those simulated with a 2 fs tiestep (the total energy for
both cases was statistically identical { e.g., -5310.13.5 1(* kJ/mol and -5312.2 3.9 1@
kJd/mol for the 2 and 3 fs simulations, respectively, for the DPPilayer at 290 K). Other
studies in the literature have reported simulations of lipid bayers with timesteps as large
as 5 fs [294]. Short-range Coulombic and van der Waal intetaamns were cuto at 1.0 nm.
Long-range electrostatic interactions were corrected witthe particle-mesh Ewald (PME)
method [108, 263] (0.12 nm for the grid size, fourth-order sp& interpolation, and real-space
cuto at 1.0 nm). Trajectories were collected every 3 ps. All simations were performed
with GROMACS 3.3.3 [258, 259, 295] (single-precision) in pdla using Virginia Tech's
System X [281].

5.3 Analysis of Multi-lamellar Bilayers with Sugars

The following sections describe the structural properties apid bilayer (20 water/lipid) with
and without glucose and trehalose at 290, 300, and 310 K. The pexties that were analyzed

are lipid tail density pro les, average bilayer thickness, and stace plots of bilayer thickness.

5.3.1 Snapshots of the Lipid Bilayers

Figure 5.3.1 shows snapshots of the lipid bilayers (20 wategid) with and without glucose
or trehalose at 300 and 310 K (snapshots of bilayers at 290 K aremalst identical to those
at 300 K). It is visually evident from the snapshots that the bilger structures (side-view)
are almost identical with and without glucose or trehalose. At 20 and 300 K, the lipid
tails are predominantly aligned with the bilayer normal showg signi cant lipid tail inter-

digitation (Figures 5.3.1a-c). At 310 K, the lipid tails arerandom and disordered with little
interdigitation between the lea ets (Figures 5.3.1d-f). D con rm this observation, the over-

lap between lipid tails from opposite lea ets was measured fmo the density pro le of the
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a) b) c)

d) e) f)

Figure 5.3.1: Snapshot of DPPC bilayers at 300 K: a) without sabarides, b) with glucose,
and c) with trehalose. For comparison, snapshots of the same bidag at 310 K are shown
in d-f, respectively. Two periodic images are shown to explilsi indicate the aqueous phase
separating the bilayers.

individual carbon atoms in the acyl chains, as described by Fik et al. [168]. As observed
from the density pro les shown in Figure 5.3.2, there was signtant overlap among the lipid
tails from opposing lea ets at 290 and 300 K, indicating intedtigitation of the lipid tails.
At 310 K, the interdigitation was less pronounced. However, # snapshots and the level of

interdigitation are insu cient to distinguish the stabilizati on e ect of glucose and trehalose.
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Figure 5.3.2: Density pro le for the alternating carbon atons in the Sn-2 tail for the lipid
bilayers with: no saccharide (a-c), glucose (d-f), and trehade (g-i). Temperatures considered
are 290, 300, and 310 K fLto 3 column, respectively). Pro les are centered with respect to
the middle of the bilayer core. Solid and dash lines represengmsity pro les for each lea et.
For clarity, only the Sn-2 tail is considered (those for theSn-1 tail are nearly identical -
data not shown here).
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5.3.2 Bilayer Thickness

To di erentiate the properties of glucose and trehalose and #ir interactions with the dehy-
drated lipid bilayers, the degree of lipid tail interdigitation was measured from the average
bilayer thickness. The average bilayer thickness is the distambetween the average positions
of the phosphorus atoms in each lea et. The results are shown irigare 5.3.3 for bilayers
with and without glucose or trehalose at 290, 300, and 310 K. Alhe bilayer structures with-
out saccharide remained stable at 310 K. However, at 290 and 300 tKke bilayer thickness
is signi cantly reduced along with the lipid molecular volune and lipid tail interdigitation,
indicating the bilayer underwent a phase transition. This show that a phase transition
occurred with signi cant reduction in the lipid molecular vdume, leading to lipid tail inter-
digitation. As shown in Figures 5.3.3b and c, a similar bilayerickness reduction for bilayers
containing glucose and trehalose was observed, suggesting thatgse and trehalose are un-
able to prevent lipid tail interdigitation. One explanation for this behavior is the competitive
hydrogen bond between water and saccharides in the aqueousgd, which prevents saccha-
rides from binding to the lipid headgroups. This interactionhas been discussed by Lenret
al., where the mismatch of their model with experimental results &s attribute to exclusion
e ects [166]. Furthermore, because the aqueous layer is vehyn (low hydration and PBC),
saccharide molecules are essentially interacting with lipids both lea ets at any given time,
thus potentially reducing their e ectiveness as stabilizingagents. Lastly, the setup of the
simulations simply induces lipid tail interdigitation, becaise of the pressure exerted in the
z-direction. Based on the model predictions, it was postulatechat glucose and trehalose

are unable to stabilize the bilayer structure in preventing iterdigitation.

5.3.3 Bilayer Surface Analysis

As a consequence of lipid tail interdigitation shown in Figure .B.1, the average bilayer
thickness is inadequate to measure the changes in the bilayerusture. To address this

problem, the bilayer surface was segmented into 144 grids (122) and the average bilayer
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Figure 5.3.3: Average bilayer thickness for bilayers a) withuwb saccharide, b) with glucose,
and c) with trehalose. The corresponding lipid tail order pammeters are shown in the
adjacent plots (d-f). Lines correspond to 290 (solid), 300 (thp and 310 K (dash).
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thickness estimated at each grid. Since the bilayers considérgere contain 144 lipid/lea et,
each grid approximately contains one lipid. An added bene t fousing this approach is
the ability to monitor the structural evolution of the bilayer (see Figure 5.3.4 for surface
plots of the bilayer thickness without saccharide over the cose of the simulation). This
method was implemented to quantify the changes in the bilayestructure and di erentiate
the properties of glucose and trehalose on the bilayer struces. Figure 5.3.5 shows surface
plots of the bilayer thickness based on the segmentation of theldyers. As shown in the
plots, the bilayers have well-de ned single or multiple domai regions at 290 and 300 K
(indicated by the red-colored regions), whereas at 310 K theothains are less prominent.
The latter is in good agreement with the results obtained fronthe average bilayer thickness
(Figures 5.3.3a-c), in which all bilayers remained in the id state at 310 K (ordered domains
were absent). To verify the formation of order domains, the lid tail order parameters were
calculated for the bilayers with and without saccharides, as stwn in Figures 5.3.3d-f. It
is clear from the order parameter that the lipid bilayers aran a gel-like (ordered) state at
290 and 300 K and a uid-like (disordered) state at 310 K. These selts are in agreement
with the bilayer snapshots shown in Figure 5.3.1. For the bilays without saccharides at
290 and 300 K, relatively thick domains are long and narrow. fiis is related to the ripple
formation in bilayers previously identi ed by de Vrieset al. [187]. Unlike the bilayers without
saccharides, multiple small thick and isolated large thick doniras are observed for the bilayers
containing glucose and trehalose, respectively. If the periedmages along the surface were
shown on the bilayers containing trehalose in Figure 5.3.5 af@ and 300 K, the surface plots
would contain multiple domains as well, however, the size ardistance between the domains
would be greater than those containing glucose. Based on thesealings, it is evident that
the saccharides altered the formation of ordered domains aribeir size is important in
determining the domain morphology. These results do not demstnate the stabilizing e ect
of saccharides on the bilayers, but they provide a comparison thfe e ects of mono- and

di-saccharides on the bilayer structure.
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Figure 5.3.4: Surface plots of bilayer thickness at a) 0 ns, bp3s, ¢) 180 ns, and d) 240 ns

for bilayer without saccharide at 300 K. Red and blue coloringorresponds to the thickest
and thinnest bilayer domains, respectively.
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Figure 5.3.5: Surface plots of bilayer thickness (in nm) forilayers without saccharide, with
glucose, and with trehalose at 290, 300, and 310 K at the end oftimulations.
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5.4 Analysis of Bilayers Containing a Gas phase

To overcome some of the de ciencies in the simulations of bikess at dehydrated conditions,
the two aqueous phases were exposed to a vapor phase containiegtigas molecules (see Fig-
ure 5.1.1 and Section 5.1 for more details). This con guratioprevented lipid self-interaction
and allowed a lower water/lipid ratio (true uni-lamellar denydrated bilayer). Furthermore,
the pressure exerted along the bilayer normal is controlled ke inert gas molecules, thus
eliminating the force induced on the bilayers due to the pressicoupling in the simulations,
which accentuated lipid tail interdigitation. Because the pessure exerted in the lateral di-
rections of the lipid bilayer can easily compress the bilayemder dehydrated condition, the

bilayer surface area was xed.

5.4.1 Snapshots of the Lipid Bilayers

Figure 5.4.1 shows snapshots of the dehydrated bilayers withosaccharide at 290, 300,
and 310 K initially and after 30 ns, respectively. Here, the origal bilayer structure (Fig-
ures 5.4.1a) quickly becomes unstable and disintegrates to ambilayer structure (Fig-
ures 5.4.1d, g, and j). The cause for this breakdown of the byexr is due to the low wa-
ter/lipid ratio, which a ects the hydrophobic/hydrophili ¢ interactions between water and
lipid for a stable bilayer structure. In contrast, the bilayerscontaining glucose and trehalose
(Figures 5.4.1b and c) remained stable for more than 30 ns of silation time. It is seen
from the snapshots that the saccharide molecules are able to péiate deep into the bilayer,

stabilize the lipid headgroups, and potentially maintain thehydration layer.

5.4.2 Depth of Saccharide Penetration

To determine the penetration depth of the saccharides into thbilayer, the component density

pro les were calculated, as shown in Figure 5.4.2. For clayitand brevity, only the density
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a) b) c)

d) e) f)

9) h) i)

Figure 5.4.1: Snapshot of DPPC bilayers containing an inertag layer: without saccharides
(15t column), with glucose (29 column), and with trehalose (3 column). For comparison,
the starting con guration are shown on the % row and nal con gurations at 290, 300, and
310 K of the bilayers are shown on the consecutive rows, respeelyv Inert gas molecules
are not shown.
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pro les for water, trehalose and phosphorus atoms at 300 K are ®shin. As the density
pro les show, most saccharide molecules remain in the aqueousape (see Figures 5.4.2a
and b), as also predicted in previous simulations of lipid bijeers with trehalose in the fully-
hydrated state [148{151, 227, 228]. However, unlike previosgmulations of bilayers with
trehalose at 350 K (density proles shown in Figure 5.4.2c) [227this study shows that
a fraction of the saccharide molecules penetrate deeper irtoe bilayer. Figures 5.4.2d-f
show the magni cation of the density pro les shown in Figures %l.2a-c at the interfacial
regions, which indicate the presence of glucose or trehaloseoethe mean position of the

phosphorus atoms.

5.4.3 Bilayer Surface Analysis

To verify that the bilayers containing a vapor phase were stablwith saccharides, the bilayer
surface uniformity with the bilayer thickness surface plots we measured (see Figure 5.4.3
for the surface plots for the bilayers shown in Figures 5.4.1g,h, i, k, and I). As seen from
the gure, the bilayer surfaces are largely uniform (even cot distribution) compared to the
surface plots for the bilayers shown in Figure 5.3.5. To con rnthis, the bilayer thickness
distribution was calculated (see Figure 5.4.4) for the systems @lin in Figures 5.3.5 and
5.4.3 by considering the ensemble average over the last 30 andn2Cdor multi-lamellar and
uni-lamellar bilayers, respectively. The bilayer thicknessistributions clearly demonstrate a
more uniform bilayer (narrow and sharp distribution) for the wi-lamellar bilayers, suggesting
that for these systems, there is little interdigitation, order @mains are absent, and the lipid

molecules are evenly distributed in the bilayer.
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Figure 5.4.2: Component density pro les for lipid bilayers x¥posed to a vapor phase at
300 K: a) with glucose and b) with trehalose. For comparison, thdensity pro les for the
fully-hydrated bilayer containing trehalose obtained fronprevious simulations at 350 K with
PBC are shown in c) [227]. Line representation corresponds tohgsphorus atoms (solid),
saccharide (dot), and water (dash). Center of the plot is the kayer core region. For clarity,
the magni cation of the density pro les at one of the water-Ipid interfaces is shown on the

right (d-f).



Sukit Leekumjorn Chapter 5. Dehydrated Lipid Bilayers withSugars 102

T=290K T=300K T=310K

4.1

3.4

Glucose

2.7

4.1

3.4

Trehalose

2.7

Figure 5.4.3: Surface plots of bilayer thickness (in nm) fohe uni-lamellar bilayers exposed
to an inert gas layer with glucose and trehalose at 290, 300, aB#80 K. Thickness calculated
from bilayer structure obtained at the end of the simulations. &e Figure 5.3.5 for more
details.
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Figure 5.4.4: Normalized bilayer thickness distribution obtmed from the bilayer surface
plot analysis. Distributions were calculated from ensemble angge of the thickness for the
bilayers containing glucose (a and c) and trehalose (b and d). Akages were taken over the
last 20 and 30 ns for bilayers with (c and d) and without (a and b gas layer, respectively.
Lines correspond to 290 (dash), 300 (dot), and 310 K (solid).



Sukit Leekumjorn Chapter 5. Dehydrated Lipid Bilayers withSugars 103

5.4.4 Hydrogen Bond Analysis: Water as H-donor

To gain insight into how the saccharide molecules stabilize th®layer structure, an extensive
hydrogen bonding analysis was performed on the dehydratedayiers. The number of hydro-
gen bonds between water (H-donor) and lipid/saccharide (H-aeptor) was calculated. For
this analysis, a hydrogen bond was de ned according to the ceitia suggested by Brady and
Schmidt [285], with the distance between the donor and accept(O O) within 0.35 nm and
the donor-hydrogen-acceptor (OH O) angle between 120 and 180 degrees. Figure 5.4.5
shows the average number of hydrogen bonds (collected in tlaestl 20 ns) for the systems
with and without glucose or trehalose at 290, 300, and 310 K. Frothe gure, the presence
of saccharides decreased the number of hydrogen bonds of watih the lipids from 1,690
for systems without saccharides to 1,520 and 1,550 for bilayers with glucose and tre-
halose, respectively. This decrease in hydrogen bonds resuttant the preferential binding
of saccharides to the lipids, which in turn prevents water fronforming hydrogen bonds with
the lipids. One reason for similar numbers of hydrogen bonds fbilayers containing saccha-
rides is because glucose and trehalose form about the same nundfdrydrogen bond to the
lipids, thus displacing the same amount of water molecules thatre bounded on the bilayer

interface. This nding was veri ed by considering the sacchade molecules as H-donors.

Analysis of the hydrogen bonding between water (H-donor) and s@warides (H-
acceptor) also provided support for the bilayer stabilization Based on the fact that most
of the saccharide molecules were bounded at the bilayer irfiece, the number of hydrogen
bonds between water and saccharide molecules was estimated {0 for glucose and 410
for trehalose systems as shown in Figure 5.4.5). The reason thereravslightly less hydro-
gen bonds for trehalose than glucose is because the total amowftH-acceptors is lower
for trehalose. Altogether, glucose and trehalose have 720 (6 mgucose) and 660 (11 per
trehalose) H-acceptors, respectively. Note that the sum of the ndrar of hydrogen bonds
between water-lipid and water-saccharide surpasses that foretbilayer without saccharide.

This implies that the binding of saccharides with the lipids ncreases the exposed bilayer
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Figure 5.4.5: Average number of hydrogen bonds for bilayerstiout saccharide, with glu-
cose, and with trehalose and water as H-donors. Adjacent bar platse for bilayers at 290,
300, and 310 K, respectively. Dark-gray are the average numbef hydrogen bonds be-
tween water and lipid-oxygen atoms. Light-gray are the avege number of hydrogen bonds
between water and saccharide-oxygen atoms. Error bars repnatsstandard deviations.

surface, thus allowing water to bind with the lipids and consagently hydrating the bilayer.

5.4.5 Hydrogen Bond Analysis: Saccharide as H-donor

To di erentiate the properties of glucose and trehalose, an &nsive hydrogen bond analysis
was performed with the saccharides as H-donors. Here, the H-adoep are the lipid-oxygen,
the water-oxygen, and the saccharide-oxygen atoms. Since ttwgal number of H-donors
di ers for bilayers containing glucose (120 glucose 5 H-donors) and trehalose (60 trehalose
8 H-donors), the results were reported based on the hydrogen bodistribution per H-
donor. Table 5.4.1 shows the average H-bond distribution for ¢hbilayers containing glucose
and trehalose at 290, 300, and 310 K (data collected from thesta20 ns). To improve
the statistics of the results, the sampling from six independent simations containing the
saccharides for a total of 36 simulations with timestep of both and 3 fs (consistent results
were obtained with both timesteps) were considered. The data skiehat approximately 95%
of the H-donors are hydrogen bonded to an H-acceptor. Among thisstribution, trehalose
seems to form slightly more hydrogen bonds with lipids than gtwse (36% vs 32%). While

this di erence is small, it suggests that trehalose may preferéally bind to the lipids in
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Table 5.4.1: Intermolecular hydrogen bond with saccharidg$i-donor) for uni-lamellar bi-
layers exposed to an inert gas layer. Values are fraction of Hid/donor. Average and total
H-bond/donor are also shown below. Deviations are estimated si@ard error of the mean.

Temperature Glucose Trehalose
290 K 0.32 0.0# 0.50 0.02 0.13 0.0 | 0.35 0.02 0.52 0.02 0.08 0.0r
300 K 0.32 0.0 0.49 0.02 0.14 0.0r | 0.36 0.02 0.52 0.02 0.08 0.0r
310 K 0.32 0.02 0.49 0.02 0.13 0.0 | 0.37 0.02 0.49 0.02 0.07 0.0r
Average 0.32 0.5 0.1F 0.36 0.5 0.08
Total 0.95 0.95

H-acceptors:2lipid-oxygen atoms,Pwater-oxygen atoms ‘saccharide-oxygen atoms

the bilayer more than glucose. Hydrogen bonds of glucose andhatose with water (H-

acceptor) are equally formed, accounting for 50% of the total. The remaining hydrogen
bonds (glucose-glucose and trehalose-trehalose) show glucosenigaalmost twice as many
H-bonds with other glucose ( 13%) than those between trehalose molecules §%). This

di erence can be explained by the fact that glucose, which is satier than trehalose, has
greater mobility to bind with the other glucose molecules. Bewise trehalose preferentially
bind to lipids and it has less mobility (bulkier molecule), itcan serve as a better stabilizing

agent than glucose.

5.5 Summary

In this study, molecular dynamics simulations were used to ingdgate and compare the
properties of DPPC bilayers with and without saccharides (glcose or trehalose) under de-
hydrated conditions. Results from the simulations indicate tat uni-lamellar bilayers lose
their structural integrity under dehydrated conditions in the absence of saccharides, however,
in the presence of either glucose or trehalose, the bilayers mtain their stability. Hydrogen
bond analysis shows that the saccharide molecules displace a sogimt amount of water

surrounding the lipid headgroups. At the same time, the additioal hydrogen bonds formed
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between water and saccharide molecules help to maintain a mgton layer on the lipid bi-

layer interface. Based on the hydrogen bond distributions, trelose forms more hydrogen
bonds with the lipids than glucose and it is less likely to intexct with neighboring saccha-
ride molecules. These results suggest that the preferential inéetion between the saccharide
and lipid molecules through hydrogen bonds is an essential cpoment of the mechanism for

stabilization and protective e ect of lipid bilayers.



Chapter 6

Molecular Studies of Lipid Bilayers

Near the Main Phase Transition

From recent studies, it has become apparent that both orderechd disordered lipid phases
within eukaryotic cell membranes are essential for variouslidar functionalities [37{43]. The
ordered (gel) and disordered (liquid-crystalline) lipid phaes have been central in studies of
the phase behavior of biological membranes, which relates tbeerall structural characteris-
tics and dynamics of membranes to individual lipid componés Several experimental and
computational phase behavior investigations have been reped to characterize structural
and dynamic properties of lipid bilayers in a gel, liquid-grstalline, and transition states
(see Section 2.3 for more details). Of all the modeling technigs presently available, coarse-
grained (CG) models are better suited to obtain insight into tle properties of order domains,
as large bilayers and long simulation times can be achievedrtwdel large-scale properties of
membranes. Using this approach, Marrinket al., clearly showed the transformation process
associated with a phase transition [189]. However, CG models areable to capture the
molecular features and characteristics of the lipid moleas and the more subtle structural
properties of the bilayers. As such, atomistic simulations for #htransition state may estab-

lish additional understanding of properties on lipid domainsin this chapter, a series of MD

107
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simulations for four types of lipids bilayers (DPPC, DPPE, P@C, and POPE) is presented

to determine the possible mechanisms underlying the phase tramsn process.

6.1 Simulation Details

Two sets of simulations were considered in this study. First, anakng simulations were
performed for DPPC, DPPE, POPC, and POPE bilayers containig a total of 128 lipids (64
per lea et with 40 water/lipid). Second, separate simulatios of DPPC, DPPE, POPC, and
POPE bilayers were performed at xed temperatures rangingdm 250 K to 350 K, above
and below the experimental phase transition temperature. Theet temperatures and the
approximate main phase transition temperature for each lipiilayer system are summarized
in Table 6.1.1. Although the size of the bilayers considered rexms relatively small compared
to previous CG simulations, they are about the same size or largttan previous atomistic
simulations on phase transitions [94, 185, 186, 190]. Also, thddyer systems presented
in this study are too small to form a ripple phase, as observed by iBpipta et al. [178];
therefore, bilayers that exhibit characteristics of a ripp phase (co-existence of \ordered"
and \disordered" domains) will be referred as \mixed" domaingsee Chapter 2.3 for more

information).

In the annealing simulations, previously equilibrated lipid Bayers underwent a series
of annealing steps from 250 to 350 K for both DPPC and DPPE bil&ys, and from 250 to 330
K for both POPC and POPE bilayers, as part of the heating scan. Tése were then followed
by the reverse path (cooling scan), thus tracing the hysteresisitwves. These temperature
ranges were chosen to include the main phase transition from a g¢e a liquid-crystalline
phase, as indicate in Table 6.1.1. The heating and cooling est for the saturated lipid
bilayers (DPPC and DPPE) were set at 2.5 K per nanosecond and at®?K per nanosecond
for the monounsaturated bilayers (POPC and POPE). As it will beshown, the selected

rate is adequate to obtain a number of structural propertieshiat allow identi cation of the
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Table 6.1.1: Experimental values for the main phase transitiotemperature for the lipid
bilayers and the set temperatures considered in the xed tempature simulations.

Lipid Experimental T ,, (K) Set Temperatures (K)

DPPC 313 250, 280, 290, 300, 310, 320, 330, 340, 350
DPPE 337 290, 300, 310, 320, 330, 340, 350
POPC 27C¢ 260, 270, 280, 290, 300, 310, 320
POPE 306 260, 270, 280, 290, 300, 310, 320

2 Di erential scanning calorimetry [282]

b Optical detection and di erential scanning calorimetry [1§
¢ Raman spectroscopy [45]

d Di erential scanning calorimetry [175]

transitional process from ordered to disordered states and vigersa.

In the xed temperature simulations, separate simulations wer@erformed on lipid
bilayers at the set temperatures above and below the main phasansition, as indicated in
Table 6.1.1. Each con guration was processed through a serieisheating and cooling steps
from the desired temperature to 450 K and back to erase any hysssis of the system prior
to the start of each simulation. Beyond the equilibration, a ttal simulation time of 50-60
ns was collected for each system, of which the last 30 ns were usethe evaluation of the

equilibrium properties.

Because periodic boundary conditions were imposed on the syssamthe simulations,
the bilayer con guration is essentially that of a multi-lamelar system. It is known that
uni- and multi-lamellar bilayers exhibit di erent phase belavior [170]. To minimize the
periodicity of a multi-lamellar systems, the systems consideredmtained 40 water/lipid,
which is above the swelling limit proposed by Nagle and Tristraiagle [172], thus making

the systems behave in a manner that is similar to a uni-lamellaroa guration.

The force- eld for DPPC and DPPE were previously described in Rapter 4. The
force- elds for POPC and POPE are consistent with those emplogein a previous study

of Tieleman et al. [296, 297], which include intramolecular parameters for bds, angles,
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Figure 6.1.1: Molecular structure and assigned numbering ofahs for POPC (above) and
POPE (below). Chemical symbols are hydrogen (H), nitrogen (N)pxygen (O), and phos-
phorus (P).

proper dihedral, and improper dihedral [269]. The structurand assigned atomic numbering
considered for POPC and POPE are shown in Figure 6.1.1. The Rykt-Bellemans po-
tential was used for the torsion potential of the lipid hydrocebon chains [271]. Non-bonded
interactions were described by the parameters from Berget al. [104, 110, 272] and patrtial
atomic charges were obtained from Chiet al. [96] The single point charge (SPC) model was
adopted for water [273]. The united-atom representation wassed for the methyl/methylene
groups in the acyl chains of both POPC and POPE. For POPE, exit hydrogen atoms in

the ethanolamine headgroup are considered.

Since the available force- elds employed here were origliyadeveloped for the liquid-
crystalline phase, it was unclear whether they are suitable tepresent bilayer properties at
and near the main phase transition. Nevertheless, results from ghstudy are intended to
demonstrate that one can use atomistic simulations to obtain ingrtant information of lipid
bilayers at and near the transition state (gel to liquid-cryst#line) and to provide insight into

the structural changes of the lipid bilayers at and near the ma phase transition.
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All simulations were performed in theNP T ensemble, at a pressure of 1 bar and at
temperatures between 250 and 350 K (see Chapter 4 for more distan the parameters used
in the simulations). A time-step of 2 fs was used for all simulatiam Coulombic and van
der Waals interactions were cuto at 9A. Long-range electrostatic interactions were cor-
rected with the particle-mesh Ewald method (PME) (0.12 nm fothe grid size, fourth-order
spline interpolation, and real-space cuto at 9A) [108, 263]. Periodic boundary conditions
were applied in all directions. Trajectories were collectedvery 2 ps. All simulations were
performed with the GROMACS 3.3 software package [258, 259]r{gle-precision mode) in
parallel using Virginia Tech's System X [281].

6.2 Annealing Simulations

The focus of this study is to obtain a better understanding of tb phase transition of typical
saturated (DPPC and DPPE) and monounsaturated (POPC and POPEJ)ipid bilayers. To

verify the properties of the lipid bilayers near the main phse transition, a series of heating
and cooling annealing scans were performed on each lipid pdasystem starting from previ-
ously equilibrated structures at the two ends of the annealingemperatures (250/350 K for
DPPC and DPPE bilayers and 250/330 K for POPC and POPE bilayes). Several anneal-
ing simulations were conducted with di erent starting con gurations and initial velocities

to improve the statistical analysis of the results (three simulabns for each lipid system).
The structural properties considered for this analysis were ¢harea per lipid and the bilayer
thickness, both of which are sensitive to the phase state of the hjkr [298]. The average
area per lipid was calculated from the cross-sectional area dktsimulation box (plane along
the bilayer interface, xy-plane) divided by the number of lipids per lea et (64 lipids) The

bilayer thickness is quanti ed from the distance of the mean msition of the phosphorus
atoms in each lea et. Figures 6.2.1a-d show the approximateea per lipid resulting from

the heating and cooling scans for the DPPC, DPPE, POPC, and PQP bilayers, respec-

tively. The approximate bilayer thickness resulting from theheating and cooling scans of
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DPPC, DPPE, POPC, and POPE bilayers are shown in Figures 6.2e1h, respectively.

From Figures 6.2.1a-b, the heating scans of each lipid system sha transition point
around 295 K for DPPC and 320 K for DPPE, which corresponds to thtemperature at
which there is a change in the slope of the heating curves. Howevi®r the cooling scans,
the identi cation of a phase transition is not as clear, as the r@a per lipid and bilayer
thickness decreases more gradually with decreasing temperatuSimilar results are observed
in Figures 6.2.1e-f for the bilayer thickness: the phase trangt can be easily identi ed in the
heating scans, but less clearly in the cooling scans. The heatingdacooling scans shown in
Figures 6.2.1a-b represent hysteresis loops, a prominent chagraistic of systems undergoing
a rst-order phase transition. This type of behavior for lipid klayers is also observed in
experimental [21, 170, 171] and other computational [18084, 188] studies, supporting a
rst-order phase transition mechanism. One of the reasons the hesy and cooling do not
form a closed-loop is that the same annealing rate for heatingh@ cooling was used, and
the process from a disordered to ordered state is much more susdaptto metastability
than the reverse path. Note that the structural properties of tle simulated bilayers seem
insensitive to doubling the bilayer size to 256 lipids for DPPCrad DPPE bilayers, as the
tracing in the average area per lipid for both small and large syems follows the same trend
(see Figs 6.2.1a-b). As such, lipid bilayers containing 128 ilils were used for all others

simulations.

From Figures 6.2.1c-d and g-h, the heating scans for both POR®d POPE indicate a
transition point around 270 K and 280 K, respectively, which aoesponds to the temperature
at which there is a break in the slope of the heating curves. Fohé cooling scans, the
identi cation of the phase transition is similar to that of the heating scan, although not
as clear. Compared to the heating and cooling scans for DPPC calbPPE in which a
mismatch of the hysteresis loop upon heating and cooling are obssl, POPC and POPE
lipid bilayers are more susceptible to a phase change as heatamgl cooling scans show similar
trends. From this analysis, it is evidence that a kinked con guation due to the double bond

in the Sn-2 tail of monounsaturated lipids (see Figure 6.1.1) is an impt@ant structural
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Figure 6.2.1: Area per lipid (a-d) and bilayer thickness (e-hpbtained from annealing and
xed temperature simulations. Red and blue lines correspond tthe heating and cooling
scans, respectively. Heating and cooling rates of 2.5 K/ns (DPP&hd DPPC) and 2.0 K/ns
(POPC and POPE) were used to obtain the hysteresis loops. The imgection of the dashed
lines corresponds to the phase transition point. \" and \+" symbols shown in a) and b)
correspond to the area per lipid obtained from annealing simations of larger DPPC and
DPPE bilayers containing a total of 256 lipids. Circles, squagg triangles, and diamonds are
results from the xed temperature simulations. Error bars are gtimated standard deviation.
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feature that creates a loose packing between the lipid tailshas allowing the bilayer to be
more susceptible to a phase change. As a result, narrow hysteresigplo are observed from
the simulations, a characteristic of lipid bilayers undergoip a rst-order phase transition.
Although the phase transition temperatures obtained for DPPCad POPC (T $™! vs.T ;)
are similar to experimental values, and slightly o for DPPE andPOPE (T $™ vs.T ,,), the
current results are an a rmation of the phase behavior of lipidbilayers and the molecular
changes associated with phase transformations. Based on these tesal closer look at the
equilibrium properties of the lipid bilayers at selected temeratures above and below the

phase transition is discussed in the following sections.

6.3 Simulations at Fixed Temperatures

Clear structural changes in the lipid bilayers above and belthe main phase transition can
be observed from the packing of the lipid tails in the bilayersas shown in Figure 6.3.1 for
pairs of snapshots from the MD trajectories for DPPC, DPPE, POE, and POPE bilayers
at selected temperatures. For DPPC, two distinct domains are slerved at 250 K, as shown
in Figure 6.3.1a. The rst domain consists of lipids that are fuy stretched with no overlap
between lipid tails from the adjacent lea et, to be referredas \ordered" domain. The second
domain is identi ed as the overlapping section of lipid tailsfrom each lea et, and to be
referred as the \disordered" domain. From the snapshot, the lig tails are tilted in the
\ordered” domain and partially overlapped in the \disordered" domain. This type of lipid
alignment has been previously reported as a ripple phase initai by de Vries et al. [187].
Since the bilayer systems presented here are too small to form pple phase, this packing
of the lipid tails is referred as a \mixed" domain. To verify the stability of these structures,
instantaneous heating and cooling was performed on each systenan annealing process to
ensure that the resulting structures were not in a metastable stat This was accomplished
by heating the system to 450 K and then cooling it to the respecte/temperature in the

NV T ensemble. At the desired temperature, systems were equilibrdtéor at least 10 ns
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a) DPPC T, sm™'e29 0-300 K T,°315K
xz-plane yz-plane
250 K 280 K 290 K
300 K 310K 320K
b) DPPE T smie 32 0-330 K T 337K
290 K 300 K 310K
320K 330K 340K

Figure 6.3.1: Snapshots of a) DPPC and b) DPPE bilayers at seted temperatures demon-
strating a change in the bilayer structure below and above theh@ase transition point. Views
of the simulation box are shown for thexz-planes andyz-planes. Thez-axis is normal to
the bilayer interface. The bilayer core region is centered the middle of the snapshotsT ,

and T $™- are the experimental and estimated phase transition temperates, respectively.
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before production runs. At the higher temperatures (Figure 8.1a), the lipid tails of DPPC

are fully random, which is characteristic of a liquid-crystdine phase.

A similar procedure was applied to DPPE. For DPPE, only the \odered" domain
with tilted lipid tails was observed at low temperature, as shen in Figure 6.3.1b. In this
case, all lipid tails are tightly packed, with less interdigiation between them. Compared
to DPPC, the \mixed" domain in DPPE is not observed from the simudations as the \or-
dered/disordered" patterns seem absent. This is consistent witihe experimental study by
Yao et al. [299], in which they were unable to distinguish a stable phase froa gel to a
liquid-crystalline phase for DPPE using X-ray scattering, unlik the case for DPPC. Even
though the experiments by Yaoet al. were insu cient to provide insight into the phase
transition mechanism of DPPE, current simulation results suggeshat DPPE undergoes a
phase transition without existing as a \mixed" domain. At highe temperatures, the DPPE

lipid tails are fully random, as shown in Figure 6.3.1b.

Unlike saturated lipids, typical monounsaturated lipids, such a®$#OPC and POPE,
contain asymmetric lipid tails, one with 16 carbons in theSn-1 tail and another with 18
carbons and ecis double bond in the middle of theSn-2 tail. Previous simulations studies of
POPC and POPE have shown that the lipid tails are predominantf tilted with kinks at the
double bond at low temperatures [111, 175]. Based on these poexs ndings, it is expected
that POPC and POPE bilayers would have a complex packing in aej state. From the
snapshot of POPC in Figure 6.3.2a, there is evidence of a tilteshtilted lipid arrangements
at 260 K. This may be caused by the kinked con guration of th&n-2 tails that disrupt the
tilted con guration of the Sn-1 tails when the lipids are tightly packed at low temperatues.
Slight interdigitation of the lipids between each lea et isalso observed in some parts of the
bilayer, which possibly relates to a \mixed" domain formation At higher temperatures, the
POPC lipid tails are fully random, which represents a charaetistic of lipid bilayers in a
liquid-crystalline state, as shown in Figure 6.3.2a. For POPEa tilted lipid arrangement is
observed at 260 K with little or no interdigitation between eah lea et (Figure 6.3.2b). The

tilted arrangement is more pronounced in POPE than in the POE bilayers mainly because
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a) POPC T, sm™be27 0-280 K T,270K
xz-plane yz-plane
260 K 270 K 280 K
290 K 300 K 310K
b) POPE T sm'e 28 0-300 K T,°306 K
260 K 270K 280 K
290 K 300 K 310K

Figure 6.3.2: Snapshots of a) POPC and b) POPE bilayers at seted temperatures demon-
strating a change in the bilayer structure below and above theh@ase transition point. Views
of the simulation box are shown for thexz-planes andyz-planes. Thez-axis is normal to
the bilayer interface. The bilayer core region is centered the middle of the snapshotsT ,

and T $™- are the experimental and estimated phase transition temperates, respectively.
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of the tighter packing with the smaller PE headgroup. Fewer dects are noticed along the
tilted lipid arrangement which is most likely caused by the tigt packing of the Sn-1 tails
and kinks in the Sn-2 tails. At a higher temperature, the lipid tails are fully random, as
shown in Figure 6.3.2b (right). From a visual inspection of all iayer structures above and
below the phase transition, distinguishable structural changesssociated with each phase

are observed.

From the full series of snapshots for the lipid bilayers at the vaous temperatures,
the phase transition temperature for the bilayer systems can besasonably estimated at
295 K for DPPC, 315 K for DPPE, 270 K for POPC, and in the range of 280-300 K
for POPE, which compare to the experimental values of 315 K for DPPC [282], 337 K
for DPPE [18], 270 K for POPC [45], and 306 K for POPE [175]. Further quantitative
analysis of the structural properties is discussed in the follomg sections to support these

observations.

6.4 Results and Discussion

A number of properties were analyzed to characterize and qui#fy the changes in the bilayer
structure with respect to the phase transition temperature for l lipid bilayer systems,
including: area per lipid, bilayer thickness, lipid tail tilt-angle, lipid tail order parameter,
hydrocarbontrans-gaucheisomerization, and level of interdigitation. These properés were
obtained from the ensemble average of the trajectories ovdret last 30 ns of the simulations
for each system listed in Table 6.1.1. The stability of each systemaw monitored by the

average area per lipid.
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6.4.1 Area per Lipid

For DPPC bilayers at the lower temperatures, it is observed thahe bilayer surface showed
abnormal defects resulting from the rigidity and packing of e phospholipids (see Fig-
ure 6.3.1a). As such, it was unclear that the area per lipid forhbse systems can be ade-
quately quanti ed. Note that these defects were less obvious &igher temperatures (see
Figure 6.3.1a). As shown in Figure 6.2.1a, the area per lipid tie bilayers at the di erent
temperatures (discrete data points) showed consistent agreemevith the annealing simu-
lations, with exception of the data at 290 K that deviated fromthe expected value. The
average area per lipid for DPPC increases almost linearly wittemperature above 310 K.
A similar linear relationship was reported by Sunet al. for DPPC in the liquid-crystalline
state [228]. At the lower temperatures, the average area pepilil for DPPC is more scattered
due to the \mixed" domains, exhibited by the many stable con guations of the systems.
That is, the average area per lipid signi cantly increases whethe lipid tails are predomi-
nantly tilted with large tilt-angles and decreases when thegre tightly packed with the lipid
tails and aligned along the bilayer normal. This nding agres well with previous X-ray
di raction experiments on fully hydrated DPPC by Ruocco et al. that observed a tilted
lipid arrangement in the gel phase and a more parallel alignmeto the bilayer normal near
the transition point [300]. For DPPE, because the \mixed" domas seem absent from the
structures at low temperature (see Figure 6.3.1b), the averagarea per lipid obtained from

the individual simulations is between the values obtained &m the annealing simulations.

For POPC and POPE, since the kinked and straight lipid tail congurations are ob-
served in Figures 6.3.2a-b, the spacing between lipids in oma let is expected to be loosely
packed along the bilayer surface. This is related to the way mounsaturated lipids are
packed within the bilayer (straight Sn-1 and kinked Sn-2) which prevents lipids from over-
lapping each other at low temperatures. As shown in Figures 612-d (discrete data points),
the average area per lipid for both POPC and POPE increases ghaally with temperature.

Although the discrete values obtained are within the range ohe heating and cooling scans,
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no direct correlation between these data points identi es almse transition point (a clearer
identi cation is observed from the annealing simulations). Seeral experiments suggest a
stable ripple phase between a gel and a liquid-crystalline phaser POPC bilayers [178],
however, this phase is not observed from the current simulatieras the bilayer size is rela-
tively small. Despite this fact, this POPC bilayer model proviles a tilted lipid arrangement
that is common in a gel and ripple state. For POPE, no ripple phse formation has been
reported in the literature. As such, the transition from a gel toa liquid-crystalline state for
POPE is rather an entropy-driven process with subtle changes the bilayer structure [175].
Unlike the phase transformation of saturated lipids, the phase treition of monounsatu-
rated lipid bilayers seems less sensitive to changes in the arear fipid, mainly caused by
the kinked con gurations of the Sn-2 tails. This fact was brie y discussed by Cheret al. in
their mathematical model relating the changes in the area pépid to the phase transition of
saturated lipids [183]. The results from this analysis demonstte a complex phase transition
process for monounsaturated lipid bilayers; the area per lipione is insu cient to describe

the mechanism of phase transition.

6.4.2 Bilayer Thickness

As shown in Figures 6.2.1e-h, the bilayer thickness was also cargd between the annealing
and xed temperature simulations. The results for both DPPC andDPPE yield similar

trends with a decrease in the bilayer thickness accompanyinge phase transition from an
ordered to a disordered state. This also veri es that the system sizand the heating rate
chosen are su cient to describe the phase behavior near the mainansition state. A closer
inspection of the results for DPPC in Figure 6.2.1e indicates slight increase in the bilayer
thickness prior (at 290 K) to the phase transition temperature.This increase in the bilayer
thickness is related to a change in the alignment of the lipidails from a \mixed" to an

\ordered" phase, causing the bilayer to expand. A similar beha&or is not observed for

DPPE (see Figure 6.2.1f) because a \mixed" phase seems absent.
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Figure 6.4.1: Schematic representation of the alignment ofé lipids in the \ordered" and
\disordered" phases: a) cross-tilted, b) tilted, and ¢) random. Bth tilted and cross-tilted
alignments are observed in the gel phase (see Figures 6.3.1lactamparison). Red and blue
spheres represent the lipid headgroup and water, respectively

In Figure 6.3.1a, a \mixed" domain con guration is observed blow the melting tem-
perature (Ty,), which in turn resulted in a bilayer with uneven thickness. As dicussed in the
previous section, the DPPC structure experienced a noticea&bincrease in the bilayer thick-
ness belowl,,, which corresponded to a transformation from a cross-tilted (Gure 6.4.1a) to
a tilted lipid arrangement (Figure 6.4.1b). This rearrangement causes a slight increase in the
area per lipid nearT,, (see Figure 6.2.1¢), as the lipid molecules align perpendeuto the
bilayer surface at temperatures near the phase transition, wth in turn causes a slight in-
crease in the bilayer thickness upon heating the bilayer. Ondg, has been reached, the lipid
tails become interdigitated, resulting in a decrease of the layer thickness and an increase
in the area per lipid (see Figure 6.4.1c). Although this coopative phenomenon is observed,
the analysis suggests that an increase in the area per lipid is assential step to induce a
rearrangement of lipid molecules before transforming to agliid-crystalline phase. Unlike
DPPC, DPPE bilayers are predominantly in the \ordered" phasewith little tilt of the lipid
tails below T,,. Therefore, the rearrangement of DPPE is minimal and the laler thickness

slightly reduces until it reaches the phase transition tempetare (see Figure 6.2.1f).

In contrast to DPPC and DPPE, the results for both POPC and POPE sbwn in
Figures 6.2.1g-h yield a subtle decrease in the bilayer thickss, accompanied by a subtle
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Figure 6.4.2: Two methods for determining the bilayer thickess for a) POPC and b) POPE.
Circles and squares are results obtained from the average dista between the two peaks of
the phosphorus density pro le in the bilayers. Triangles and dmonds are results obtained
from the average position of the phosphorus atoms in each le& érror bars are estimated
standard deviation.

increase in area per lipid as the phase transition progresses framordered to a disordered
state. The data points in Figures 6.2.1g-h are within the rargof the annealing simulations,
however, the phase transition cannot be clearly identi ed (alearer identi cation is observed
from the annealing simulations). The average position of the plsphorus atoms is equivalent
to the thickness calculated from the phosphorus density pro & Figure 6.4.2 shows a com-
parison for the thickness of the bilayer based on the two apprdaes. Based on the bilayer
thickness, it remains uncertain how structural changes of mooosaturated lipids are related

to the phase transition.
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6.4.3 Lipid Tail Tilt-Angle

To further verify the structural transformation during the phase transition, the lipid tail

tilt-angle of all lipid systems was measured with respect to theilayer normal. One measure
of a lipid bilayer in a liquid-crystalline state is that the lipid tails are fully random and

unhindered to take any orientation within the bilayer. If the bilayer exhibits a preferred
orientation (ordered domain), as the low temperature struetres shown in Figure 6.3.1, it
is considered to be in a gel state. The angle distribution of eacdarbon segment in the
lipid tails is calculated with respect to the bilayer normal b determine the orientation of the
lipids in the bilayer. The carbon segment, in this case, refets a vector between alternating
carbon units along the lipid tail, as demonstrated in Figure 8.3. Note that the angle can
be either positive or negative depending on the alignment ohe lipid tails (a zero degree

corresponds to a vector aligned along the bilayer normal).

Figures 6.4.3a-d show the normalized tilt-angle distributio for DPPC, DPPE, POPC,
and POPE with respect to thexz-plane of the simulation box (results obtained along the
yz-plane are very similar but are not shown for brevity). There ar three distinct structural
alignments of the lipids that can be used to determine the phageansition point. In the
gel phase, two of these structures were observed: one produces tlouble peak in the
distribution and the other shows a narrow angle distribution. t the liquid-crystalline phase,
a wide distribution centered around zero degree is observedhd analysis indicates that the
double peak refers to the cross-tilted lipid arrangement shown Figure 6.4.1a. The narrow
distribution implies that the lipid tails are predominantly tilted to some degree, as illustrated
in Figure 6.4.1b. A wide distribution centered at around zeralegree indicates that the lipid
tails are fully random (Figure 6.4.1c). To quantify the phasechange from the distribution
curves, the full-width at half-height (FWHH) of the distributio n of the peak maximum was
calculated and placed as inset in each plot shown in Figure &84. The systems with the
double peaks were not considered in this calculation as theytrioduced biased results. For

DPPC, there is a signi cant jump in the FWHH value from 300 to 310K (see inset in
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Figure 6.4.3: Top: pictorial representation of the vector faned by alternating carbon units
along the lipid tails. The positive (+) and negative ( ) tilt-angles are measured with re-
spected to thez-axis (zero degree). Note that only thexz-plane is shown in the gure for
clarity. A similar tilt-angle can be de ned in the yz-plane. Bottom: normalized angle dis-
tribution for all carbon segments in the lipid tails of a) DPPC b) DPPE, ¢) POPC, and

d) POPE. Calculations were performed with respect to thez-plane of the simulation box.
Each line color corresponds to systems at a xed temperature. dats are the calculated
full-width at half-height (FWHH) of the distribution curves.
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Figure 6.4.3a). This shows that the tilted alignment of the pids signi cantly reduces in this
temperature range. Again, this is consistent with previous amgsis and it was concluded
that the phase transition temperature for DPPC occurs betweeB00 and 310 K. For DPPE,
a signi cant jump in the FWHH value at any temperature interval was not observed, thus
it was concluded that the phase transition for DPPE is relatedd lesser changes in the lipid
con guration in the vicinity of T, (see the inset in Figure 6.4.3b). For POPC, there is a
signi cant increase in the FWHH value from 270 K to 280 K (see insehiFigure 6.4.3c). This
shows that the tilted alignment of the lipid tails is signi cantly reduced in this temperature
range. Again, this is consistent with the other properties pragusly analyzed and it was
concluded that the phase transition temperature for POPC ocea between 270 and 280
K. Similarly, there is a large increase in the FWHH value for POB from 280 to 290 K, a

temperature range in which the phase transition is speculatedde inset in Figure 6.4.3d).

Aside from the lipid tail tilt-angle, the average intramolecuar angle for the phospho-
rus (P) to nitrogen (N) vector relative to the bilayer normal for both POPC and POPE
was calculated. Distribution plots for the P-N vector angle B summarized in Figure 6.4.4.
For POPC, the P-N vector angle distributions are broad, from @ to 110 degrees. At low
temperatures, the distributions peak around 40 degrees, indiing that most choline groups
are pointing toward the aqueous phase, which is caused by thgtt packing of the lipids
in the gel phase. At high temperatures, the distributions shift @ higher values ( 100 de-
grees), representing bending of the choline groups and unhardd motion in the uid phase.
Similar characteristics are observed for POPE, with broad digbutions at low temperatures
and bimodal distributions at high temperatures. For both POPCand POPE, the P-N vec-
tor angle distributions at high temperatures are consistent il results reported for DPPC
and DPPE. As seen from Figure 6.4.4, the P-N vector angle disttitions do not show any
systematic changes from the low (gel phase) to high (liquid-cstalline phase) temperatures,
and as such, it was di cult to identify the phase transition temperature from the distribu-
tions plots. However, comparison of the distributions at the loest and highest temperatures

shows distinct features. At the lowest temperature correspondinto a gel phase structure,
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Figure 6.4.4: Normalized angle distribution for P-N vector foa) POPC and b) POPE.
Angle is measured with respect to the bilayer normalzfaxis). Line colors are described in
the legend of Figure 6.4.3.

the distributions for both POPC and POPE are about uniform ove the range of all angles
(30 to 110 degrees for POPC and 40 to 120 degrees for POPE). Aethighest temperature
corresponding to a liquid-crystalline phase, the distributios are more de ned showing bi-
modal con gurations. Therefore, while the P-N vector angle idtribution cannot be used to
identify the phase transition temperature, it does provide a wglitative measure of the uid

state for POPC and POPE bilayers.

6.4.4 Lipid Tail Deuterium Order Parameter

The deuterium order parameter, a measurement of the orieniah and ordering of the lipid
tails in the bilayer, was calculated for bilayers in the xedtemperature simulations to help
identify the mechanism for phase transition. The ordering of th tails is expected to change
signi cantly at the phase transition, that is, the alignment of the lipid tails in a gel state is

more ordered (highejScpj value) than those in a liquid-crystalline state. Figures 6.4&b
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show the calculated order parameter for DPPC and DPPE along thi previous experimental
results for DPPC at 353 K [283] and DPPE at 342 K [17]. For DPPC (lgure 6.4.5a), a
large decrease in the order parameter is observed from 300 t® XL This suggests that the
change is associated with a phase transition for DPPC. For DPPE {§ure 6.4.5b), the order
parameter decreases signi cantly from 310 to 320 K. Again, thishange is associated with a

phase transition for DPPE.

Since the lipid tails are asymmetric for POPC and POPE, the orer parameter is
calculated separately for theéSn-1 and Sn-2 tails. Figures 6.4.5c-f show the calculated order
parameters for POPC and POPE along with previous experimeal results for POPC at 300
K [185] and POPE at 303 K [301]. For both systems, the order paranee seems to decrease
with increasing temperature. For POPC in Figures 6.4.5c-d,he order parameter for both
lipid tails shows signi cantly lower absolute values from 270a 280 K. The jump in the order
parameter over this temperature range suggests that this chge is associated with a phase
transition for POPC. Unlike POPC, POPE has a two-step transformfion when monitoring
the changes in the order parameter (see Figures 6.4.5e-f),eoat 280-290 K for theSn-1
tail and another at 290-300 K for theSn-2 tail. This nding implies that the mechanism
of phase transition for POPE is more complex, as the lipid tailsnay experience several
structural changes before transforming into a liquid-crystéihe state, thus giving evidence
for a broad transitional temperature range. A possible reasonrfthis may result from the
lipid reorientation after the Sn-2 tails are less constrained from the tight packing in the
gel state. The same behavior is not observed for POPC because POBilayers are not
as tightly packed as POPE bilayers in the gel state (\mixed" dmains are observed in this

case).

6.4.5 Hydrocarbon Trans -Gauche Isomerization

The hydrocarbon trans-gauche isomerization has also been used to determine the phase

transition of lipids [302]. In general, the lipid tails in thegel state are predominantly present
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Figure 6.4.5: Deuterium order parameter of the lipid tailsdr DPPC, DPPE, POPC, and
POPE. Average deuterium order parameter for a) DPPC and b) DPE. Deuterium order
parameter for c)Sn-1 and d) Sn-2 of POPC, and e)Sn-1 and f) Sn-2 of POPE. Line colors
are described in the legend. Circles are experimental NMR measonents of pure DPPC
at 353 K [283], DPPE at 342 K [17], POPC at 300 K [185], and POPEt&803 K [301],
respectively. T $™!- is the estimated phase transition temperature.

as trans conformers, whereas bothrans and gauche conformers are present in a liquid-
crystalline state. At low temperatures, thetrans conformations are preferred because they
are energetically more favorable for the lipids in the bilagr arrangement. As the tempera-
ture increases above the phase transition point, the carbon as in the lipid tails are less
restricted to move, thus creating defects in the hydrocarbotails (gaucheformation). As the
bilayer transitions from a gel to a liquid-crystalline phase, e expects a signi cant change
in the number of trans and gaucheconformations, reported as %auche The %gauchewas
analyzed according to the criteria suggested by Tat al. [90]. The criteria set a limit from

0 to 360 degrees in the axial rotation of the second bond of a difral, starting from a
cis conformer at O degree to drans conformer at 180 degrees. Based on these criteria, a
gaucheconformation would consist of angles ranging from 0 to 120 and@to 360 degrees.
Figure 6.4.6 shows the average gaucheformed along the lipid tails for all lipid bilayer
systems at selected temperatures. As seen in the gure, theg#ucheincreases with in-
creasing temperature for all systems. For DPPC, the temperatunange of 300-310K was

identi ed to correspond to a phase transition as a large increasa %gaucheis observed
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(see Figure 6.4.6a). This is consistent with previous analysis.oFDPPE, a large increase
in %gaucheoccurs between 310 and 320 K, which is a reasonable estimate tfor phase

transition temperature, consistent with previous results and idcussion (see Figure 6.4.6b).

For POPC and POPE, both saturated and unsaturated lipid tails a analyzed as
part of the interdigitation analysis. Since acis double bond is present in theSn-2 tail,
it was di cult to correlate the change in phase transition to the calculated %gauche A
clearer identi cation is obtained from the Sn-1 tail, as shown in Figures 6.4.6¢c-d. For both
lipids, the most pronounced change in the $auchewas identi ed in the range 270-280
K. For POPC, the changes in the %auchein this temperature range agree well with the
phase transition point identi ed with the other structural properties analyzed. However,
the changes for POPE are most likely associated with a pre-tratisin state. In this case,
a transformation from trans to gaucheconformation can occur prior to the main transition
temperature, which is related to the reorientation of the diedrals formed along the lipid
tails of POPE. This is possible considering the tight packing ahe POPE molecules at low
temperatures, as kinkedSn-2 tails can disrupt the trans conformation of neighboringSn-1
tails. In the case of POPC, the pre-transition state is absent benae POPC bilayers are
loosely packed with \mixed" domains. Therefore, alignment ah conformational changes
can occur simultaneously. The %aucheprovides further evidence for the phase transition
of POPC at about 270 K. However, for POPE, the results suggest a ptensition state in
which structural reorientations from trans to gauchedrastically change prior to the main

phase transition.

6.4.6 Level of Interdigitation

The last quantity considered is the transformation from partia(gel phase) to mixed (liquid-
crystalline phase) interdigitation near the phase transitionas described by Cheeet al. [183].

Partial interdigitation refers to the chain mismatch of the wo lea ets that is, at most, three
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Figure 6.4.6: Average %aucheformed along theSn-1 tails of a) DPPC, b) DPPE, c) POPC,
and d) POPE. Line colors are described in the Figure 6.4.3. 5™ is the estimated phase
transition temperature.

methylene units from the terminal carbon of the lipid tail (the bilayer thickness is approxi-
mately the sum of the acyl chain length of each lea et [303, 34 Pictorial representations
of partial and mixed interdigitation are shown in Figure 6.47. This is seen from DPPE at
290 K in Figure 6.3.1b , where the terminal carbon of the lipidails of each lea et do not
overlap one another. Note that the bilayer thickness in this goguration is about the sum of
the fully stretched lipid molecules in the two lea ets. On the ¢her hand, mixed interdigita-
tion refers to greater overlap, which is commonly seen in Ighibilayers in a liquid-crystalline

State.

To verify this, overlap between lipid tails from opposite leaets was measured by
computing the density pro le of the individual carbon atoms n the acyl chains, as described
by Flack et al. [168]. Figures 6.4.8a-d shows the acyl chain density pro le$ DPPC from
300 to 310 K and DPPE from 310 to 320 K. These temperature rangegre chosen because
it was identi ed to cover the phase transition region for DPPC ad DPPE. For clarity, only
the alternating carbon atoms of theSn-2 tail are considered (the density pro le for the

Sn-1 tails are nearly identical - data not shown here). As seen in ¢hplots, the density
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Figure 6.4.7: Pictorial representation of partial and mixedinterdigitation. The third
methylene groups from the lipid tail terminal carbon are show in black for the Sn-2 tail
and in gray for the Sn-1 tail.

pro les are very distinct above and below the phase transitionemperature. For DPPC
below T, (Figure 6.4.8a), the density pro les are broader away from th center of bilayer
and become narrower near the center. A broad density pro le sggsts that DPPC has a
\mixed" phase with partial and mixed interdigitation co-existing. A narrow density pro le
of the terminal carbon atoms indicates that lipid tails are ot predominantly overlapping.
Above T, (Figure 6.4.8b), the density pro les for all carbon atoms areiniform, suggesting
that the lipid tails are fully random and the lipid moleculesare evenly distributed in the
bilayer. Note that the density pro le for the terminal carbon aoms does not show a narrow
distribution, unlike the structure below T, indicating overlap between the lipid tails of
opposite lea ets. Similar results were observed for DPPE abovena below T,,. For the
density pro les below Ty, the distributions are relatively narrow (Figure 6.4.8c), sggesting
an absence of a \mixed" phase. Abové&,,, the density pro les show limited overlap of the

lipid tails, as indicated by the distribution of the terminal carbon atom (Figure 6.4.8d).

For POPC and POPE, the same analysis shows the most signi cant chges in the
density pro les between 270-280 K and 290-300 K, respectivels seen in Figures 6.4.8e-h,

the density pro les are very similar above and below the phaseansition temperature. The
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Figure 6.4.8: Density pro le for each carbon segments in th&n-2 tail for DPPC, DPPE,

POPC, and POPE above and below the estimated transition tempature. TS™! is the
system temperature. Pro les are centered with respect to the mhile of the bilayer core.
Red and blue lines represent density pro les for each lea et.
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only di erence between these plots is the shape of the distribigins, which are asymmetric
at 270 K for POPC and 290 K for POPE. This demonstrates that the packing of the lipids
hinders the full random motion of the Sn-2 tails, a characteristic of lipids in a gel state.
Upon increasing the temperature by 10 K, all density proles bemme symmetric, which
characterizes lipids in a liquid-crystalline state. Therefe, the phase transition for POPC
and POPE occurs at the temperature range of 270-280 K and 2800 K, respectively, as
the constrained displacement of the carbon atoms along the iliptails seem to disappear in

these temperature ranges.

6.5 Summary

Molecular dynamics simulations were used for a comprehensivaudy of the structural
properties of saturated and monounsaturated lipid bilayersear the main phase transition.
Though the chemical structure of DPPC and DPPE or POPC and POPEare largely simi-
lar (choline versus ethanolamine headgroup), their transforation processes from a gel to a
liquid-crystalline state are contrasting. From this study, themain phase transition tempera-
ture was identi ed at about 300 K, 320 K, 275 K, and 285 K for DPE, DPPE, POPC, and
POPE bilayers, respectively, compared to the experimental ks of 315 for DPPC [282],
337 K for DPPE [18], 270 K for POPC [45], and 306 K for POPE [175]Based on the
structural properties analyzed, Table 6.4.1 summarizes themperature ranges identi ed as

the main phase transition for all lipid bilayers considered.

For DPPC, three distinct structures can be identi ed relativeto the melting temper-
ature (Ty,): below T, with \mixed" domains consisting of lipids that are tilted with partial
overlap of the lipid tails between lea ets; neafT,, with a slight increase in the average area
per lipid, resulting in a rearrangement of the lipid tails andan increase in the bilayer thick-
ness; and abovd,,, with unhindered lipid tails in random motion resulting in an increase in

%gaucheormed and increase in the level of interdigitation betweengid lea ets. For DPPE,
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Table 6.4.1: Summary of the phase transition temperature raeg identi ed for DPPC,
DPPE, POPC, and POPE bilayers. The structural properties anajzed are shown separately
for the annealing simulations and simulations at xed tempertre. The experimental phase
transition temperatures (T,,) are shown in the last row.

Properties/TSm!" (K) DPPC DPPE POPC POPE
Area per lipid® 290-300 320-330 270-280 280-290
Bilayer thickness' 290-300 320-330 270-280 280-290
Bilayer structure® 290-300 320-330 270-280  280-300
Area per lipid® 300-310 310-320 - -
Bilayer thicknes® 300-310 310-320 - -
Lipid tail tilt-angle ° 300-310 310-320 270-280 280-290
Order parametef 300-310 310-320 270-280 280-300
Trans-Gaucheisomerizatio? 300-310 310-320 270-280 270-280
Interdigitation P 300-310 310-320 270-280 290-300
Tm 315 337 270 306

& Annealing simulations
b Simulations at xed temperature

the structures identi ed were: belowT,, with \ordered" domains consisting of slightly tilted
lipid tails and non-overlapping lipid tails between lea es; nearT,, with minimal rearrange-
ment of the lipids as the bilayer thickness reduces slightly Wi increasing temperature; and
aboveT,, with unhindered lipid tails as that for DPPC. For DPPE, most of the lipid tails do
not overlap as observed to DPPC, which is due to the tight packg of the DPPE molecules.
The non-overlapping behavior of DPPE abovd,, is con rmed from the density pro le of
the terminal carbon atoms in each lea et, which shows a narrodistribution near the center

of the bilayer core.

For POPC and POPE, the lipid tails for both systems are tilted béow the phase
transition and become more random above the phase transitionniperature. The average
area per lipid and bilayer thickness were found less sensitive pbase transition changes as
the unsaturated tails are able to bu er reordering of the bilger structure, as observed from

hysteresis loops in annealing simulations. For POPC, changestime structural properties
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such as the lipid tail order parameter, hydrocarbomrans-gaucheisomerization, lipid tail tilt-
angle, and level of interdigitation identi ed a phase transiion at about 270 K. For POPE,
three temperature ranges were identi ed, in which the loweone (270-280K) was associated
with a pre-transition state and the higher one (290-300 K) witlthe post-transition state. In
the pre-transition state, there was a signi cant increase in theaumber ofgaucheformed along
the lipid tails. Near the main transition (280-290 K), there wasa lowering of the lipid order
parameter and a disappearance of the tilted lipid arrangemenin the post-transition state,
the carbon atoms along the lipid tails became less hindered th®ir density pro les showed
uniform distributions. This study also demonstrates that atomisic simulations of current
lipid force- elds are capable of capturing the phase transiin behavior of lipid bilayers,

providing a rich set of molecular and structural information &and near the transition state.



Chapter 7

Investigation of Trehalose Protection

from Palmitate Induced Toxicity

This chapter investigated the mechanism for fatty acid indua toxicity on HepG2 cells by
integrating experimental and computational modeling comgnents to reveal the biophysical
interactions of fatty acids with the cellular membrane andle role of trehalose in preventing
changes to the membrane structure. This study resulted from a ltaborative e ort with
Professor Christina Chan in the Department of Chemical Engineieg and Material Sciences
at Michigan State University. All experiments related to this study were conducted by
Yifei Wu, a graduate student in Professor Chan's group at Michiga State University. All
modeling studies were performed and analyzed by myself. Themgoutational modeling is
a vital part of the project to interpret and understand the corcurrent experimental results,
providing knowledge at the molecular level and a link from tb& molecular interactions to
the role of palmitate and trehalose in the toxicity of HepG2 cé&d. Knowledge gained from
this study is essential in the prevention and treatment of diseasesuch as obesity-associated

cirrhosis.

136
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7.1 Experimental Materials and Methods

7.1.1 Cell Culture

Human hepatocellular carcinoma cell line, HepG2 (American TypCulture Collection, Man-

assas, VA), was cultured in Dulbecco's modi ed Eagle's medium (BEM, Invitrogen, Carls-

bad, CA) containing 10% fetal bovine serum (FBS, American Type @ture Collection) and

2% penicillin-streptomycin (Invitrogen). They were seededi 6-well plates and incubated
at 37 C in humidi ed atmosphere containing 10% CQ. After cells reached con uence, the
media were replaced with 2 ml control medium (4% fatty-acidrée BSA - bovine serum al-
bumin) or palmitate (0.7 mM with 4% BSA) and changed every 24 & The BSA level used
was close to physiological conditions [305]. 0.7 mM FFAs was eloyed in this study because
the plasma FFA levels in the obese and type 2 diabetic patientsate been reported to be
approximately this level [306{309]. Experiments were condted after 48 hrs of treatment.
To determine the optimal amount of trehalose to add, a dose-respse of HepG2 cells with

trehalose ranging from 0 to 0.2 mM was performed.

7.1.2 Cytotoxicity Assay

Cell viability was assessed by lactate dehydrogenase (LDH) leakatirough the membrane
into the medium. The cell culture supernatant from control ad palmitate-treated cultures
were tested after 48 hrs of incubation for the presence of LDHMDH peqium) USing an LDH
assay kit (Roche Applied Science, Indianapolis, IN). Cells wereashed with phosphate
bu ered saline (PBS) and lyzed with 1% triton-X 100 for 12 hrs 637 C. The cell lysate
was then centrifuged at 5000 G for 10 minutes and tested for LDéttivity ( LDH giton ). The

LDH released was normalized to the total LDH, given by:

LDH medium
%LDH - 100 711
0 release LDH medium + LDH giton ( )
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7.1.3 Membrane Fluidity

Two di erent stearic acid derivatives were used to detect chages in the membrane uidity,
5-n-doxylstearic acid (5n-SASL) and 16n-doxylstearic acid (16n-SASL) (Invitrogen, Carls-
bad, CA). The 5n-SASL probe monitors the portion of the membrane closest to thépid
headgroups, while the 16+-SASL re ects changes in the middle/end of the lipid hydrocdyon
chains [310].

A stock solution of the spin labeled stearic acids at 18 M was prepared in DMSO
and the aliquots stored at 20 C. Immediately before use, the stock solution was thawed and
diluted 50 times with PBS. Preliminary experiments were catucted to con rm that the spin
label solution did not a ect the cell viability. Cell suspensiors collected after Trypsin-EDTA
(GIBCO) exposure were centrifuged and the pellets were re-s@smled in spin label solution
and kept on ice. The labeled cell suspensions were then transéefto a at cell and placed
in the cavity of the electron paramagnetic resonance (EPR) speometer (Bruker model
ESP-300E X-band). The microwave power was set at 15.8 mW, the ohdation frequency
at 100 kHz, and the modulation amplitude at 2.53 G. For indexesf membrane uidity, the
values of the outer and inner hyper ne splitting (Z, and 2Ty in Gauss, respectively) in the
EPR spectra for 5n-SASL were evaluated . The order parameter was calculated fino2T,
and ZTy by:

_ Tk (T +C)
T Ty +(2T, + C)

1:66 (7.1.2)

whereC =1:4 0:053(Tx T-). In the EPR spectra for 16n-SASL, the peak height ratio
(ho=h 1) for an index of the membrane uidity was used [311, 312], wheeh, andh 1 are
the heights of the central and high- eld peaks, respectivelyThe greater the values of the
order parameter and peak height ratio, the lower is the freedn of motion of the spin labels

in the membrane bilayers, indicating lower membrane uidity[310].
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7.1.4 Liposome Preparation and DSC Measurement

To correlate the uidity measurements to the computational stdies, a simpler model cell
membrane also was used. Liposomes (multi-lamellar vesicles dr\i8) were prepared by the
thin Im method according to the protocol from Avanti Polar Li pids. The lipid 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC, Avanti Polar Lipids, Alabaglr, Al) and palmitic acid
(Sigma-Aldrich, St. Louis, MO), obtained in chloroform stock sklutions, were mixed in ap-
propriate amounts in a glass tube. After vortexing, the solventvas dried under nitrogen.
This formed a thin lipid Im on the inside wall of the glass tube. The Im was dried in
a freeze-dryer to ensure complete evaporation of chlorofarnbDeionized water was added
into the tube before it was placed in a bath sonicator for 10 mutes. Di erential scanning
calorimetry (DSC) analysis were performed on the liposomes spl®s at a scan rate of 1C
/min. Samples containing 20 mg/ml of lipid and 10 L of liposome suspensions were used.
DOPC was used in these experiments because its phase transitiomperature ( 19 C)
allowed us to obtain clean and clear DSC scans, whereas POPC daof the lipids used in
the simulations studies) has a phase transition temperature neéine normal melting point

of water ( 2 C for POPC), which causes severe interference in obtaining is#dle data.

7.2 Simulation Detalils

To gain insight into how palmitate induces cytotoxicity, MD simulations were used to inves-
tigate the role palmitate and trehalose play in the structure ad integrity of lipid bilayers
(model biological membranes). The lipid bilayers used here meequimolar POPC/POPE
bilayers with a total of 288 lipid molecules evenly distribuéd in each lea et (System 1 in
Table 7.2.1). This mixed bilayer was chosen for these studiescaese it represents the main
phospholipid constituents of HepG2 cells [27]. Note that other ajor lipid constituents (e.qg.,
cholesterol) were not included in these simpli ed model bilays. Combinations of palmitate

and trehalose were introduced into the lipid bilayer systems. Thstructure of the molecules
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Table 7.2.1: Composition for lipid bilayers. All systems contairi44 lipids per lea et with
40 waters per lipid. Each lea et contains an equal number of ®PC and POPE.

System Trehalose Palmitate Ensemble
1 - - NPT
2 3¢ - NPT
3 - 12 NPT
4 3¢ 12 NPT
5 - 16 NPT
6 - 32 NPT
7 - 48 NPT
8 - 64 NPT
9 - 18 NP,AT
10 - 32 NP,AT
11 - 48 NP,AT
12 - 64 NP,AT

& Molecules inserted in the aqueous phase
® Molecules embedded in the bilayer
Compressibility set to zero in thex- and y-directions

considered are shown in Figure 7.2.1.

To mimic the exposure of palmitate to cells with and without tehalose, a palmitate
molecule was inserted into the middle of the agueous phase oéyiously equilibrated lipid
bilayers (System 3 in Table 7.2.1). For the systems with trehade, a concentration of 5
wt% trehalose was used in the aqueous phase (Systems 4 in Table1j.2A low trehalose
concentration was chosen because it represents the range ofcemtrations reported in cry-
opreservation, lyophilization, and other modeled membraniehalose studies [124{127]. To
obtain a statistical analysis of the di usion process, ten sets of sutations were performed on
each bilayer with and without trehalose. These simulations wersetup with a single palmi-
tate molecule in the agqueous phase because of aggregation ahbkr concentrations (see
Figure 7.2.2) and experimental evidence that shows the fre@hound palmitate in solution
(about 10 nM) is largely responsible for the biophysical changes to tmeembrane [313].

Note that BSA, used in the experiments to prevent palmitate aggugation, is not considered
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Figure 7.2.1: Molecular structure of POPC, POPE, trehalose,ral palmitate. Note that all
the double bonds have thecis con guration. Chemical symbols are hydrogen (H), nitrogen
(N), oxygen (O), and phosphorus (P).

in the simulations. Because palmitate is a relatively long matele (in its fully stretched con-
formation { sixteen carbon long), it was necessary to consider sgshs with a large aqueous
phase (40 water per lipid), so that the palmitate molecule wodlinteract with only one of

the bilayer interfaces at any given time.

Experimental studies have shown that moderate to high conceations of palmitate
induce signi cant structural changes to the bilayer, includng membrane swelling [314], mem-
brane fusion [315, 316], and degradation of membrane intdgr[315, 317]. To understand
the e ect of these phenomena, two sets of simulations were pragaal to explain the global
and local e ect of palmitate on the membranes (see Figure 73for pictorial representation).
For the global e ect, NPT simulations were performed. Here the simulations captured the
e ect of large membrane structures, as the bilayer surface walaaved to adjust as palmitate
molecules were embedded into the bilayer. To avoid aggregat of palmitate in the aqueous

phase, the bilayer structures were constructed to have variouw®ncentrations of palmitate
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Figure 7.2.2: Snapshot of palmitate aggregation in the ague® phase. The colored groups
correspond to the DPPC headgroups (blue), lipid tails (lightgray), palmitate (red/dark
gray), and water (pink).

embedded into the bilayer prior to equilibration (Systems B in Table 7.2.1). Simulations
of these systems were used to address the overall changes of the lonane structure in the
presence of palmitate. For the local e ect, the changes in yer structure are limited to a
speci ¢ portion of the membrane that is concentrated with pahitate. Here, NP,AT (con-
stant surface area) simulations were performed (surface areatbé bilayer constrained to
that without palmitate). Similarly, palmitate molecules were embedded in the bilayers prior
to the start of the simulations (Systems 9-12 in Table 7.2.1). Tdngoal of these latter studies
was to investigate the membrane swelling induced by palmitatevhich may eventually lead

to membrane deformation or formation of ordered domains thalter the membrane uidity.

The force- elds for POPC, POPE, and water are consistent with hose employed
in previous studies [95, 296, 297], which include intramolgar parameters for bonds, an-
gles, proper dihedral, and improper dihedral. The RyckaeiBellemans potential was used
for the torsion potential of the lipid hydrocarbon chains [2Z]. Non-bonded interactions
were described by the parameters from Bergest al. [104, 110, 272] and partial atomic

charges were obtained from Chiet al. [96]. The united-atom representation was used for
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Figure 7.2.3: Pictorial representation of a) global and b) lcal e ect of palmitate in mem-
branes. Phospholipid and fatty acid molecules are represent@dyray and black, respectively.
Only the portion of the membrane in the square box is considered the simulations.

the methyl/methylene groups in the acyl chains of both POPC ad POPE. For POPE, the
hydrogen atoms in the amine group are explicitly listed in théopology. The optimized po-
tential for liquid simulations (OPLS-AA) force eld was used fortrehalose [292]. Palmitate
was modeled in the protonated state and described using pararaet derived from the lipid
force- eld. The carboxylic acid group was based on the pararnses of glutamic acid, which
were available from the Gromos force- eld [293]. The singleomt charge (SPC) model was

adopted for water [273].

Temperature of the simulation box was kept constant at 310 K usgithe weak coupling
technique [265], with correlation times + = 0.1 ps. The linear constraint solver (LINCS)
algorithm was used to constrain all bonds of the lipid molecute[274], and the SETTLE
algorithm for water molecules [275]. These constraint algtinims allowed simulations to be
carried out with a 2 fs time-step using the Leap-Frog integratin method [248]. Coulombic
and van der Waal interactions were cuto at 1.0 nm. Long-rang electrostatic interac-

tions were corrected with the particle-mesh Ewald method (PH) [108, 263] (0.12 nm for
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the grid size, fourth-order spline interpolation, and real-spce cuto at 1.0 nm). Periodic
boundary conditions were applied in all directions. Trajedries were collected every 2 ps.
All simulations were performed with the GROMACS 3.3.1 softwar@ackage [258, 259, 295]
(single-precision mode) in parallel using Virginia Tech's Syste X [281].

7.3 Experimental Results

7.3.1 Palmitate Cytotoxicity and Trehalose Protective Role

Previous studies by Srivastava and Chan found that palmitatenduced toxicity led to ROS
production in HepG2 cells [202], but its e ect was not prevemd upon treating with ROS
scavengers. During oxidative stress, yeast cells produce tretsdo protect themselves from
damage by oxygen radicals [226]. Therefore, the e ect of tralose on palmitate-induced tox-
icity in HepG2 cells was evaluated. The level of cytotoxicityvas measured by the relative
amount of LDH released in the medium. The control consisted of HE2 cells exposed to
DMEM with 4% BSA. From Figure 7.3.1, the measurements indicatthat palmitate signi -
cantly increased the amount of LDH released, relative to the ntrol. As the concentration
of trehalose increased, the LDH released reduced signi cantlyhis protective e ect reached
a maximum at a trehalose concentration of 0.13 mM, whereupomrther increase in the
trehalose concentration was detrimental to the HepG2 cells. Albugh the mechanism of
trehalose-induced toxicity is not a focus of this study, prewus studies have shown that tre-
halose preferentially bound to the membrane and possibly causearface modi cations that
may a ect cellular activity [148{151, 227, 228]. As it will bedemonstrated in this Chapter,
trehalose can induce local hydrophobic/hydrophilic domam along the bilayer interface, a
membrane reorganization process which may have potentialjetrimental e ects. Based
on these ndings, a trehalose concentration of 0.13 mM was optum for alleviating the

palmitate-induced toxicity in HepG2 cells and it was used in dlsubsequent experiments.
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Figure 7.3.1: E ect of trehalose on the HepG2 cells cytotoxityi in response to palmitate.
Con uent HepG2 cells in Bovine serum albumin (BSA) medium werexposed to 0.7 mM
palmitate in the presence of di erent concentrations of trehlose. The LDH released was
measured after 48 hrs. White and gray bars represented the e eat trehalose alone or the
mixtures of trehalose/palmitate, respectively. Note that the rst gray bar shows the e ect
of palmitate alone. Error bars are standard deviation of thre independent experiments.

7.3.2 Trehalose on H ,0, Release

Hydrogen peroxide (HO; ) has been previously identi ed as one of the ROS species invety
in the palmitate-induced toxicity of hepatoma cells [202].To determine whether trehalose
protected HepG2 cells by scavenging J,, the measured HO, released into the medium
was normalized to total cellular protein. As shown in Figure 8.2, 48 hrs of palmitate
exposure enhanced D, release into the medium, while trehalose signi cantly reducethe

H,0O, release in the presence of palmitate. The results suggest thathedose protects the

cells in part by reducing HO, release.

7.3.3 Membrane Fluidity for HepG2 Cells

Since palmitate is amphiphilic, there may be non-speci c cytoxic e ects due to its hy-

drophobicity. It has been established experimentally that thalose has a stabilizing e ect
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Figure 7.3.2: E ects of trehalose and palmitate on KD, release. Con uent HepG2 cells
in Bovine serum albumin (BSA) medium were treated with 0.7 mM planitate (Palm) with
or without 0.13 mM trehalose (Treh) for 48 hrs. The HO, released into the medium was
measured and normalized to total cellular protein. Error bag are standard deviation of three
independent experiments.

on biological membranes [318], therefore the changes inld@r membrane structure upon
exposure to palmitate in the presence and absence of trehaloseenavestigated. The cellu-
lar membrane uidity of HepG2 cells in the presence of palmit& or trehalose was measured
by EPR. The EPR spectra of the spin-label agents were used to detechanges in the free-
dom of motion of the lipids in the cell membrane, thus providgig a measure of the membrane
uidity. The membrane uidity of HepG2 cells was measured afte 48 hrs of exposure to
palmitate, trehalose, and combinations thereof. The conttovas HepG2 cells exposed to
DMEM with 4% BSA. Using 161-SASL as a probe to monitor the ordering of the lipid
tails near the center of the bilayer core, a greater peak héigratio was observed for the
palmitate treated cells as compared to the control, which erelated with reduced freedom of
motion of the spin labels in the membrane. This indicates a dexase in membrane uidity
of the cells treated with palmitate for 48 hrs, as shown in Fige 7.3.3a. The exposure of
HepG2 cells to trehalose had an insigni cant e ect on the bilayecore region since trehalose
is excluded from the bilayer. The interaction of trehalose wh the membrane is only at the

surface of the bilayer. Treating HepG2 cells with trehalose arghlmitate increased the peak
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height ratio. This suggests that a complex interaction existsdtween the cellular membrane,
palmitate, and trehalose. Similarly, using 53-SASL as a probe to monitor the lipid carbons
near the lipid headgroups, the presence of trehalose in the palate treated cells increased

the uidity near the surface of the membrane (see Figure 7.3.3b

To corroborate the membrane uidity results, the phase transibn temperature of
DOPC liposomes was measured by DSC measurements. The DSC therrapgs for DOPC
liposomes with varying mole fractions of palmitate (see Figer7.3.4) showed that the phase
transition temperature of the DOPC liposomes increased with areasing concentration of
palmitate. This suggests that palmitate increases the ordemnof the phospholipids in the

liposomes, which correlates with the decrease in membrane ity measured by EPR.

7.4 Computational Results

Based on the experimental results, exposure of healthy cells talmitate resulted in cyto-
toxicity, while the presence of trehalose partially alleviad the negative e ect by palmitate.
As such, there must be a complex interaction between palmitatétehalose, and the cell
membrane to enable this process to occur. Based on the large menof hydroxyl groups
present in trehalose, it was hypothesized that the distributiorof hydrogen bonds between
trehalose, phospholipid and palmitate is the key in determing the protective mechanism.
Therefore, MD simulations were performed on lipid bilayersot elucidate the possible mech-
anisms of palmitate induced toxicity and the mechanism by whittrehalose protects cells
from palmitate induced toxicity. It should be noted that while MD simulations to investigate
the biological function of trehalose [148{151, 227, 228] ampéimitate [231, 239], separately,

are present in the literature, their combined role is scarce.
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Figure 7.3.3: E ect of palmitate exposure on cellular membrae uidity. Cells in Bovine
serum albumin (BSA) medium were treated with 0.7 mM palmitate Palm) in the presence
or absence of 0.13 mM trehalose (Treh) for 48 hrs. The cellular mbrane uidity was
measured using EPR. a) Values are peak height ratio for 16SASL labeled HepG2 cells.
b) Values are order parameter for 5+SASL labeled HepG2 cells. Error bars are standard
deviation of three independent experiments.
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7.4.1 Palmitate Dynamics

The initial stage of cell exposure to palmitate is modeled by iroducing a single palmitate
molecule in the aqueous phase of previously equilibrated lyit&as with and without trehalose.
Snapshots of the two systems at the start of the simulation are shown Figure 7.4.1. To
obtain a statistical sampling of the palmitate penetration inb the bilayer, ten sets of sim-
ulations were performed for each system with di erent startingcon gurations and initial
velocities. All simulations lasted 40 ns regardless of the time wh palmitate penetrated
the bilayer. Figures 7.4.1b and d show representative trajemies of palmitate along the
simulation (trajectory is traced by the position of the centrd carbon atom in the palmitate
tail). As seen in the gure, palmitate can penetrate the bilaye within the simulation time
considered. Eight of the ten simulations resulted with palmitie in the bilayer and two
palmitates remained in the aqueous phase for the duration di¢ simulations. For the simu-
lations with trehalose, similar results were obtained. The obsed penetration of palmitate
in the bilayer is consistent with experimental studies that demnstrated that palmitate can

be readily incorporate into the hydrophobic region of the layer [319, 320].
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Figure 7.4.1: Starting structure of POPC/POPE bilayer with one palmitate inserted into the
agueous phase. Bilayers are modeled a) without and c) with tralose. Colored molecules
are POPC/POPE headgroup (blue), lipid tails (red), water (gay), trehalose (green), and
palmitate (cyan). See Table 7.2.1 for composition. The dynans of palmitate, represented
by the position of central carbon atom in its tail, are shown in pand d). Blue horizontal
lines correspond to the average position of the phosphorus atewf POPC and POPE along
the interface and are used to identify the interface. Gray asedenote the aqueous regions.
The position z = 0 corresponds to middle of the aqueous phase.
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The following observations were made from the simulations c@aming palmitate in
the absence of trehalose. Initially in the aqueous phase, patate freely di uses through
the water molecules. Due to the hydrophobic nature of palmita, entropic forces drive
palmitate to migrate toward the bilayer core region (hydropobic environment). As palmitate
approaches the bilayer interface, numerous interactionsust occur before the hydroxyl group
of palmitate (H-donor) can favorably interact with the lipid oxygen atoms (H-acceptor)
through hydrogen bonding. Note that the lipid oxygen atoms & those in the phosphate
and carbonyl groups. First, at least two hydrogen bond pairs, oneetween water (H-donor)
and lipid oxygen atoms (H-acceptor) and another between theapmitate hydroxyl group (H-
donor) and water (H-acceptor) must be broken for the palmitateéo interact with the lipids,
a process that requires substantial amount of energy. Secondicag the bilayer contains both
POPC and POPE, an additional hydrogen bond between the amingroups of POPE (H-
donor) and neighboring lipid oxygen atoms (H-acceptor) mustébroken as well, if palmitate
penetrates to the bilayer near POPE. Finally, the hydropholz nature of palmitate is the
driving force bringing palmitate closer to the bilayer inteface and eventually into the bilayer
core, nevertheless the bilayer interface is hydrophilic anposes a barrier for palmitate to
penetrate into the bilayer core. For these reasons, palmitate often not readily incorporated
into the bilayer core as it approaches the interface. This i8lustrated in the trajectory
shown in Figure 7.4.1b, where palmitate frequently interastwith the lipid interface before
penetrating the bilayer. Once the alignment and interactios of palmitate at the interface
are favorable, palmitate penetrates the bilayer with the hgrocarbon tail rst. This is also
seen from Figure 7.4.1b, where the palmitate trajectory renvas almost stationary prior
to crossing the interface and then quickly moving into the bikger core. For lipid bilayers
containing trehalose, the interactions of palmitate appead to be much more complex, as
the exchange of hydrogen bonds between lipids, trehalose, apalmitate have signi cant

e ects on the dynamics of the system.
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7.4.2 Hydrogen Bond Analysis

To investigate the protective role of trehalose on palmitatenduced toxicity, the number of
hydrogen bonds was correlated between the bilayer lipids @palmitate up to the penetration
time. The H-donors consisted of the palmitate hydroxyl group ashthe POPE amine group.
The lipid and palmitate oxygen atoms were the H-acceptors. A ldyogen bond is de ned
according to the criteria suggested by Brady and Schmidt, withhe distance between the
donor and acceptor within 0.35 nm and the angle donor-hydreg-acceptor between 120 and
180 degrees [285]. The penetration time is the time at whiclalpnitate crosses the interface
from the agueous phase into the bilayer. In the absence of trdbse, palmitate penetrates
the bilayer faster and forms more hydrogen bonds with the ligs than in the presence of
trehalose. In the latter case, trehalose competes with palmtafor hydrogen bonds with
the lipids, and thus trehalose can interfere with the interagons between the lipids and
palmitate. Therefore, longer penetration time and less hydgen bond between the lipids
and palmitate are expected. From the 20 simulations consider€10 with and 10 without
trehalose), 16 showed palmitate penetrating into the bilayewithin 40 ns of simulation. As
shown in Figure 7.4.2a, the data do not seem correlated with theimber of hydrogen bonds
(lipid-palmitate) and the penetration time. This suggests tlat the probability of palmitate
penetrating the bilayer and interacting with the lipids andtrehalose are more complex than

initially proposed.

Following a similar approach, the number of hydrogen bonds wacorrelated between
trehalose and palmitate up to the penetration time to provideinsight into how trehalose
may prevent palmitate induced toxicity. Here, the H-donors ad H-acceptors consisted of
trehalose and palmitate hydrogens and oxygen atoms in the hyakyl group, respectively.
The results, shown in Figure 7.4.2b, demonstrate a direct coration between the number
of hydrogen bonds and the penetration time, suggesting that éhalose may be directly
interacting with palmitate. Therefore, it is possible that by interfering with the interaction

of palmitate with the bilayer lipids, trehalose reduces the mbability of palmitate inducing
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Figure 7.4.2: Correlation between the number of hydrogen hds and palmitate penetration
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lipid headgroups and palmitate for bilayers without and wih trehalose, respectively. Squares
shown in b) are the number of hydrogen bonds between palmitaséad trehalose. Highlighted
circular areas are the speculated regions for the results te hvithin.
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toxicity.

An extensive hydrogen bond analysis was carried out to investigathe interactions
between lipids, trehalose, and palmitate. Here, a correlatiowas made between the pene-
tration time and the number of hydrogen bonds present in the sysin. From Figure 7.4.2b,
shorter penetration time was observed for systems with fewer hyyen bond interactions
between palmitate and trehalose. This suggests that, withoutr¢halose, palmitate should
penetrate more quickly into the bilayer. However, the resultgrdicated that the penetration
times are about the same for the systems with and without trehase. Since the penetration
of palmitate is dependent upon the lipid molecules exposed tioe aqueous phase, the bilayer
interface was investigated to explain these results. Since thddyers consisted of two types
of lipids, with POPE acting as an H-donor, the intermolecular Haond distribution between
lipids (the amine groups as H-donors and the lipid oxygen atsras H-acceptors) may pro-
vide insight into this inconsistency. To accomplish this task, tB H-bond distribution was
calculated in the bilayer interface at the time of penetrabn. Note that the interface is one
to which palmitate penetrates through. For clarity and discgsion purposes, four bilayers
without trehalose and four bilayers with trehalose were seleadd. Figure 7.4.3 shows the in-
termolecular hydrogen bond distribution between lipids athe time of palmitate penetration.
The penetration time and location are indicated in the gure The rst observation from the
plots is that palmitate penetrates the bilayer in regions vih fewer H-bonds between lipids.
The void regions in the plots generally represent the cholifeeadgroup in POPC molecules
exposed to the aqueous phase. Note that the choline groups halese methyl groups, which
are hydrophobic in nature. These facts and observations led tes conclude that palmitate,
a hydrophobic molecule, prefers to penetrate the bilayer tbugh hydrophobic regions. Sec-
ondly, the H-bond distributions are more random in systems withat trehalose and become
more localized in systems with trehalose. As a result, there arever but large hydrophobic
regions exposed to the aqueous phase for systems containing ateke, implying that tre-
halose has the ability to modify the bilayer surface [164, 321furthermore, the penetration

time varies depending on the palmitate location and distribtion of H-bonds on the surface.
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As seen in Figure 7.4.3d for a system without trehalose, the H-bondsttibutions are very

similar to those systems containing trehalose (Figures 7.4.3g-gs a result, palmitate pen-
etrates the bilayer with the shortest amount of time. On the otker hand, palmitate does
not penetrate the bilayer surface with large hydrophobic regns, as shown in Figure 7.4.3h,
mainly because palmitate interacts with trehalose in the aqueis phase, thus preventing

palmitating from approaching the bilayer surface.

To verify that trehalose has the ability to modify the bilayer surface, the intermole-
cular H-bond distribution between lipids over the course of theimulation was monitored.
The time considered for this analysis was between 5-15 ns. Sweddcsnapshots are shown in
Figures 7.4.3i-p for bilayers with and without trehalose. ltis evident from Figures 7.4.3i-I
(system without trehalose) that the H-bond distributions are ramlom throughout the bilayer
surface, even at the time when palmitate penetrates the bilay. A di erent behavior is
observed for systems with trehalose, where signi cant changes time H-bond distribution
are observed before and after the penetration time, as shown kiigures 7.4.3m-p. A shift
in H-bond distribution may have resulted from the multiple hydiogen bonds between tre-
halose and lipid oxygen atoms, thus facilitating the local acenulation of polar regions on
the bilayer interface (see Figure 7.4.4). This demonstratesi@¢ dual role of trehalose: on
the bilayer surface trehalose can alter the H-bond distributianthus inducing hydrophobic
regions for palmitate to penetrate the bilayer, while in theaqueous phase trehalose can
interact with palmitate and prevent it from approaching the bilayer surface. These two
competing processes help us to understand why the experimentatasurements have shown
that trehalose at high concentrations ¥ 0:13 mM) is detrimental to HepG2 cells. At high
trehalose concentrations, the bilayer surface is signi cantlynodi ed by trehalose such that

hydrophobic regions are more accessible for palmitate to perage the bilayer.
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Figure 7.4.3: Snapshots of the hydrogen bond distribution on lailayer lea et during the
time of palmitate penetration for bilayers without (a-d) and with trehalose (e-h) and over
the course of simulations for bilayers without (i-I) and with tehalose (m-p). Circles rep-
resent the location of intermolecular hydrogen bonds betwedhe amine groups of POPE
and neighboring lipid oxygen atoms. For bilayers consideredt and without trehalose, the
mayjority shows uniform hydrogen bond distributions (gray cicles in a-c and e-g). Inconsis-
tent hydrogen bond distributions are shown in dark-gray (d and). Over the course of the
simulation, the snapshots show uniform hydrogen bond distributins for a bilayer without
trehalose (i-1). Signi cant changes in the distribution are dserved for bilayers with trehalose
(m-p). Outlined square boxes are the approximate bilayer swafe. The penetration time
and location (\ ") are shown in each gure.
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Figure 7.4.4: Snapshots of a trehalose (green) interacting twviPOPE (red) and POPC
(blue and gray) at the bilayer interface, demonstrating a fonation of triple hydrogen bonds
between lipids. a) Hydrogen bonds formed by the hydroxyl grogpof trehalose and the lipid
oxygen atoms act as a bridge for intermolecular hydrogen bads between the amine group of
POPE and the neighboring lipid oxygen atoms. b) Hydrogen bondsetween lipids remain
after trehalose leaves the interface.
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7.4.3 Embedded Palmitate in Bilayers

Thus far, the computational analysis indicated that a palmiaite molecule can penetrate into
the bilayer core within a short time (< 40 ns). Although systems with more than one
palmitate were also considered, their dynamics and propersiecontrast. This is because
hydrophobic/hydrophilic interactions between palmitatemolecules induce aggregation with
characteristics similar to micelles. The aggregation of paltaite molecules in the aqueous
phase partially shields the hydrophobic tails, which in turn Issen the driving force for
palmitate to penetrate the bilayer. Moreover, the time for asu cient number of palmitate

molecules to penetrate the bilayer would likely require sintations into the microsecond
domain. Therefore, to overcome this limitation, several maa bilayers were created with
palmitate molecules embedded in the bilayer structure (see @®n 7.2). Since the amount
of palmitate varies depending on the cell type and the levefl toxicity, a range of palmitate

concentrations was considered (11-44 mole% { see Table 7.2t fore details). To be

consistent with previous analysis, the total number of lipids m@ained the same.

The following sections describe the global e ect of palmitatembedded in the lipid
bilayers (Systems 5-8 in Table 7.2.1). Since the bilayer suck&a was allowed to expand or
contract as palmitate molecules were added into the bilayea correlation was established
between the palmitate concentration and the bilayer surfacarea. As shown in Figure 7.4.5,
the total area per lea et increases almost linearly with incrasing palmitate concentration.
This is seen because palmitate occupies an additional voluméhin the bilayer and, due
to its alignment with the lipid tails, the bilayer expands in the lateral dimensions. An
approximate area per lipid and palmitate can be determinedsing the criteria suggested by
Edholm and Nagle, which deals speci cally with heterogeneosystems [322]. Although the
bilayers considered here are multi-component systems (POPCOPE, and palmitate), for
simpli cation, the lipids are grouped as one component and fraitate as the other. The

area per molecule can be obtained from:
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Atotal (Xpalmitate ) _

X i
palmitate
= Qjipid (Xpalmitate ) +
NIipid

(1 Xpalmitate )

apalmitate (X palmitate ) (7-4- 1)

where Aa is the total area per lea et; Xpamitare 1S the mole fraction of palmitate in the
bilayer; Njpig is the total number of lipids per lea et; and gjpq and apamitate are the area
per lipid and area per palmitate, respectively. By plottingAsota (Xpamitate ) =Niipia  Versus
Xpaimitate (1 Xpaimitate ), @S shown in Figure 7.4.7agjpiq and apamiae Can be determined
from the y-intercept and slope, respectively. This analysis resulted imaaverage area per
lipid and area per palmitate of approximately 0.576 and 0.a7nn¥, respectively. Result for
mixed 1:1 POPC/POPE systems is in the range of the experimentarea per lipid for pure
POPC ( 0.64 nnt) and POPE ( 0.56 nn¥) bilayers at 300 K [76, 323].

To further investigate the global e ect of palmitate inside the membrane, a 2-D

Voronoi tessellation analysis [324] was conducted on the eduilum bilayer structure for
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systems containing palmitate (Systems 1, 5-8 in Table 7.2.1).0Fthe analysis considered,
the Voronoi plane was de ned by the position of carbonyl carlbo atoms of the lipid and
palmitate molecules, as these were located at about the same tten the bilayer. The
result of a Voronoi tessellation analysis is a plot representindpe spatial distribution of the
molecules in the bilayer (see Figure 7.4.6 for the actual pk)t In particular, the Voronoi
plots show a random and disordered arrangement of the lipids @palmitate in the bilayer.
Another useful property obtained from Voronoi plots is the ara occupied by the lipid and
palmitate molecules (calculated from the area of the polygs), as shown in Figures 7.4.7b
and c, respectively. As shown in the gure, the area per lipid deeases with increasing
palmitate concentration, whereas the area per palmitate neains constant, within statistical
uncertainty. This demonstrates that palmitate, a fatty acid molecule with a long hydro-
carbon tail, is laterally incompressible within the bilayer ad its presence in the bilayer
decreases the void space between the lipid molecules, and cousetly decreases the aver-
age area per lipid. These observations are consistent with thedteeed membrane uidity
(see Figure 7.3.4) caused by the ordering induced by palmitaite the bilayer. Note that the
average areas obtained from the Voronoi analysis di er fromhbse based on the Edholm and
Nagle method (Figure 7.4.7a), with exception of the pure bijeer where the estimate area
per lipid are 0.576 and 0.572 nn%, respectively. Based on this analysis, it is believed
that the Voronoi tessellation analysis provides a more reliablestimate of the areas because
it accounts for structural changes of the molecules in the byer and it links the structure

from the simulations to the DSC measurements.

To investigate the local e ect of palmitate embedded in the nmabranes, the lateral
expansion of the bilayers is constrained (see Section 7.2). $is intended to mimic the local
accumulation of palmitate in the bilayer. Figure 7.4.8 demustrates a signi cant change in
bilayer structure after 44 mole% of palmitate is embedded intthe bilayer. Unlike the global
e ect of palmitate embedded into the bilayer shown in Figure A.8b, straight lipid tails with
tilted arrangements are observed at higher palmitate conceations (Figure 7.4.8c). This is

related to the ordered lipid phase, which has been shown to betd@ental to cells by limiting
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c) d)

Figure 7.4.6: 2-D Voronoi tessellation for bilayers embeddaslith various concentrations
of palmitate. Shaded (gray) and un-shaded polygons corresgbito the area occupied by
palmitate and the lipid tails, respectively.
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a) Normal bilayer b) Membrane swelling c) Lipid order phase

Figure 7.4.8: Snapshots of bilayer structures with (44 mole%and without palmitate. a) No
palmitate is embedded in the bilayer. b) The bilayer is alload to expand as more palmitate
molecules are embedded in the bilayer. ¢) The bilayer is corsined in the lateral directions
as more palmitate molecules are embedded in the bilayer. G@md molecules are POPC
headgroup (blue), POPE headgroup (green), lipid tails (sikr), water (red), and palmitate
(brown). Compositions are described in Table 7.2.1.

their transport activities [153, 154], binding sites for patbgens and toxins [41{43], and
possibly the cause of palmitate induced toxicity. As the palmiti& concentration decreases,
the arrangement of the lipid tails becomes more random as obged in Figure 7.4.8a, thus

restoring the bilayer to its normal structure.

According to results shown in Figure 7.4.7, it is implied that eeh palmitate molecule
occupies a speci ¢ volume within the bilayer. This suggests thahe structure of the lipid
tails in the vicinity of the palmitate molecules can be signicantly altered. Figure 7.4.9 shows
the lipid tail order parameter for Systems 5-8. As seen in the ge, there is an increase in
the order parameter of the lipid tails as the palmitate conagration increases. One reason
for this behavior is the additional volume occupied by the denitate molecules, forcing the
surrounding lipid molecules to become highly packed, resuity in a more ordered structure.
Mechanistically, the area per headgroup remains relativelhe same despite the palmitate
concentration, however, the area per lipid chain reduces sigantly because palmitate occu-
pies the void spaces that exist between the lipid chains. Sindeetlipid chains become more

ordered (gel state) at the current state, it would require a higer temperature to transform
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them into a more disorder state (liquid-crystalline state). Theefore, these results demon-
strated that the presence of palmitate increases the phase tratisn temperature of mixed

1:1 POPC/POPE bilayers.

Because the palmitate molecules are embedded in the bilaygrrandom, it was dif-
cult to quantify the local order parameter near each palmiate molecule, and as such, an
average order parameter for the entire lea et is reported. Ne that the aggregation of
palmitate within the bilayer cannot be captured within the time scale considered. However,
the results do demonstrate swelling of the bilayers (see Figuret®Bb), which may eventually
cause the bilayer structure to rupture or fuse with other cells,sareported by several exper-
imental studies [314{316]. Figure 7.4.8 shows the changes ftwetbilayer structure caused
by the addition of palmitate for the cases where the bilayer éely expands and remains

constrained as palmitate is embedded in the bilayer (all byeers contain the same number
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of palmitate in each lea et { condition needed to prevent disbrtion of the simulation box).
As seen from the structures, the increase in the ordering of the iliptails is related to the
mixing of lipid and fatty acid components, where the straight ksain fatty acid exhibits higher
order parameters. Since the ordering of the lipid tails is dactly related to the phase tran-
sition, the simulation results agree well with the DSC measuremts for DOPC liposomes
containing palmitate, EPR measurements of HepG2 cells expostedpalmitate (see previous
section), and other related experiments [319, 320], all of wh showed an increase in the
phase transition temperature with increasing palmitate conegration. In comparison to the
e ect of cholesterol on membranes, another predominant compent in animal cells, simula-
tion results from the local and global e ects of palmitate embdded within the membranes
agree well with previous simulations of fully hydrated bilagrs containing cholesterol, where

increasing ordering of the lipids in the membrane is observe825{328].

7.5 Discussion

FFAs are known to play important roles in the development of may hepatic disorders. A
number of studies have shown that elevated levels of fatty acicare important mediators
of lipotoxicity and can impair cellular functions and/or cause cell death [329]. Others have
found that the negative e ect of FFA induced toxicity may be reduced or alleviated by the
addition of unsaturated fatty acids, antioxidants, or, as of mee recently, disaccharides. To
evaluate whether palmitate-induced toxicity can be reduck by adding trehalose, HepG2
cells were exposed to palmitate alone or a combination of trelose and palmitate. As
demonstrated from the experiment (Figures 7.3.1 and 7.3.2%ells exposed to palmitate
resulted in a signi cant amount of LDH and H,O, released into the medium, indicating cell
death or compromised cellular membrane. With increasing tretose concentration, reduced
amount of LDH released is observed in the presence of palmitatep to about 13 mM,
an optimal concentration for HepG2 cells. Furthermore, a sigmiant reduction in H,0,

released is observed for these cells. To provide insight into thebthemical and biophysical
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processes altered by the presence of palmitate in HepG2 cells @aodnterpret these results
from a molecular level, the e ect of palmitate and trehaloseromodel cell membranes (lipid

bilayers) was studied using molecular dynamic simulations.

Based on the results obtained from the simulations, a potential @hanism by which
palmitate incorporates into the bilayer and the binding of tehalose to palmitate through hy-
drogen bonding may prevent palmitate from reaching the cathembrane and being taken up.
The incorporation process of palmitate into the bilayer may & similar to that in the deter-
gent e ect, where FFAs solubilize membrane components and ete holes in the membrane.
However, because the simulations are limited to nanosecond tiseale and the solubilization
of the membrane in the detergent e ect process may occur in maseconds to seconds, it is
di cult to determine at present time whether the detergent e ect is actually the mechanism
governing the toxicity by palmitate. Based on the results obt®ed from previous studies,
trehalose has been shown to bind preferentially to the bilayesurface [148, 149, 227, 228].
This suggests that the hydrogen bonding between trehalose (up & certain concentration)
and the phospholipid components may prevent the formation gdores, thus preserving the

normal membrane function and structure.

Modi cation of the membrane lipid composition may alter the membrane uidity and
in turn a ect cellular function [233, 234]. As palmitate moleules are embedded within the
membrane, it is observed from the EPR measurements that the ménane uidity is signi -
cantly decreased, especially in the bilayer core region (segtiie 7.3.3a). This phenomenon
can be explained by many factors. First, palmitate is hydropHac in nature and by exposing
it to cell membranes, palmitate is most likely dissolving into te membrane, thus reducing
the membrane uidity. Second, as palmitate can be metabolked into phospholipid compo-
nents of cell membranes, these additional components can caaseincrease in the packing
between the lipids, consequently decreasing the membrane ity [233, 234]. Last, since
H,O, and OH are present in cultured cells exposed to palmitate, it has ba reported that
unsaturated phospholipids are oxidized into fragment of satated hydrocarbons with vari-

ous headgroup functionalities, some of which are highly toxto cells [330{333]. Although,
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the oxidation of unsaturated lipids generally results in an iorease in uidity and perme-
ability of the membrane [334{337], the remaining fragmentsside the membrane, which are
hydrophobic in nature, can reduce the membrane uidity. In his study, it was found that
palmitate decreased the cellular membrane uidity of HepG2 d¢ls. In support, a previous
study found that palmitate enrichment in HepG2 cells results irdecreased membrane u-
idity, as demonstrated by higher uorescence polarization of,6-diphenyl-1,3,5-hexatriene
(DPH) [27]. This was expected, since others have shown that fatacids incorporated into
the membrane disrupted the bilayer structure and changed thapid phase transition tem-
perature [319, 320]. Similar results were observed: incregsiie concentration of palmitate

increases the phase transition temperature of DOPC.

7.6 Summary

Understanding the mechanism of saturated fatty acid-induced patocyte toxicity may pro-

vide insight into cures for diseases such as obesity-associatedhaisis. Trehalose, a nonre-
ducing disaccharide shown to protect proteins and cellular mi#ranes from inactivation or

denaturation caused by di erent stress conditions, also protesthepatocytes from palmitate
induced toxicity. Results suggest that trehalose serves as a freglical scavenger and alle-
viates damage from hydrogen peroxide secreted by the compiieed cells. Also, trehalose
was observed to protect HepG2 cells by interacting with the ptama membrane to counteract
the changes in membrane uidity induced by palmitate. The egerimental results are sup-
ported by molecular dynamics simulations of model cell mendmmes that closely re ect the

experimental conditions. Simulations were performed to urgstand the speci ¢ interactions
between lipid bilayers, palmitate, and trehalose. The simulans results reveal the early
stages of how palmitate induces biophysical changes to thelakdr membrane and the role

of trehalose in protecting the membrane structure.



Chapter 8

Understanding the E ect of Fatty

Acids on Biological Membranes

In addition to Chapter 7, this chapter provides another set oexperimental and computa-
tional studies investigating the in uence of unsaturated faty acids on HepG2 cells. This
study also resulted from a collaborative e ort with Professor Chstina Chan in the De-

partment of Chemical Engineering and Material Sciences at ibhigan State University. All

experimental materials, methods, and results presented in thihapter were provided by
Professor Chan and her graduate student, Yifei Wu. All the modelm studies were con-
ducted and analyzed myself. The computational modeling is ata&l part of the project to

interpret and understand the concurrent experimental resudt providing knowledge at the
molecular level and a link from the molecular interactionsd the role of oleate and linoleate
in reducing the toxicity of HepG2 cells. Knowledge gained frommomparative study among
di erent types of fatty acids is essential for better understading the mechanism for fatty

acid induced toxicity on HepG2 cells.

168
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8.1 Experimental Materials and Methods

8.1.1 Cell Culture

Human hepatocellular carcinoma cell line, HepG2 (American TypCulture Collection, Man-
assas, VA), was cultured in Dulbecco's modi ed Eagle's medium (BEM, Invitrogen, Carls-
bad, CA) containing 10% fetal bovine serum (FBS, American Type @ture Collection) and
2% penicillin-streptomycin (Invitrogen). They were seededi 6-well plates and incubated
at 37 C in humidi ed atmosphere containing 10% CQ. After cells reached con uence, the
media were replaced with 2 mL control medium (4% fatty-acidrée BSA - bovine serum
albumin) or FFAs (0.7 mM palmitate, oleate, or linoleate with4% BSA) and changed every
24 hrs. The BSA level used was close to physiological conditiold®%]. 0.7 mM FFAs was
employed in this study because the plasma FFA levels in the obesedatype 2 diabetic
patients have been reported to be approximately this leveBP6{309]. Experiments were

conducted after 48 hrs of treatment.

8.1.2 Cytotoxicity Assay and Membrane Fluidity

Experimental protocols for cytotoxicity assay and membraneuidity measurements are de-
scribed in details in Sections 7.1.2-7.1.3. In short, cell \adity was assessed by lactate
dehydrogenase (LDH) leakage through the membrane into the macdh and the changes in
membrane uidity were measured using two di erent stearic acidierivatives, 5n-doxylstearic
acid (5n-SASL) and 16n-doxylstearic acid (16n-SASL) (Invitrogen). The 5-n-SASL probe
monitors the portion of the membrane closest to the lipid headgups, while the 16n-SASL

re ects changes in the middle/end of the lipid hydrocarbon lzains.
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8.1.3 Liposome Preparation and DSC Measurement

To correlate the uidity measurements to computational studes, a simpler model cell mem-
brane also was used. Liposomes (multi-lamellar vesicles or MLVshde of DOPC (Avanti
Polar Lipids, Alabaster, Al) and palmitic (palmitate), oleic (oleate), or linoleic (linoleate)
acid (Sigma-Aldrich, St. Louis, MO) were prepared by the thin Im method according to the
protocol from Avanti Polar Lipids (see Section 7.1.4 for moreatails). Di erential scanning
calorimetry (DSC) analysis were performed on the liposome salap at a scan rate of 1IC

/min to determine the phase transition temperature.

8.2 Simulation Details

MD simulations were performed to investigate the role of unsatated FAs (oleate and
linoleate) in the structure and integrity of lipid bilayers in comparison to pure lipid bilayer
and bilayers containing saturated FAs (palmitate). The lipid bilayers used in this study
were composed of DOPC with a total of 200 lipid molecules (10Gplea et). This model
bilayer was chosen for these studies because it gives an appratenrepresentation of the
phospholipid constituents in HepG2 cells [27]. Note that other ajor lipid constituents (e.qg.,
cholesterol) were not included in these simpli ed model bilays. Several concentrations of
palmitate, oleate, and linoleate were introduced into thapid bilayer systems (see Table 8.2.1
for the actual compositions). The structure of molecules congted in this study are shown

in Figure 8.2.1.

To avoid aggregation of FFAs in the agueous phase, the bilayemrsttures were ini-
tially constructed to have various concentrations of FAs emlakeled into the bilayer prior
to equilibration (Systems 2-13 in Table 8.2.1). Simulationsf these systems were used to

address the overall changes in the membrane structure in thegzsence of FAs.

The force- elds for DOPC and water are consistent with those enigyed in previous
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Table 8.2.1: Compositions of fatty acids in the lipid bilayes. All bilayers contain 200 DOPC
(100 per lea et) at a hydration of 40 waters per lipid. Each dayer was constructed to have
equal number of fatty acids per lea et. Number of fatty acids pr system: e.g., 10 palmitate
in System 2, 10 oleate in System 3, etc. FA concentrations (m&t are shown in the last

column.

System Palmitate Oleate Linoleate Concentration

1 0 0 0 0
2-4 10 10 10 5
5-7 22 22 22 11
8-10 36 36 36 18
11-13 50 50 50 25
DOPC o

J\/\/\/\/\/\/\/\/\

s ¢Hs Q. \/(L/
HsC N~4-P.
O

HaC O

X

O\[]/\/\/\/\/\/\/\/\/CHS

CHs

Pamitate OY\/\/\/\/\/\/\/CHg

OH

Oleate OY\/\/\/\/\/\/\/\/CHg

OH

Linoleae OY\/\/\/\/\/\/\/\/CHg

OH

Figure 8.2.1: Molecular structure of DOPC, palmitate, olea, and linoleate. Note that,
although not shown in the drawings, all the double bonds hawas con guration. Chemical
symbols are carbon (C), hydrogen (H), nitrogen (N), oxygen (O)nd phosphorus (P).
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studies, which include intramolecular parameters for bonds,ngles, proper dihedral, and
improper dihedral [268, 296]. The Ryckaert-Bellemans potgal was used for the torsion
potential of the lipid hydrocarbon chains [271] with modi ation of lipid tail force- eld for
the double-bonds [338, 339]. Non-bonded interactions weresdribed by the parameters
from Berger et al. [104, 110, 272] and partial atomic charges were obtained ficChiu et
al. [96]. All FAs were modeled in the protonated state and describedsing parameters
derived from the lipid force- eld. The carboxylic acid groyp was based on the parameters of
glutamic acid, which were available from the Gromos forceeld [293]. The single point charge
(SPC) model was adopted for water [273]. The united-atom regsentation was used for the

methyl/methylene groups in the acyl chains of DOPC, palmitte, oleate, and linoleate.

All simulations were performed in theNPT ensemble, at a pressure of 1 bar and
at a temperature of 310 K (see Section 7.2 for more details onetlparameters used in the
simulations). A time-step of 3 fs was used for all simulations withhe total simulation
times of 105 ns. Note that the results obtained using a 3 fs timestgpovided stable bilayer
structures comparable to those simulated with a 2 fs timestep (éhtotal energy for both
cases were statistically identical). Simulations of DPPC bilgers with timesteps up to 5 fs
have been reported [294]. Coulombic and van der Waals cutanteractions were at 1.0 nm.
Long-range electrostatic interactions were corrected witthe particle-mesh Ewald method
(PME) [108, 263] (0.12 nm for the grid size, fourth-order splaminterpolation, and real-space
cuto at 1.0 nm). Periodic boundary conditions were appliedn all directions. Trajectories
were collected every 3 ps. All simulations were performed withé¢ GROMACS 3.3.3 software
package [258, 259, 295] (single-precision mode) in parallsing Virginia Tech's System
X [281].
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8.3 Experimental Results

The experimental results are divided into four sections: cytokicity, peroxide (H,O,) release,
membrane uidity, and DSC measurements. Cytotoxicity and pesxide measurements were
used to determine HepG2 cell viability after exposure to palmdtte, oleate, or linoleate.
Membrane uidity was measured by EPR using stearic acid probes,-i’5-SASL and 16n-
SASL embedded inside HepG2 cells. Lastly, phase transition study ofOPC liposomes

containing various concentrations of palmitate, oleate,ral linoleate were measured by DSC.

8.3.1 Cytotoxicity Measurements

The level of cytotoxicity was measured by the relative amourdf LDH released in the medium
after exposure of HepG2 cells with palmitate, oleate, or lineate. The control consisted of
HepG2 cells exposed to DMEM with 4% BSA alone. From Figure 8.&1the measurements
indicate that palmitate signi cantly increased the amount ofLDH released, relative to the

control. Oleate and linoleate did not induce sizable toxic ects on HepG2 cells.

8.3.2 Peroxide Measurements

Relative to the amount of LDH released, a direct correlation &as found in the amount of LDH
and H,O, released into the medium. The amount B, released after 24 hrs of exposure of
HepG2 cells to palmitate, oleate, or linoleate are shown in Rige 8.3.1b. The results suggest

that palmitate induced cell death.

8.3.3 Membrane Fluidity Measurements

Since typical FFAs are amphiphilic in nature, the non-speci accytotoxic e ect due to their

hydrophobicity was investigated. For this study, the changem cellular membrane structure
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Figure 8.3.1: a) HepG2 cells cytotoxicity in response to FFAs. Carent HepG2 cells in BSA
medium were exposed to 0.7 mM palmitate (Palm), oleate (Oleadr linoleate (Lino). LDH
released was measured after 48 hrs. b) E ects of FFAs on®, release. Con uent HepG2
cells in BSA medium were treated with 0.7 mM palmitate (Palm)oleate (Olea), or linoleate
(Lino) for 48 hrs. The H,O, released into the medium was measured and normalized to total
cellular protein. Error bars are standard deviation of threendependent experiments.
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Figure 8.3.2: E ect of FFAs exposure on cellular membrane uidy. Cells were treated with
0.7 mM palmitate (Palm), oleate (Olea), or linoleate (Lino)for 48 hrs. Cellular membrane
uidity was measured using EPR. a) Values are order parameteof 5-n-SASL labeled HepG2
cells. b) Values are peak height ratio for 16-SASL labeled HepG2 cells. Error bars are
standard deviation of three independent experiments.
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upon exposure to saturated and unsaturated FAs using EPR were irst@ated (see Section
7.1.3). The membrane uidity of HepG2 cells were measured aftd8 hrs of exposure to
palmitate, oleate, or linoleate. The control was HepG2 cellsxposed to DMEM with 4%

BSA. Using both 5n-SASL and 16n-SASL as probes to monitor the ordering of the lipid
tails near the lipid headgroups and the center of the bilayetore, an increase in th& order

parameter and peak height ratio for HepG2 cells exposed to patate was observed, as
shown in Figure 8.3.2. No signi cant changes are observed for Hep@Gells exposed to either
oleate or linoleate, in comparison to the control. The resultsuggest a greater reduction of

membrane uidity due to the hydrophobic e ect of saturated than unsaturated FAs.

8.3.4 DSC Measurements

To corroborate the membrane uidity results, the phase transiton temperature of DOPC
liposomes was measured by DSC measurements. The phase transitemperature obtained
from the DSC thermographs for DOPC liposomes with increasingate fractions of palmitate,
oleate, or linoleate are shown in Figure 8.3.3. The results demstrate a signi cant increase
in the phase transition temperature of the DOPC liposomes withncreasing concentration
of palmitate, however, slight changes are observed for DOP@disome containing the same
concentration of oleate and linoleate. This suggests that gnpalmitate increases the ordering
of the phospholipids in the liposomes, which correlates well thithe decrease in membrane

uidity measured by EPR (lower uidity, higher phase transition temperature).
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Figure 8.3.3: Phase transition temperature of DOPC liposomesitv increasing concentra-
tions of palmitate (black), oleate (grey), and linoleate fght grey). Phase transition was
measured with DSC. Error bars are standard deviation of threedependent experiments.

8.4 Computational Results

The focus for this part of the study was to obtain a molecular ieel understanding on how
unsaturated FAs interact with the lipid bilayers in comparisonto the e ects induced by
saturated FAs. Therefore, a number of quantities were analyzdd characterize the e ect
of unsaturated FAs (oleate and linoleate) on the properties dDOPC bilayers, including:
bilayer surface area, bilayer thickness, lipid tail order paraeters, area per lipid/FA, and
hydrogen bonding. All results were calculated from the ensengblaverage over the last
60 ns of the simulations. Results for the bilayer systems withoutAare also shown for
comparison. Interactions of other types of lipid bilayers adaining POPC and palmitate
have been reported in Chapter 7 and, where appropriate, areemtioned here for comparison.
The actual FA content in the bilayers is shown in Table 8.2.1. Ne that the bilayers were

constructed by having equal number of fatty acids on each leat, a condition necessary to
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Figure 8.4.1: Surface area of the lipid bilayers containingarious concentrations of palmitate
(circles), oleate (squares), and linoleate (triangles). Solidotted, and dash lines are drawn
to guide the eye, respectively. Statistical error estimates aldess than the size of the symbols
for all the simulations (see Table 8.4.1) and are omitted for atity.

obtain a stable system.

8.4.1 Bilayer Surface Area

The rst property analyzed was the size of the bilayer surface aa (cross-sectional area of the
simulation boxes). This demonstrates the global e ect of FAs endalded within the bilayers
(see Chapter 7). As shown in Figure 8.4.1, the bilayer surface armcreases with increasing
FA concentration. This is seen because each FA occupies an diddial volume within the
bilayer and, due to its alignment with the lipid tails, the bilayer expands in the lateral
dimensions. A similar behavior was observed in previous study ugiPOPC embedded with
palmitate (see Section 7.4.3). Furthermore, the results inclate that oleate or linoleate induce
a larger increase in the bilayer surface area than palmitate.hls is seen because the kinked
lipid tail of unsaturated FAs occupies a larger lateral surfacarea when packed within the
bilayers compared to a straight-chain lipid tail of saturated=As. Based on this analysis, the
results also indicate that unsaturated FAs induce greater latat expansion between lipids,
possibly decreasing the packing between lipids and increasingmbrane uidity. Further

analysis as follows expands on this behavior.
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Table 8.4.1: Average bilayer surface area and thickness avezdgver the last 60 ns of the
simulations. Surface area is estimated from the- and y-dimensions of the simulation box.
Thicknesses are estimated from the DOPC density pro les shown inidgure 8.4.2.

FA (mol%) palmitate?  oleaté® linoleate® palmitate® oleaté  linoleate’
0 69.20 0.03 69.20 0.03 69.200.03 2.850.04 2.850.04 2.850.04
5 69.42 0.04 69.46 0.04 69.200.03 2.97 0.04 2.910.04 2.91 0.04

11 69.84 0.04 70.450.04 70.570.04 3.04 0.04 3.06 0.04 2.99 0.04
18 70.53 0.04 71.410.03 71.160.04 3.11 0.04 3.12 0.04 3.08 0.04
25 71.27 0.04 72.240.04 72.150.04 3.17 0.04 3.16 0.04 3.18 0.04

apilayer surface area (nr); Pbilayer thickness (nm)

8.4.2 Bilayer Thickness

The bilayer thickness was measured to investigate the e ect ofAS embedded within the
bilayers. Using component density pro le analysis, the bilayer tiskness was approximated
by estimating the distance between the two maximum peaks on tHeOPC density pro les,
as shown in Figure 8.4.2. Based on the actual values reported Table 8.4.1, the bilayer
thickness increases with increasing FA concentration. This ixplained by the fact that
DOPC tails are straightened as a result of FA embedded within #hbilayers, an indication of
reducing membrane uidity (see Section 7.4.3 for similar resisl). For the bilayers with the
same oleate and linoleate concentrations, the bilayer thickss is essentially the same. These
ndings are still insu cient to di erentiate the properties o f saturated and unsaturated FAs
on the bilayers and determine how unsaturated FAs reduce menabre uidity. Analysis
of the lipid tail arrangement, as described next, may providadditional insight into these

results.

8.4.3 Lipid Tails Order Parameters

As demonstrated in Section 7.4.3, the lipid tail order paramets were used to correlate the

MD simulation results to the cellular experiments for the memtane uidity. Because the FA
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Figure 8.4.2: DOPC density pro les for lipid bilayers contaning various concentrations of a)
palmitate, b) oleate, and c) linoleate at 310 K. Lines corresmd to FA concentrations: 0%
(solid), 5% (dot), 11% (dash), 18% (dot-dash), and 25% (dot-datash).
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molecules are embedded in the bilayer at random, it was di cli to quantify the local order

parameter near each FA molecule, and as such, an average ordarameter for the entire
lea et is reported. Following the same approach, the lipid thorder parameters are calculated
for all systems considered, as shown in Figure 8.4.3. As seen in there, there is a signi cant
increase in the order parameters with increasing FA concentrans. One reason for this
behavior is the additional volume occupied by the FA molecas, forcing the surrounding lipid
molecules to become highly packed, resulting in a more orddrgtructure. Consequently, the
bilayer thickness increases with the ordered lipid tails, as sia in Figure 8.4.2. Results from
this analysis indicate that, despite the double-bonds in theleate and linoleate chains, FA
molecules generally cause an increase in the lipid tail ordesirameters, a condition resulting
in decreasing membrane uidity. A more discrete method is regeed to di erential the local

e ect of FAs embedded within the bilayers.

8.4.4 Area per Lipid and FA

To further investigate the e ect of FA inside the membrane, a 2> Voronoi tessellation
analysis [324] was conducted on the equilibrium bilayer struge with and without FAs

(see Section 7.4.3 for more details). The result of a Voronoi tedagon analysis is a plot
representing the spatial distribution of the molecules in the itayer. Note that a single
snapshot at the end of the simulation is used for this analysis. Usingis method, the area
occupied by the lipid and FA molecules (calculated from theraa of the Voronoi polygons)
were determined and compared, as shown in Figure 8.4.4. As showrFigure 8.4.4a, the
area per lipid decreases with increasing palmitate, oleatet linoleate concentrations. For
palmitate systems, the area per lipid decreases almost linearlytivthe concentrations. This

behavior was observed in Chapter 7 using mixed 1:1 POPC/POPEIlayers embedded with
various palmitate concentrations (see Figure 7.4.7). Unlikealmitate, the area per lipid for

oleate and linoleate systems seems to decrease non-linearly egath values greater than the

palmitate system. This indicates that, depending on the typefd=A embedded, the packing
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Figure 8.4.3: Deuterium order parameter for bilayer containg various concentrations of a)
palmitate, b) oleate, and c) linoleate at 310 K. Lines captias are described in Figure 8.4.2.
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Figure 8.4.4: Average area per a) lipid and b) FA obtained frororonoi tessellation analysis
for the corresponding lipid bilayers with palmitate (circle), oleate (squares), and linoleate
(triangles). Solid, dotted, and dash lines are drawn to guident eye, respectively. Error bars
are estimated standard error of the mean area of Voronoi polygs

between lipids are more complex in the presence of unsaturatedl. Further analysis of the

area per FA is required to con rm these ndings.

Using the same Voronoi tessellation analysis, the area per FA wasadated, as shown
in Figure 8.4.4b. From the gure, the area per palmitate remis constant (within statistical
uncertainty), whereas the area per oleate and linoleate, igmally starts high at 5 mole%
and then decreases signi cantly until reaching the value obitaed for palmitate. As reported
in Chapter 7, the same behavior was observed for palmitate systerand concluded that the
area per palmitate remains unchanged mainly because palntgaa fatty acid molecule with
a long and straight hydrocarbon tail, is laterally incompressie within the bilayer. In the
case of oleate and linoleate systems, the double-bond in the digenerally produces a large
surface area as shown in the bilayer surface analysis in Figurd.8. Therefore, oleate and
linoleate have the ability to absorb the lateral compression &een lipids by reducing its

area per FA. Note that at the highest oleate concentration (25 ne%), the area per FA is
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about the same, which means that oleate and linoleate may haxeached a maximum lateral
compression. From this analysis, the role of saturated and unsaaied FA embedded within

the bilayer structure was identi ed.

8.4.5 Hydrogen Bonding

Additional analysis of the hydrogen bonds was performed to iegtigate the e ect of lipid

hydration with increasing FA concentrations. First, radial dstribution functions (RDF)

between lipid oxygen atoms and water were calculated and the/dration radius for each
lipid oxygens (four oxygens in the phosphate group and four pgens in the ester group) was
found by determining the distance to the rst minimum in the RDFs. Figure 8.4.5 shows the
RDF plots for DOPC bilayers containing 11 mole% FAs (RDFs forlie other FA compositions
are not shown for the sake of brevity, but they are all similar toltose in Figure 8.4.5). The
values of the hydration shell for all bilayer systems are repatl in Table 8.4.2. Using the
hydrogen bond analysis previously described by Brady and Schihi[285] with the rst

hydration shell from the RDFs, Figure 8.4.6 shows the average mber of hydrogen bonds
per lipid between lipid oxygen atoms and water for all systemsnsidered. As seen in the
gure, the average number of hydrogen bonds reduces signimfly with increasing palmitate

concentration. This is caused by the increased packing of thipitls (reduced area per FA {
see Figure 8.4.4a), thus resulting in the removal of potenti&inding sites for water. On the
other hand, the number of hydrogen bond for oleate and lindé systems remains relatively
constant regardless of the oleate or linoleate concentrat®n This is related to the fact
that oleate and linoleate help to maintain the spacing betweethe lipids, thus resulting

in a suitable area per lipid and level of hydration. This analgis con rms that the role of

saturated and unsaturated fatty acids are contrasting; even thugh unsaturated FAs can
be as easily incorporated into the lipid bilayer as palmitatetheir presence in the bilayer
is actually bene cial, as they cause little perturbation to te bilayer structure and help to

maintain the level of hydration.
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Figure 8.4.5: Radial distribution functions for lipid oxyge atoms and water for bilayers
containing FAs. The plots correspond to water interacting withthe phosphate group in
DOPC bilayers containing 11 mole% a) palmitate, b) oleate,)dinoleate, and with the ester
group in DOPC bilayers containing 11 mole% d) palmitate, e)leate, f) linoleate. Phosphate
oxygen atoms are represented as follow: O7 (solid line), O9 {dme), O10 (dash line), and
O11 (dot-dash line). Ester oxygen atoms are represented as dalt O14 (solid line), O16

(dot line), O33 (dash line), and O35 (dot-dash line).
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Table 8.4.2: Hydration radius around lipid oxygen atoms. Aveige values are shown for
various DOPC oxygen atoms. All values reported in nm.

FAmol% O7 09 010 011 014 016 033 035
0 0.316 0.322 0.322 0.558 0.330 0.338 0.308 0.334
52 0.316 0.318 0.318 0.560 0.330 0.340 0.316 0.332
112 0.314 0.320 0.320 0.560 0.328 0.336 0.312 0.334
18 0.312 0.322 0.318 0.558 0.326 0.336 0.314 0.330
25 0.316 0.320 0.320 0.558 0.330 0.338 0.308 0.334
5° 0.316 0.320 0.320 0.560 0.326 0.339 0.312 0.336
11° 0.314 0.320 0.318 0.560 0.328 0.338 0.310 0.332
18 0.316 0.320 0.320 0.556 0.332 0.338 0.312 0.334
25 0.316 0.320 0.320 0.560 0.330 0.336 0.308 0.330
5¢ 0.314 0.320 0.318 0.560 0.328 0.336 0.308 0.332
11° 0.316 0.318 0.320 0.560 0.332 0.338 0.310 0.328
1& 0.314 0.320 0.318 0.560 0.328 0.338 0.310 0.332
25 0.318 0.320 0.320 0.560 0.330 0.338 0.312 0.334

average 0.315 0.320 0.319 0.559 0.329 0.338 0.311 0.332
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Figure 8.4.6: Average number of hydrogen bonds per lipid foil&ayers with palmitate (cir-
cles), oleate (square) and linoleate (triangle); water as H-dors. Solid, dotted, and dash
lines are drawn to guide the eye, respectively. Error bars regsent standard deviations.
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8.5 Discussion

Unlike most FFAs, palmitate has been shown to be toxic to HepG2 cell 0.7 mM. On

the other hand, unsaturated FFAs have both positive and negaté/e ects among di erent

types of cells. From the cytotoxicity and peroxide measurem#s) oleate and linoleate were
harmless to HepG2 cells, while palmitate was highly toxic at theame concentration. The
EPR measurements indicated that there is a signi cant changenimembrane uidity in

the presence of palmitate, compared to oleate and linoleatessgms. This change is mainly
associated with the hydrophobic e ect of saturated FAs, which resied in reduced membrane
uidity. To compare the biochemical and biophysical processesssociated with the change in
membrane uidity in the presence of palmitate, oleate, or linleate at a molecular level, the
e ect of these FFAs on model cell membranes (DOPC lipid bilaysj using MD simulations

was studied.

A number of structural properties were analyzed from a serieg$ pid bilayers sim-
ulations containing FAs. From the average size of bilayer surfaarea, oleate and linoleate
signi cantly expanded the DOPC bilayer surface compared to paitate. This was expected
because the presence of kinked lipid tails (oleate and linotea slightly increase the mole-
cular volume for each FA. As a result, the bilayer surface area ireases when unsaturated
FAs are packed in the bilayer. From the component density prods, unnoticeable changes
were measured for the average bilayer thickness between bdes containing the same FA
concentrations. These results imply that FAs expand the spacingebween lipids but have
small e ect on the packing between each lipid. In con rmation the lipid tail order parame-
ters show an increase in the order parameters with increasing E®ncentrations, however,
signi cant di erences among FAs are not observed. These resultsdicate a packing compe-
tition between FA and DOPC, which results in an increase in bilger surface area and lipid
tail order parameters. Based on these ndings, a more detailed alysis was necessary to

di erentiate the properties of various FAs.

The local e ect of FAs was calculated using a Voronoi tessellatioanalysis, which
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indicated that unsaturated FAs reduce the packing between ligs. Increasing FA concentra-
tions results in a linear decrease in the area per lipid for paltate systems and non-linear
decrease for either oleate or linoleate systems. This behavioasvexplained by the aver-
age area per FA that showed the area per oleate or linoleate wesigni cantly larger than
palmitate at low concentrations but decreased non-linearlyo the value for palmitate at
high concentration. This reduction indicates straightenig of the unsaturated FA chain with
increasing FA concentrations. This was not observed for palnaite because the lipid chain
is incompressible due to lipid chain saturation. From this angkis, it is evident that unsat-
urated FAs partially help to maintain membrane uidity by red ucing the packing between
lipids, whereas saturated FAs increase the packing between dpithus reducing membrane
uidity.

Since the packing between lipids was partially unchangedrfoleate and linoleate
systems, it was speculated that the level of hydration of the bijer is preserved. Extensive
hydrogen bond analysis was performed for each bilayer systemslahe results indicated
that the number of hydrogen bonds per lipid is unchanged witincreasing oleate or linoleate
concentrations. Signi cant reduction in hydrogen bonds wasbserved for palmitate. These
results indicated that the presence of saturated FAs increasesetlpacking between lipids,
causing water to be expelled from the vicinity of bilayer surfae, an evidence of decreasing
membrane uidity. On the other hand, unsaturated FAs help to mantain the packing

between lipids and preserve the level of hydration, thus unacting the membrane uidity.

8.6 Summary

Understanding the e ect of saturated and unsaturated fatty acid on biological membranes
can provided insight into cures for diseases such as obesity-assted cirrhosis. In vitro
experiments suggest that unsaturated fatty acids, such as oleaead linoleate, are less toxic

and potentially protect hepatocytes from palmitate inducd toxicity. Computational results
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indicated that the unsaturated fatty acid chain serves as a mdomnane stabilizer to counteract
changes in the membrane uidity. Unsaturated fatty acids havestructural properties that
can reduce the lateral compressibility of the lipid componenn the membrane. Hydrogen
bond analysis indicates a uniform level of membrane hydratidn the presence of oleate and
linoleate compared to palmitate, which revealed a possible ofeanism of how unsaturated
fatty acids reduce biophysical changes to the cellular mendore and protect the membrane

structure.



Chapter 9

Summary and Future Work

9.1 Summary for Chapter 4

9.1.1 Mixed DPPC/DPPE Bilayers

A systematic simulation study of mixed lipid bilayers containiy DPPC and DPPE is pre-
sented in this dissertation. For pure DPPC bilayers, the calcutad area per lipid and the
lipid order parameter agree well with previous experimentand simulation results. Selected
experimental results (i.e., area per lipid and lipid order p@ameter) for pure DPPE are avail-
able for comparison, however, no simulations results have bemported. To be consistent
with other derivatives of PE bilayer simulations, an appropte force- eld for DPPE mole-
cules was created by modifying the DPPC force- eld using the®PE force- eld as the basis
to replace the choline to the amine headgroup. The results sh@mall discrepancies between
the simulation and experimental values in the area per lipidrad order parameter for the
pure DPPE and mixed 1:1 DPPC/DPPE systems.

DPPE exhibits unique and distinct characteristics, in particlar its ability to strongly

interact with itself and neighboring lipids through inter ard intramolecular hydrogen bonds.

190
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Increasing DPPE content in the bilayer results in a signi cant @crease in the area per lipid
and higher deuterium order parameters (lipid tails become one aligned within the bilayer
normal). Detailed analysis of the density pro le for the nitrayen and phosphorus atoms in
the lipids shows that the amine groups in DPPE prefer to hydragn bond with lipid oxygens.
In this process, the P-N vector of the DPPE headgroup is most oftfound pointing toward
the bilayer core, whereas the P-N vector for DPPC points towd the aqueous phase. The
average intramolecular tilt angle, with respect to the bilagr normal, of the P-N vector for
both DPPC and DPPE decreases with increasing DPPE concentrati. For DPPC, the
choline group becomes more aligned with the bilayer normalud to the close packing of
the lipids (smaller area per lipid). On the other hand, for DPFE, there are more H-donors
from NH3 groups than available H-acceptors from lipid oxygen atoms, tis resulting in a
competition between lipid oxygen atoms and water for hydramn bonds. An increase in the
number of hydrogen bonds between the NHgroup and water coupled with a decrease in
inter/intramolecular hydrogen bonds between the lipids athe DPPE concentration increases

are the main cause for the reduction in the average P-N vectoitttangle.

From the trajectory analysis, the majority of the DPPE molecués rapidly move
around the membrane surface, but they become more restrictedthvincreasing DPPE con-
centrations. The high mobility of DPPE from their original position suggests that there
are strong interactions causing the molecules to di use lateltg through the bilayer. Based
on the hydrogen bonding analysis, intermolecular hydrogen bds between lipids facilitate
their di usion. On the other hand, less movement suggests that gnhydrogen bond competi-
tion between the amine groups in DPPE and water at the interfee reduces the interactions
between lipids, resulting in a more localized displacement ofAPE. The random di usion
of DPPE molecules along the membrane lea et does not indieatany aggregation of lipids

within the simulation time considered.
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9.1.2 Interactions of Trehalose with Lipid Bilayers

A systematic simulation study of pure and mixed lipid bilayers oDPPC and DPPE with
trehalose is also presented in this dissertation. Results indieathat the area per lipid remains
relatively constant for the bilayer systems at 350 K. Total dengy pro les of all bilayers
remain relatively unchanged by the presence of trehalose. Rreential binding of trehalose
with the lipid systems containing DPPE is observed from the treslose density pro les where
the distributions of trehalose are uneven with a slight concerdtion of trehalose near one
interface of the membrane. From the density pro les, trehalossuper cially interacts with
the bilayer interface and favorably hydrogen bonds to the pisphate and ester headgroups.
Trehalose is unable to penetrate through the interface to thbilayer core, and as a result,

the e ect of trehalose on the lipid tails is minimal.

With increasing DPPE concentration, the total number of hydogen bonds from the
amine group of DPPE remains una ected by trehalose as the caitiution of hydrogen bonds
shifts from lipids (intermolecular and intramolecular hydogen bond) to water and trehalose.
A large increase in the binding of trehalose is observed in theilil systems with higher
DPPE concentration. Trehalose can only bind to the amine grqs that are exposed to
the aqueous phase. The amine group in DPPE preferentially e to phosphate and ester
oxygen atoms through intra or intermolecular hydrogen borsl Because there are more H-
donors than available H-acceptors as the DPPE concentrationcreases, the excess H-donors
create a competitive hydrogen bonding environment that wéan lipid-lipid interactions and
simultaneously allow amine groups to become more hydrated. iBtprovides a more favorable

condition for trehalose to bind to the lipids.

A hydrogen bond analysis between the hydroxyl groups of trelmse and lipid oxygen
atoms shows that the largest number of hydrogen bond contacts the pure DPPE bilayer,
whereas the pure DPPC bilayer shows the least amount of hydrag&ond contacts. The
di usion coe cient of trehalose calculated from the mean-squeed displacement supports

this argument, being the highest in the pure DPPE bilayer (thepreferential exchange of
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hydrogen bonds between lipids and trehalose only occur ne&etinterface). In addition, due
to the competitive hydrogen bonding environment of the amia groups in the pure DPPE
bilayer, intermolecular and intramolecular hydrogen bonsl between lipids are weakened,
creating more suitable conditions for trehalose (hydroxyl gups) to bind to lipid oxygen
atoms. However, the same conditions are not true in the mixed 10PPC/DPPE system.
From a di erent standpoint, the strong interaction of DPPE with neighboring lipids also
helps to maintain the membrane integrity, creating a self-g@serving mechanism under low
hydration conditions. This may help to explain the high survial rate of bacteria (contains

as much as about 70-80% PE i&. Coli [8]) under harsh conditions.

From the trajectory analysis, trehalose is free to di use in the queous phase and
occasionally binds to the bilayer, with multiple lipid-trehalose interaction sites often involved.
The binding of trehalose to the bilayer discredits the prefential exclusion model as a major
mechanism by which trehalose stabilizes cells. All bilayer systerosnsidered here are fully
hydrated which is a condition that may reduce the e ectivenss or change the biological
properties of trehalose compared to a drier state. The intereons between trehalose and the
bilayer are apparent from the hydrogen bond analysis and theydamic trajectories, and these

evidences support the preferential interaction model, eveat low trehalose concentrations.

9.2 Summary for Chapter 5

9.2.1 Dehydrated Lipid Bilayers with Sugars

Many saccharide compounds have been successfully identi ed their ability to preserve
liposomes under dehydrated conditions. By analyzing the pha&ehavior of liposomes in
the presence of these saccharides, experimental studies have showarrelations on their
e ectiveness based on the number of glucose-rings, phase tramsittemperature, and mem-

brane uidity. Although the e cacy of saccharides in stabilization is well-known, a clear
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description of the interaction mechanisms remains unsettle@vident from the hypotheses
at present. Therefore, this study aimed at providing furthermsight into the interactions of
lipid bilayers with and without glucose and trehalose under dg/drated conditions by ways

of MD simulations.

Two bilayer setups were proposed in Chapter 5. The rst bilayer $ep aimed at
verifying the mechanism of preservation proposed by Crovet al. [159], in which saccharide
molecules intercalate in between the lipid headgroups, thyseventing lipid aggregation and
maintaining the membrane uidity. In these simulations, the laeral dimensions of the sim-
ulation box were constrained and dehydrated conditions weset at water/lipid ratio of 20.
Analysis of the simulations showed that the bilayer structures we preserved at 310 K, with
and without saccharides. Due to the loosely packing of lipids itmis bilayer setup, lipid tail
interdigitation was signi cant at 290 and 300 K, even in the pesence of saccharides. One
reason for the observed results was the periodic boundary caimahs used in the simulations,
which allowed self-interactions of the lipids with the peridic images. Analysis of the bilayer
structures indicated the distinct formation of ordered domais: long narrow domains in the
bilayers without saccharides, multiple small domains in the tayers with glucose, and single
large domains in the bilayers with trehalose. Although these simtations did not demon-
strate the stabilizing e ect of saccharides on the bilayers, theprovided an understanding

on distinguishing properties between glucose and trehalose dretbilayers.

In the other bilayer setup at dehydrated conditions, an inert gs layer was introduced
so a truly uni-lamellar bilayer was represented. The lateralichensions of the simulation box
were also constrained in these simulations, but a lower water/ligh ratio of 10 was used. For
these bilayers without saccharides, the bilayer structures wercompletely disintegrated at
the temperature considered. On the other hand, bilayer struates containing either glucose
or trehalose remained stable for the duration of the simulatiam Hydrogen bond analysis
showed that the saccharide molecules displaced a signi cant aomd of water surrounding

the lipid headgroups. However, the additional hydrogen bondermed between water and
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saccharides helped to maintain the hydration layer for thepid bilayers. Based on these nd-
ings, our results support both the \water-replacement” and \wéer-entrapment” hypotheses.
Furthermore, trehalose showed more a nity (more hydrogen bods) for the lipids in the bi-
layer than glucose, resulting in part because trehalose has fewgeractions with neighboring
saccharide molecules. These results suggested a better prefeatmtinding of trehalose to

the lipid bilayer than glucose, thus demonstrating that trehéose is a better stabilizing agent.

9.3 Summary for Chapter 6

9.3.1 Phase Transition for DPPC and DPPE Bilayers

Ordered and disordered lipid domains co-exist within biologal membrane for many rea-
sons. These domains are structural components that are associateith several biological
processes, such as, signal transduction, protein transport, membeasorting, and membrane
binding site. Recently, the study of phase behavior of lipid kalyers has become more ap-
parent with computational methods, especially through the deslopment of coarse-grained
models. Coarse-grained models partially overcome system sizel aimulation time limita-
tions that are often associated with atomistic simulations, andsasuch, they are attractive
to study phase separation and domain formation. While coarseajned models are compu-
tationally e cient, they lack the detail to describe importa nt features and characteristics of
lipid bilayer at the atomistic scale that contribute to the oveall properties of lipid bilayers.
This preliminary report addresses that missing gap with a comphensive evaluation of lipid

bilayers properties, in particular pertaining to their phasebehavior.

MD simulations were performed to investigate the structural ppperties of DPPC and
DPPE bilayers, two of the most abundant lipid components foundh living organisms. Lipid
bilayers containing 128 lipids (64 per lea et) were consided. Even though these bilayers are

much smaller than coarse-grained model studies, it is demonstedt that they are su cient
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to yield a wealth of structural information on the bilayers aml insight into the mechanism of
phase transition from a gel (\ordered") to a liquid-crystalline (\disordered") state. Two sets
of simulations were carried out: annealing simulations withantinuous heating and cooling,
and xed temperature. The annealing simulations provided arst measure of the structural
changes of the bilayers by tracing the hysteresis loop from andered to a disordered state.
The area per lipid and bilayer thickness were used to obtain arstemate of the rst-order
phase transition temperature, which was identi ed at about 38 K and 320 K for DPPC and
DPPE bilayers, respectively, compared to the experimental #es of 315 K for DPPC and
337 K for DPPE.

In the second set of simulations at xed temperatures, equilibuim properties were cal-
culated for temperatures above and below the estimatéld, from the annealing simulations.
The area per lipid and bilayer thickness measured from the xetkemperature runs were
in consistent agreement to those observed in the annealing sintidas, with values within
the bounds of the hysteresis loop. The resulting equilibrium sicture for DPPC below Ty,
showed \mixed" domains, which consists of lipids that are tiltedn the \ordered" domain
and partially overlapped in the \disordered"” domain. NearT,,, a cooperative transforma-
tion of the bilayer structure is observed. First, the average aa per lipid slightly increases
with increasing temperature, followed by a rearrangement dhe lipid tails, resulting in a
more \ordered" state and a slightly increase in the membrane tbkness. The alignment of
lipid tails in this state is predominantly tilted with small ti lted-angles, in support to the
ndings by Ruocco et al., in which a tilted lipid arrangement was reported in the gel pase
and a more parallel alignment to the bilayer normal near therainsition temperature [300].
Above T, the bilayer structure was characterized by the lipid tails ble to freely move in
random motion, resulting in an increase in the $aucheformed and an increase in the level

of interdigitation between lipids in opposite lea ets.

The phase transformation for DPPE was similar to that of DPPC, egept that because
of its smaller headgroup, bilayers below,, consisted primarily of \ordered" domains. The

smaller area per lipid of DPPE is re ected in the tight packingof the lipids, and in turn, with
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small tilted-angles. In agreement with the hysteresis loop frorthe annealing simulations,
the DPPE bilayer structure experienced minimal rearrangenm of the lipids, as the bilayer
thickness gradually decreases near the phase transition. Thessults support the study by
Yao et al. in which they were unable to distinguish a stable phase from a ged & liquid-
crystalline phase for DPPE [299]. Neail,,, cooperative structural changes were observed
with a decrease in the ordering of the lipid tails and an increz in the ¥%gaucheformation
and level of interdigitation. Because DPPE molecules remaiclosely packed abovd,, the
lipid tails do not overlap, which is con rmed by the density pio le of the terminal carbon

atoms.

In summary, the mechanism for phase transition from a gel to a ligutcrystalline
phase for DPPC and DPPE bilayers involves cooperative chargyef the bilayer structure
that can be quanti ed with the area per lipid, bilayer thickness, lipid tail tilt-angle, lipid tail
order parameter, hydrocarbortrans-gaucheisomerization, and level of interdigitation. The
implication of all the structural changes observed supports arst-order phase transition for

DPPC and DPPE that is in reasonable agreement with experimealt observations.

This study demonstrates that one can use atomistic simulations tobtain insightful
information on lipid bilayers at and near the main transitionstate (gel to liquid-crystalline).
Moreover, the properties analyzed give valuable structuralata to understand the mecha-
nism underlying phase transitions, which may not be readily acssible from experimental

measurements.

9.3.2 Phase Transition for POPC and POPE Bilayers

The degree of unsaturation di ers among the many types of phobplipids depending on the
number of double bonds in the lipid tails. For lipids with the sane headgroup, the most
pronounced change in the phase transition temperature occunghen comparing saturated
to monounsaturated lipids. Using POPC and POPE as modeled lipidilayers, atomistic

simulations have been used to obtain insightful details of theilayer structures at and near
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the main transition state. The properties analyzed here yieldaluable structural data to un-

derstand the mechanisms underlying the phase transition of momesaturated lipid bilayers.

Two sets of simulations were considered, annealing simulatioms heating and cooling
and xed temperatures simulations from 260-320 K (incremest of 10 K). Results from
the annealing simulations show a well-de ned phase transitiongnt with small hysteresis
loops, thus demonstrating a rst-order phase transition. The phse transition temperature
was identi ed at about 270 K and 280-300 K for POPC and POPE bdyers, respectively,
when measuring the changes in the area per lipid and bilayerithness. These values are

comparable to the experimental ones of 270 K for POPC and 306fkr POPE.

In the second set of simulations at xed temperatures, equilibuim properties were
calculated for temperatures above and below the estimated @be transition temperature,
Tm, from the annealing simulations. The area per lipid and bilayehickness measured from
the xed temperature runs were consistent with those observed the annealing simulations,
with values within the bounds of the hysteresis loop. The resuftg equilibrium structure
for POPC below T, showed a tilted lipid arrangement. Slight interdigitation d the lipids
between each lea et was also observed in parts of the bilayerhish possibly relates to a
\mixed" domain formation. Near T,,, a cooperative transformation of the bilayer structure is
observed, however, general bilayer properties such as arealfpd and bilayer thickness were
found less sensitive to the phase transition. On the other hand, legr structural properties
(lipid order parameters, %gauche tilted lipid arrangement, and level of interdigitation) were
sensitive to the phase transition, resulting in ar,, at about 270 K. Above T,,, the bilayer

structures were characterized by lipid tails free to move inandom motion.

The phase transformation for POPE was more di cult to identify. Below T,,, POPE
bilayers consisted primarily of lipids in a tilted arrangemenwith higher lipid packing com-
pared to POPC, due to the smaller headgroup in POPE molecules. &keT,,, a cooperative
transformation of the bilayer structure was observed in whichre- and post-transitions states

were identi ed based on structural properties. In this case, there-transition state (270 to
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280 K) involved a signi cant change in the number ofjaucheconformations along theSn-1
tails. Around the main transition point (280 to 290 K), the loweing of the lipid tails order
parameter in the Sn-1 tail and the disappearance of the tilted lipid arrangementvere ob-
served. In the post-transition state (290 to 300 K), the loweringf the lipid order parameter
in the Sn-2 tails and less hindrance in the displacement of the carbonaahs along the lipid
tails were observed, as the density pro les evolved from asymtrie to symmetric distribu-

tions. Above 300 K, POPE bilayer structures were characterizelly lipid tails free to move
in random motion. These ndings con rm Bryant et al. NMR experimental study in which

they observed a wide temperature range for the phase transitiami POPE bilayers [163].

9.4 Summary for Chapter 7

9.4.1 Trehalose Protection from Palmitate Induced Toxicity

In Chapter 7, series of experimental and computational measements were performed to
gain insight into how trehalose interacts with HepG2 cells in te presence of palmitate.
Experimentally, healthy HepG2 cells exposed to palmitate refted in a signi cant amount
of LDH and H,O, released into the medium, indicating cell death or compromidecellular
membrane. Furthermore, it is observed from EPR measurementsat the membrane uidity
is signi cantly decreased in the presence of palmitate, espelfyain the bilayer core region.
The leading hypotheses for the observed results are: i) palmiedissolves into the membrane,
thus reducing the membrane uidity, ii) palmitate metabolizes into phospholipid components
of cell membranes, thus increasing the packing between theitlp, and iii) the remaining
fragments of oxidized lipids inside the membrane (oxidizedylH,0O, and OH), which are

hydrophobic in nature, reduce the membrane uidity.

The computational component of this study aimed at interprahg and understand-

ing the experimental results, providing knowledge at the modellar level into the role of
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palmitate and trehalose in the toxicity of HepG2 cells. As illustated by the results, the
computation analyses con rmed that palmitate can dissolve i the bilayers within a short
time. As the palmitate concentration in the bilayer increasedthe order parameter of the
lipid tails increased, which was consistent with the experiméa results showing reduced
membrane uidity. The ordering of the lipid tails was due to the additional volume occupied
by the palmitate molecules, forcing the surrounding lipid m@&cules to become highly packed,
resulting in a more ordered structure. The local e ect of palntate embedded in the bilayer
was also considered. The simulation results yielded a highly emdbilayer structure with the
lipid tails in a tilted arrangement. These results agreed wellvith DSC measurements for
DOPC liposomes containing palmitate and EPR measurements of plé2 cells exposed to
palmitate. Furthermore, the direct interactions of trehabse and palmitate in the medium
through hydrogen bonding potentially hindered palmitate fom dissolving into the bilayer.
The binding of palmitate to trehalose seems bene cial to cell embranes; however, it was
discovered that trehalose can potentially modify the bilayesurface by altering the surface
hydrogen bond distribution, thus inducing hydrophobic regns for palmitate to penetrate

the bilayer.

9.5 Summary for Chapter 8

9.5.1 E ect of Fatty Acids on Biological Membranes

In Chapter 8, additional series of experimental and computainal measurements were per-
formed to gain insight into how unsaturated FAs, oleate and lin@ate, interact with HepG2
cells in comparison to a saturated FA, palmitate. Experiment#y, it was found that healthy
HepG2 cells exposed to oleate and linoleate did not induce LDH&H,O, release into the
medium compared to palmitate. Furthermore, it is observed &m EPR measurements that
the membrane uidity was slightly reduced for HepG2 cells exm®d to oleate and linoleate.

The leading hypothesis for the observed result is that unsaturatl FAs potentially increase
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the chain packing between cellular lipids, however, the kiekl lipid chains of unsaturated

FAs disrupt their normal packing, thus increasing membrane udity.

The computational component of this study aimed at interprehg and understand-
ing the experimental results, providing knowledge at the matelar level into the role of
unsaturated FAs in reducing the toxicity of HepG2 cells. As illust@ted by the results, the
average structural properties, such as bilayer surface areajdkness, and order parameters
were insu cient to di erentiate the e ects of saturated and un saturated FAs on the bilay-
ers. Both saturated and unsaturated FAs increased the bilayer sade area, thickness, and
lipid tail order parameters with increasing FA concentratios. As a result, it was necessary
to consider the local e ect of FAs embedded in the bilayers. Using ¥oronoi tessellation
analysis, the results demonstrated the ability of unsaturated FA& absorb the lateral com-
pression between lipids and FAs within the bilayer. Furthermae, water-lipid hydrogen bond
analysis indicated that the average number of hydrogen bondsmained relatively the same
regardless of oleate or linoleate concentrations, howevegrsicantly reduced for palmitate.
From this analysis, it was con rmed that the role of saturated ad unsaturated FAs are
contrasting: unsaturated FAs induce less changes to the lipid mponent of the bilayer and

help maintain the level of hydration, whereas the converse isue for the saturated FAs.

9.6 Future Work

9.6.1 Membrane Stabilization

In Chapter 4, comprehensive studies of pure and mixed lipid byers (DPPC and DPPE)
and their interactions with stabilizing agent (trehalose) wee considered. Based on the
computational analysis, there are two major aws which reque attention for the future

studies, speci cally lipid force- eld parameters and bilayeisetup.

For lipid bilayer studies, DPPC molecules are typically used inhe simulations. In
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order to obtain a better assessment of a more realistic bilayer stture, a second lipid
component with a PE headgroup was introduced the current laer model. Although a
force- eld for POPE was available, it was considered that POP would bring additional

complexities to the systematic studies because it has di erenpid chain lengths and degree
of unsaturation compared to DPPC. For this reason, DPPE was clsen, as it has an identical
lipid chain structure as DPPC. As mentioned in Chapter 4, an apmpriate force- eld for

DPPE molecule was created by modifying the DPPC force- eld sing the POPE force-
eld. The results demonstrated small discrepancies between teenulation and experimental
values in the area per lipid and lipid tail order parameters. Tis indicated that there are
signi cant errors associated with the mixed bilayer simulatios and improvements on the
DPPE force- eld should be considered in future studies. Since ¢herrors are propagated
the same way for bilayers considered in Chapter 4, the compana study among the lipid

systems is justi ed.

Although the mechanism of membrane stabilization is consideréa Chapter 4, it did
not address an important issue on how trehalose stabilizes lipidldyers under dehydrated
conditions and low temperatures. Therefore, another set of silations were performed
to speci cally investigate the stabilizing e ect of saccharidecompounds under such con-
ditions. As mentioned in Chapter 5, there were three diculties arise when performing
MD simulations to model uni-lamellar bilayers at dehydratedconditions: 1) existing lipid
force- elds (developed for fully-hydrated conditions) maybe unsuitable for simulations un-
der dehydrated conditions, 2) periodic boundary condition§PBC) implemented in typical
MD simulations with long-range electrostatic corrections essgally create a multi-lamellar
bilayer structure, and 3) due to the low water content at dehychted conditions, the lipid
bilayer lateral compressibility is no longer the same as the tygal compressibility derived

from a fully-hydrated state.

In terms of lipid force- elds used in MD simulations, recent computational studies
indicated that dehydrated structural properties of DPPC bihyers are in good agreement

with the experimental results. Based on this fact, the lipid faze- eld used in Chapter 5 was
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used to capture a correct lipid phase behavior under dehydrateonditions.

For the PBC issue, there were no other ways to create a uni-larfegl bilayer structure
under dehydrated conditions, unless periodic images of theldyiers are separated in thez-
dimension. After careful consideration, a new lipid bilayer sap was engineered to contain
an inert gas phase (see Figure 5.1.1). Note that this type of bjlar setup has seldom applied
and it should be only considered in especial circumstances. Foeteimulations presented in
Chapter 5, this bilayer setup was used to compare the e ectivess among stabilizing agents.
As a comparative study, the ability for saccharide compounds tetabilize the uni-lamellar
bilayer structure was su cient to address the mechanism of stakbization under dehydrated

conditions.

By incorporating a gas phase into the bilayer structure, theres a major issue regard-
ing the bilayer compressibility. After careful considerationNV T simulations were performed
by constraining the lateral dimensions of the simulation box (ivalent to the bilayer size
at 325 K) to remove arti cial lateral compressions. The simulatins were then performed at
lower temperatures (290, 300, and 310 K). Clearly, there isdiscrepancy between the sim-
ulating temperatures and bilayer lateral dimensions that shdd be considered in the future

studies.

There is one more issue that was unaddressed for the simulation ggated in Chapter
4 and 5. This is related to the realistic environment of cellsndergoing a freeze-drying
process. According to the hypothesis, the water content in the exdcellular region is removed
rst and, if the stabilizing agents are present, the cellular meabranes should remain intact,
thus preserving intracellular content and cellular functioalities. The described behavior was
not exactly matched by the bilayers constructed in Chapter Shecause both bilayer lea ets
were exposed to the dehydrated environment. Figure 9.6.1 sketine proposed bilayer setups
that aims to mimic the freeze-drying of cells with and withotistabilizing agents. Note that
the intracellular regions are always hydrated and, simultagously, the extracellular regions

are exposed to the dehydrated environment. Results from thistsa simulation may provide
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Extracellular Intracellular Extracellular

Figure 9.6.1: Proposed lipid bilayer setups a) without and b) ith saccharides. Intracellular

and extracellular regions are shown in the gure. A lipid moleule is represented with a red
circle and two lipid tails. Green circles, blue ovals, and gray sqres are water, saccharide,
and gas molecules, respectively. Dotted rectangular lineseathe bounds of the simulation

boxes.

useful information regarding the structural organization ofintracellular and extracellular

membranes.

9.6.2 Membrane Phase Behavior

One of the major concerns regarding the phase transition studygsented in Chapter 6 is
the determination of main phase transition temperature of puie DPPC, DPPE, POPC, and

POPE lipid bilayers. As mentioned, the major problems reside ithe fact that the force-

elds for these lipids are optimized for a lipid-crystalline sate, not for a gel state. Moreover,
the re-parameterization in the double-double region for waturated lipids has recently been
surfaced to improve the quality of current force- elds and shadd be considered in the future
studies (see Simulation Details in Chapter 8 for more detail;adhe modi ed lipid tail force-

eld). Although the results presented in Chapter 6 showed signi ant structural changes
above and below the phase transition temperature, the maximumrrors on the estimated
temperatures were about 20 K compared to the experimental lvees. From an experimental

standpoint, this is considered inadequate. To have a better @siation of the phase transition
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W

a) b) c)

Figure 9.6.2: Proposed starting structures for a) saturated, binonounsaturated, and c)
polyunsaturated lipid bilayers. Red and blue spheres represetite lipid headgroup and
water, respectively.

temperature, more simulations at xed temperatures with narower temperature range than
those reported in Chapter 6 should be considered in the future sties. One suggestion is
for smaller lipid bilayers and lower hydration level, which sbuld be su cient to study the
phase transition of pure lipid bilayer systems, however, at exteled simulation time into the
microsecond range. Results from these sets of simulations mayypde a better estimate of

the phase transition temperature and the quality of the lipid érce- elds.

Another important point that was not considered in the simulaton in Chapter 6 is
the starting structure of the lipid bilayer simulations. Although these structures were not
shown in Chapter 6, they were generated by cooling fully eqgidtated bilayers from a liquid-
crystalline state to a gel state. With the short equilibrium timeconsidered, these structures
may not be optimal starting structures for phase transition studes, especially for POPC
and POPE systems. The correct approach would have been to startl #he simulations
from an equilibrium gel state and then slowly heat up the system ta xed temperature.
Figure 9.6.2 shows the possible starting structures for saturatednonounsaturated, and
polyunsaturated lipid bilayers. Low temperature simulationshould be considered to equili-
brate these structures. This approach should provide well de mestructural changes during

the phase transition and rst-ordered phase transition temperatre.
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a) b) c)

Figure 9.6.3: Schematic representation of lipid bilayer whit localized palmitate. Speculated
a) starting, b) intermediate, and c) nal bilayer structures are shown in the gure. Red,
green, and blue spheres represent the lipid headgroup, palatg, and water, respectively.

9.6.3 Fatty Acid Induced Toxicity

As presented in Chapters 7 and 8, an early stage of research aimeddentify the biophysical
interactions of fatty acids with the cellular membranes andhe role of trehalose in preventing
changes to the membrane structure was studied. Using computatal approach, systematic
studies were completed by comparing the e ect of individualamponent (fatty acids or
trehalose) on model bilayers. Based on these preliminary resultguples of suggestions are

available for future studies.

First, the possibility of saturated fatty acids (palmitate) aggegation inside the bilayer
was not addressed in Chapter 7. Technically, this is possible la@se palmitate molecules are
more hydrophobic than the phospholipid component of biologal membranes. The future
study should focus on bilayers with high concentrations of satated fatty acids (palmitate)
localized in a specic area of the bilayer (see Figure 9.6.3a)As shown from a previous
study [231], the presence of palmitate (1:2 lipid:pamitate ta) can induce the formation
of non-lamellar bilayer structures. Based on this fact, the l@dization of palmitate inside
the bilayer may disrupt the bilayer lamellar structure. The poposed intermediate and -
nal structures are shown in Figures 9.6.3b and c, respectivelpdicating the reduction of
bilayer thickness at the localized palmitate region, increang membrane permeability and

potentially pore formation.

Other suggestions are about the fusogenic properties of FFAs atiek e ect of having
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mixed FAs embedded within the bilayers. One of the future studgecould focus on evaluating
the di usive properties among FFAs on biological membranes. Tit comparative study will
provide valuable information which relates to the degree df¥FA unsaturation to cellular
uptakes. To accomplish this, duplicate simulations of bilayersontaining one palmitate in
the aqueous phase, presented in Chapter 7, should be repeatethvaleate and linoleate
molecules. In addition to the di usivity analysis, another studycould focus on comparing
the e ect of saturated FA (palmitate) on biological membrans containing unsaturated FAs
(oleate or linoleate). Since the results presented in Chapt& indicated that both oleate
and linoleate are capable of reducing the packing betweenetiphospholipid components,
another set of simulations using mixed FAs should provide a bettamderstanding of how

unsaturated FAs reduce cellular toxicity.

9.6.4 Liposomal Drug Delivery System

As demonstrated in Chapters 4-8, molecular dynamics (MD) simation is a useful tool to
study and support experimental studies associated with the biaaal processes of phospho-
lipid membranes. There are, however, countless number of cdespbiological processes that
need computational support to further our insight into speci cmechanisms at the molecular
level. This section provides a possible avenue for simulationsliposomal drug delivery sys-
tems. The proposed ideas presented here were developed fromraernship experience at
Merck Research Laboratories, an opportunity that culminatedhe concluding parts of my

doctoral studies by assimilating all elements explored throlgthe studies herein.

In pharmaceutical industries, most of the liposomal delivery sysins are made of arti-
cial complex lipids. The formulation and optimization processes are conducted by changing
1) the lipid compositions, 2) the ratio of cholesterol to lipidand 3) the molecular structure of
lead lipid compounds. Even though, liposomal delivery systemsve not yet been approved

for medical use, the lead lipid compound is well established ndethylaminopropane (DMA).
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Figure 9.6.4: Molecular structure of DSDMA, DODMA, DLInDMA, and DLenDMA. Note
that all the double bonds have thecis con guration. Chemical symbols are carbon (C),
hydrogen (H), nitrogen (N), oxygen (O), and phosphorus (P).

Suitable test lipids include distearyldimethylammonium (D®MA), dioctadecyldimethy-
lammonium (DODMA), 1,2-dilinoleyloxy-N,N-dimethylaminopropane (DLinDMA), and |,2-
dilinolenyloxy-N,N-dimethylaminopropane (DLenDMA) [340]. Figure 9.6.4 shows the mole-
cular structure of these lipids. Note that these lipids are almostentical with the notable
exception of the number of double bonds in the lipid tails. A caparative study by Heyeset
al. demonstrated an inverse relationship between the number of dade bonds and cellular
uptake, with DLINDMA liposomes found to be the most potent [34D The hypothesis for this
result was that DLINDMA is more fusogenic to cells and likely tdorm an inverted hexago-
nal phase. The ability to understand the di erence between thee lipids, in particular their
phase behavior in liposomes, remains a challenge in the pharmatical research. Further
studies applying the methods and concepts (e.g., phase belmvand stability) developed
in this dissertation will provide insightful and meaningful urderstanding of the possible in-
teractions between the lipids. This fundamental, moleculaevel knowledge may eventually
serve as signi cant improvement to current practices in the plrmaceutical eld of liposomal

drug delivery systems.
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Appendix A

Force-Field

A.1 Force-Field File Formats

The GROMACS force- eld format is explained in this section. Afull list of force- eld

parameters are given in Section A.2.

A.1.1 Bonded Force-Field Formats

[ moleculetype |
: Name nrexcl
DPPC 3

This section contains the name of the moleculdNamé&and the number of exclusion rexcl ".
The name \DPPCmust be consistent with the parameter listed in the .mdp le (see &ction
A.3 for more details). The number of exclusions indicates the mber of bonded atoms to be
excluded in the non-bonded interaction calculations. By sp#ging \ 3", the atoms within the
same molecule that are separated by four or more bonds will hamen-bonded interactions

(excluding those interactions that are accounted by the bondngle, and dihedral).

249
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[atoms]
;nr type resnr residu atom cgnr charge
1 LC3N 1 DPPC C1 1 0.40

This section lists the atom number nr", atom type \ type ", residue number \resnr ", residue
identi cation \ residu ", atom type \ atont’, charge group \cgnr", and partial atomic charge
\charge". The atom number \1" indicates the atom number of a molecule. The atom type
\LC3N is a variable that link the bonded and non-bonded parametearto this particular
atom. The residue number 1" refers to the residue number, usually 1" is used for each
molecule. The residue identi cation \DPPCand atom type \ CI' identify the molecule and
molecule type during calculation. The charge groupl\’ indicate the rst set of atoms within
a molecule with the combine net charge that is integer (e.gl1-0, 1). \0.40" indicate the

partial atomic charge of this particular atom within this charge group.

[ bonds ]
.al aj fun 10 Kl
1 2 1 0.1529 224420

Bonds between atoms are de ned by specifying the bonded atommbers (\ai " and \ aj "),
the bond function \fu", the bond length \10 ", and the bond force constant kI ". For this
entry, atoms \1" and \ 2" are bonded by a harmonic bond potential (fu" = 1) with a bond
length of \0.1529\ nm and a force constant of 224420 kJ/mol. For consistency, the bond
length \10 " and the bond force constant kI " are usually listed in a separate section if a

similar pair interaction is used multiple times (see Appendix A.R).

[ pairs ]
;ai aj fun c6 cl2
1 6 1 1.0324742e-03 3.5181067e-06
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Extra Lennard-Jones and electrostatic interactions betw@epairs of atoms in a molecule
is required in selected molecule. In this case, pair interactis are explicitly listed with

the speci ed function. Here, the atoms 1" and \ 6" are separated by three bonds and are
considered for 1,4 pair interactions. A function of 1" indicates that these interactions are

scaled according to the fudge factors de ned in the head forceld le (see later section).

[ angles |
;ai a] ak fun a0 ka
1 2 3 1 112.7 488.60

Like bonds, angles are de ned by listing the three atoms & ", \ aj ", and \ ak") involved in
the angle (L 2 3), the angle function \fu", the angle \a0", and the force constant \ka". For
this entry a harmonic potential is used (fu" = 1) with an angle of \ 112.7" degrees and a
force constant of M88.60" kJ/mol. For consistency, the angle \a0" and the force constant
\ka" are usually listed in a separate section if a similar pair interdon is used multiple

times (see Appendix A.1.2).

[ dihedrals ]
; torsion
al a ak al fu phi0 cp mult
1 4 5 6 1 0 3.766 3

; improper dihedral

al a ak al fu phiO cp mult

13 14 32 12 2 35.264 34.72

; Ryckaert-Bellemans

.al a ak al fu cO cl c2 c3 c4 c5
17 18 19 20 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495

Dihedrals are categorized as torsion, improper dihedral, drRyckaert-Bellemans (see Chap-

ter 3 for more details), where four atoms are listed @i ", \ aj ", \ ak”, and \ al ") and the type
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of dihedral is speci ed by the functions number fu". Function \ 1" is a torsion potential,
\ 2" is an improper dihedral, and \3" is a Ryckaert-Bellemans potential. Three parameters
are required for torsion potential \phi0", \ cp”, \ mult’ (periodic potential); two parameters
are required for improper dihedral potential phi0", \ cp" (harmonic potential); and six pa-
rameters are required for Ryckaert-Bellemans potentialc0"-\ c5" (6 parameters periodic

potential).

A.1.2 Non-bonded Force-Field Formats

[ atomtypes ]
;name mass charge ptype c6 cl2
OW 15.99940 0.000 A 0.26171E-02 0.26331E-05

Non-bonded parameters are included in a separate le, wherernaaneters for all atoms in a
simulation are listed. The \namé& corresponds to the \atomtype" listed in the [ atoms] sec-
tion of the bonded force- eld parameters. The inas$ of the atom is listed here and the
\ charge" is redundant and not required in this section (see previous s&m). The \ ptype"
indicates that the listing parameters is an atom RX'. The \ c6" and \ c12" entries are the
values for the Lennard-Jones potential in kJ/mol. £6" and \ c12" can be calculated from

and using the relationship \c6" =4 i ( ;)% and \c12" =4 ; ( ij)*.

Although this section is dedicated for non-bonded parameter$,bondtypes | and
[ angletypes ] for dierent atoms in a molecule (also with molecules that hee identical

atom types) are listed here for to reduce redundancy.

[ bondtypes ]
;o ai aj fun 10 ki
LNL LC3N 1 0.147 376560

[ angletypes ]
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;o ai aj ak fun a0 ka
LC3N LNL LC3N 1 1095 334.72

The details are given in the previous sections forljond] and [angle ] . The only dif-

ferent is that the atom number is replaced by atom type which as previously de ned in

[ moleculetype ] section.

A.2 Force-Field Parameters

The following sections are listed of force- eld parameters f@PPC, DPPE, POPC, POPE,

water, and trehalose. The last section is the combined non-bosd parameters.

A.21 DPPC

[ moleculetype ] 24 LCH2 1 DPPC C24 11 0.0

;Name nrexcl 25 LCH2 1 DPPC C25 12 0.0

DPPC 3 26 LCH2 1 DPPC  C26 13 0.0

27 LCH2 1 DPPC C27 14 0.0

[atoms] 28 LCH2 1 DPPC C28 15 0.0

;nr - type resnr residu atom cgnr charge 29 LCH2 1 DPPC C29 16 0.0

1 LC3N 1 DPPC C1 1 0.40 30 LCH2 1 DPPC C30 17 0.0

2 LC3N 1 DPPC c2 1 0.40 31 LCH3 1 DPPC C31 18 0.0

3 LC3N 1 DPPC C3 1 0.40 32 LC20 1 DPPC C32 19 0.50

4 LNL 1 DPPC N4 1 -050 33 LOS 1 DPPC 033 19 -0.70

5 LC2 1 DPPC C5 1 0.30 34 LC 1 DPPC C34 19 0.80

6 LC20 1 DPPC Cé6 2 0.40 35 LO2 1 DPPC 035 19 -0.60

7 LOS 1 DPPC o7 2 -0.80 36 LCH2 1 DPPC  C36 20 0.0

8 LP 1 DPPC P8 2 1.70 37 LCH2 1 DPPC C37 21 0.0

9 LOM 1 DPPC 09 2 -0.80 38 LCH2 1 DPPC  C38 22 0.0

10 LOM 1 DPPC 010 2 -0.80 39 LCH2 1 DPPC C39 23 0.0

11  LOS 1 DPPC 011 2 -0.70 40 LCH2 1 DPPC  C40 24 0.0

12 LC20 1 DPPC C12 3 0.40 41 LCH2 1 DPPC C41 25 0.0

13 LCH1 1 DPPC C13 3 0.30 42 LCH2 1 DPPC  C42 26 0.0

14 LOS 1 DPPC 014 3 -0.70 43 LCH2 1 DPPC  C43 27 0.0

15 LC 1 DPPC Ci15 3 0.70 44 LCH2 1 DPPC C44 28 0.0

16 LO2 1 DPPC 016 3  -0.70 45 LCH2 1 DPPC  C45 29 0.0

17 LCH2 1 DPPC C17 4 0.0 46 LCH2 1 DPPC  C46 30 0.0

18 LCH2 1 DPPC C18 5 0.0 47 LCH2 1 DPPC  C47 31 0.0

19 LCH2 1 DPPC C19 6 0.0 48 LCH2 1 DPPC  C48 32 0.0

20 LCH2 1 DPPC  C20 7 0.0 49 LCH2 1 DPPC  C49 33 0.0

21 LCH2 1 DPPC C21 8 0.0 50 LCH3 1 DPPC  C50 34 0.0

22 LCH2 1 DPPC C22 9 0.0

23 LCH2 1 DPPC C23 10 0.0 [bonds]
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[ pairs ]

;ai

a W N R

a

0 N o o O

fun

fun

P P P R PP PP PR PR R R RRRRPRPR R RPRRRPRPRPR PR PR RPRRERPRPRPR R R PR RPRRRRERRPRPR PP PP

i

10 ki

c6
1.0324742e-03
1.0324742e-03
1.0324742e-03
3.2949910e-04
1.1086361e-03

cl2
3.5181067e-06
3.5181067e-06
3.5181067e-06
3.0539735e-07
3.4535341e-06

Appendix A
6 9 1 5.1901029e-04
6 10 1 5.1901029e-04
6 11 1 4.8624808e-04
7 12 1 4.8624808e-04
8 13 1 7.5842381e-04
9 12 1 5.1901029e-04
10 12 1 5.1901029e-04
11 14 1 2.5916250e-04
1 32 1 4.8624808e-04
12 15 1 7.4539997e-04
12 33 1 4.8624808e-04
13 16 1 3.2011832e-04
13 17 1 6.0697598e-04
13 34 1 5.5338320e-04
14 18 1 4.3576181e-04
14 33 1 2.5916250e-04
15 19 1 6.6800642e-04
15 32 1 7.4539997e-04
16 18 1 3.8642497e-04
32 35 1 4.3119519e-04
32 36 1 8.1758876e-04
33 37 1 4.3576181e-04
34 38 1 6.6800642e-04
35 37 1 3.8642497e-04
[ angles ]
;a aj ak  fun a0
1 4 2 1
1 4 3 1
1 4 5 1
2 4 3 1
2 4 5 1
3 4 5 1
4 5 6 1
5 6 7 1
6 7 8 1
7 8 9 1
7 8 10 1
7 8 11 1
8 11 12 1
9 8 10 1
9 8 11 1
0 8 11 1
11 12 13 1
12 13 14 1
12 13 32 1
13 14 15 1
13 32 33 1
14 13 32 1
14 15 16 1
14 15 17 1
15 17 18 1
16 15 17 1
17 18 19 1
18 19 20 1
19 20 21 1
20 21 22 1
21 22 23 1

7.3857637e-07
7.3857637e-07
7.2038415e-07
7.2038415e-07
2.1771004e-06
7.3857637e-07
7.3857637e-07
1.8892500e-07
7.2038415e-07
2.1568903e-06
7.2038415e-07
1.4405955e-06
2.0682859e-06
1.6012958e-06
7.3062136e-07
1.8892500e-07
2.1875414e-06
2.1568903e-06
1.9680076e-06
1.9404326e-06
2.7859100e-06
7.3062136e-07
2.1875414e-06
1.9680076e-06

ka
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A.2.2 DPPE

[ moleculetype ]

:Name
DPPE

[atoms]

;nr

1
2
3
4

type

resnr

LH3N
LH3N
LH3N

LNL

fu phio cp mult

6 1 0 3.766

7 1 0 5.858

8 1 0 3.766

11 1 0 1.046

1 1 0 3.138

12 1 0 1.046

12 1 0 3.138

13 1 0 3.766

14 1 0 2092

32 1 0 5.858

32 1 0 0.418

33 1 0 5.858

33 1 0 0.418

nrexcl
3

residu atom cgnr charge
1 DPPE H1 1
1 DPPE H2 1
1 DPPE H3 1
1 DPPE N4E 1

N W N WN WD WwWN W W Www

0.40

0.40

0.40
-0.50
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34
36
37
38
39
40
a1
42
43
44
45
46
a7
48
49

[ dihedrals ]

;ai

aj

ak al

15
34
17
33
18
19
20
21
22
23
24
25
26
27
28
29
30
31
34
36
37
38
39
40
a1
42
43
a4
45
46
47
48
49
50

fu

13 14 32 12
15 14 17 16
34 33 36 35

© 0w N o O

11
12
13
14

LC2
LC20
LOS

LP
LOM
LOM
LOS
LC20
LCH1
LOS

[ T

[ e

W W W W wWwwWwwwwwwwerErPPRPPWWWWWWWwwWwwwwweRE P P P PP

2
2
2

0 3.766

0 3.766

180 16.736

0 2.092

0 0.418

0 5.858
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156
0 3.766

180 16.736

0 0.418

0 5.858
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156
9.2789 12.156

phio cp
35.264 34.72
0 167.36
0 167.36
DPPE C5E
DPPE C6E
DPPE O7E
DPPE P8E
DPPE  O9E
DPPE O10E
DPPE O11E
DPPE CI12E
DPPE CI13E
DPPE O14E

w oON N W W

-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597

w o N W

-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597
-13.120 -3.0597

mult

N

W W W N NN

0.30
0.40
-0.80

1.70
-0.80
-0.80
-0.70
0.40
0.30
-0.70

26.240
26.240
26.240
26.240
26.240
26.240
26.240
26.240
26.240
26.240
26.240
26.240

26.240
26.240
26.240
26.240
26.240
26.240
26.240
26.240
26.240
26.240
26.240
26.240

-31.495
-31.495
-31.495
-31.495
-31.495
-31.495
-31.495
-31.495
-31.495
-31.495
-31.495
-31.495

-31.495
-31.495
-31.495
-31.495
-31.495
-31.495
-31.495
-31.495
-31.495
-31.495
-31.495
-31.495
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15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
a1
42
43
a4
45
46
a7
48
49
50

LC

LO2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH3
LC20

LOS

LC

LO2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH2
LCH3

[bonds]

;ai

W 0 O N o U~ wWwN R

A L A
© N oo h W W N R

aj fun

© 0 N o o &~ B b

P~ e L L O e T e
© ©® N o 00N b W N P O

L S e e = T = T N e e e e e e O

P R R R R R R R R R R R R R RPP O L L R R R R R R R R R R R R R R PRPR

DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE
DPPE

ki

C15E
O16E
C17E
C18E
CI19E
C20E
C21E
C22E
C23E
C24E
C25E
C26E
C27E
C28E
C29E
C30E
C31E
C32E
O33E
C34E
O35E
C36E
C37E
C38E
C39E
C40E
C41E
C42E
C43E
C44E
C45E
C46E
C47E
C48E
C49E
CS50E

0.70
-0.70
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.50
-0.70
0.80
-0.60
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Appendix A

19
20
21
22
23
24
25
26
27
28
29
30
32
33
34
34
36
37
38
39
40
41
42
43
a4
45
46
47
48
49

20
21
22
23
24
25
26
27
28
29
30
31
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

[ pairs ]

;ai

© 00 N o o o u b

[ A A e N N s o e e =
E O NRNOO O MDIBD®W®®WNNR PO

aj

7

8

9
10
11
12
13
12
12
14
32
15
33
16
17
34
18
33
19
32
18
35
36
37
38

fun

e e i e T = T T T e e e e e e e e e

P P P P P P PP PP PR RRRR R R R R R PR E PP

c6
3.2949910e-04
1.1086361e-03
5.1901029e-04
5.1901029¢e-04
4.8624808e-04
4.8624808e-04
7.5842381e-04
5.1901029e-04
5.1901029e-04
2.5916250e-04
4.8624808e-04
7.4539997e-04
4.8624808e-04
3.2011832e-04
6.0697598e-04
5.5338320e-04
4.3576181e-04
2.5916250e-04
6.6800642e-04
7.4539997e-04
3.8642497e-04
4.3119519e-04
8.1758876e-04
4.3576181e-04
6.6800642e-04

cl2
3.0539735e-07
3.4535341e-06
7.3857637e-07
7.3857637e-07
7.2038415e-07
7.2038415e-07
2.1771004e-06
7.3857637e-07
7.3857637e-07
1.8892500e-07
7.2038415e-07
2.1568903e-06
7.2038415e-07
1.4405955e-06
2.0682859e-06
1.6012958e-06
7.3062136e-07
1.8892500e-07
2.1875414e-06
2.1568903e-06
1.9680076e-06
1.9404326e-06
2.7859100e-06
7.3062136e-07
2.1875414e-06
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35 37 1 3.8642497e-04 1.9680076e-06 47 48 49 1
48 49 50 1
[ angles ]
;a aj ak fun a0 ka [ dihedrals ]
1 4 2 1 ;ai aj ak al fu
1 4 3 1 1 4 5 6 1
1 4 5 1 4 5 6 7 1
2 4 3 1 5 6 7 8 1
2 4 5 1 6 7 8 11 1
3 4 5 1 6 7 8 11 1
4 5 6 1 7 8 11 12 1
5 6 7 1 7 8 11 12 1
6 7 8 1 8 11 12 13 1
7 8 9 1 11 12 13 14 1
7 8 10 1 11 12 13 32 1
7 8 11 1 11 12 13 32 1
8 11 12 1 12 13 32 33 1
9 8 10 1 12 13 32 33 1
9 8 11 1 12 13 14 15 1
10 8 11 1 13 32 33 34 1
11 12 13 1 13 14 15 17 1
12 13 14 1 14 13 32 33 1
12 13 32 1 14 15 17 18 1
13 14 15 1 15 17 18 19 1
13 32 33 1 17 18 19 20 3
14 13 32 1 18 19 20 21 3
14 15 16 1 19 20 21 22 3
14 15 17 1 20 21 22 23 3
15 17 18 1 21 22 23 24 3
16 15 17 1 22 23 24 25 3
17 18 19 1 23 24 25 26 3
18 19 20 1 24 25 26 27 3
19 20 21 1 25 26 27 28 3
20 21 22 1 26 27 28 29 3
21 22 23 1 27 28 29 30 3
22 23 24 1 28 29 30 31 3
23 24 25 1 13 32 33 34 1
24 25 26 1 32 33 34 36 1
25 26 27 1 33 34 36 37 1
26 27 28 1 34 36 37 38 1
27 28 29 1 36 37 38 39 3
28 29 30 1 37 38 39 40 3
29 30 31 1 38 39 40 41 3
32 33 34 1 39 40 41 42 3
33 34 35 1 40 41 42 43 3
33 34 36 1 41 42 43 44 3
34 36 37 1 42 43 44 45 3
35 34 36 1 43 44 45 46 3
36 37 38 1 44 45 46 47 3
37 38 39 1 45 46 47 48 3
38 39 40 1 46 47 48 49 3
39 40 41 1 47 48 49 50 3
40 41 42 1
41 42 43 1 [ dihedrals ]
42 43 44 1 ;a aj ak al fu
43 44 45 1 13 14 32 12 2
44 45 46 1 15 14 17 16 2
45 46 47 1 34 33 36 35 2
46 47 48 1

phio

O O O O O O O OO o o o o o o

&
o O o

0
9.2789
9.2789
9.2789
9.2789
9.2789
9.2789
9.2789
9.2789
9.2789
9.2789
9.2789
9.2789

0

180

0

0
9.2789
9.2789
9.2789
9.2789
9.2789
9.2789
9.2789
9.2789
9.2789
9.2789
9.2789
9.2789

phio
35.264
0
0

cp
3.766
5.858
3.766
1.046
3.138
1.046
3.138
3.766
2.092
5.858
0.418
5.858
0.418
3.766
3.766
16.736
2.092
0.418
5.858
12.156
12.156
12.156
12.156
12.156
12.156
12.156
12.156
12.156
12.156
12.156
12.156
3.766
16.736
0.418
5.858
12.156
12.156
12.156
12.156
12.156
12.156
12.156
12.156
12.156
12.156
12.156
12.156

cp
334.72
167.36
167.36

mult

W oON NN WWNWNWN®WRNWN W W Www

-13.120
-13.120
-13.120
-13.120
-13.120
-13.120
-13.120
-13.120
-13.120
-13.120
-13.120
-13.120

w o N W

-13.120
-13.120
-13.120
-13.120
-13.120
-13.120
-13.120
-13.120
-13.120
-13.120
-13.120
-13.120

mult

-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597

-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597

26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495

26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
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A.23 POPC

[ moleculetype ]

; Name  nrexcl

POPC 3

[ atoms ]

;nr - type resnr residu atom cgnr
1 LC3N 1 POPC Cla
2 LC3N 1 POPC C2a
3 LC3N 1 POPC C3a
4 LNL 1 POPC Nda
5 LC2 1 POPC Cba
6 LC20 1 POPC Cé6a
7 LOS 1 POPC O7a
8 LP 1 POPC P8a
9 LOM 1 POPC 0O9a

10 LOM 1 POPC Ol0a
11 LOS 1 POPC Olla
12 LC20 1 POPC Cl2a
13 LCH1 1 POPC Ci13a
14 LOS 1 POPC Ol4a
15 LC 1 POPC Ci5a

16 LO2 1 POPC Ol6a
17 LCH2 1 POPC Cl7a
18 LCH2 1 POPC Ci8a
19 LCH2 1 POPC C19a
20 LCH2 1 POPC C20a
21 LCH2 1 POPC C2la
22 LCH2 1 POPC C22a
23 LCH2 1 POPC C23a
24 LCH1 1 POPC C24a
25 LCH1 1 POPC C25a
26 LCH2 1 POPC C26a
27 LCH2 1 POPC C27a
28 LCH2 1 POPC C28a
29 LCH2 1 POPC C29a
30 LCH2 1 POPC C30a
31 LCH2 1 POPC C3la
32 LC20 1 POPC C32a
33 LOS 1 POPC 033a
34 LC 1 POPC C34a

35 LO2 1 POPC 035a
36 LCH2 1 POPC C36a
37 LCH2 1 POPC C37a
38 LCH2 1 POPC C38a
39 LCH2 1 POPC C39a
40 LCH2 1 POPC C40a
41 LCH2 1 POPC C4la
42 LCH2 1 POPC C42a
43 LCH2 1 POPC C43a
44 LCH2 1 POPC C44a
45 LCH2 1 POPC C45a
46 LCH2 1 POPC C46a
47 LCH2 1 POPC C47a
48 LCH2 1 POPC C48a
49 LCH2 1 POPC C49a

charge
0 0.400
0 0.400
0 0.400
0 -0.500
0 0.300
1 0.400
1 -0.800
1 1.700
1 -0.800
1 -0.800
1 -0.700
2 0.400
2 0.300
2 -0.700
2 0.700
2 -0.700
3 0
4 0
5 0
6 0
7 0
8 0
9 0
10 0
11 0
12 0
13 0
14 0
15 0
16 0
17 0
18 0.50
18 -0.70
18 0.80
18  -0.60
19 0
20 0
21 0
22 0
23 0
24 0
25 0
26 0
27 0
28 0
29 0
30 0
31 0
32 0
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50 LCH3
51 LCH2
52 LCH3

i

POPC C50a 33 0
POPC CAla 34
POPC CA2a 35 0

PR

[ bonds ]
ai aj fun 10 ki

© 0w N o U

10
11

© 0 0 ~N o 0 »

12 13
13 14
13 32
14 15
15 16
15 17
17 18
18 19
19 20
20 21
21 22
22 23
23 24
24 25
25 26
26 27
27 28
28 29
29 30
30 31
31 51
51 52
32 33
33 34
34 35
34 36
36 37
37 38
38 39
39 40
40 41
41 42
42 43
43 44
44 45
45 46
46 47
47 48
48 49
49 50

T T S T T = = T S
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3 4 1 17 18 19 1
18 19 20 1
[ pairs ] 19 20 21 1
;a aj fun c6 cl2 20 21 22 1
1 6 1 1.03247422e-03 3.51810672e-06 21 22 28 1
2 6 1 1.03247422e-03 3.51810672e-06 22 23 24 1
3 6 1 1.03247422e-03 3.51810672e-06 23 24 25 1
4 7 1 3.29499090e-04 3.05397363e-07 24 25 26 1
5 8 1 1.10863618e-03 3.45353422e-06 25 26 27 1
6 9 1 5.19010279e-04 7.38576360e-07 26 27 28 1
6 10 1 5.19010279e-04 7.38576360e-07 27 28 29 1
6 11 1 4.86248073e-04 7.20384175e-07 28 29 30 1
7 12 1 4.86248073e-04 7.20384175e-07 29 30 31 1
8 13 1 7.58423799e-04 2.17710042e-06 30 31 51 1
9 12 1 5.19010279e-04 7.38576360e-07 31 51 52 1
10 12 1 5.19010279e-04 7.38576360e-07 32 33 34 1
11 14 1 2.59162500e-04 1.88925000e-07 33 34 35 1
11 32 1 4.86248073e-04 7.20384175e-07 33 34 36 1
12 15 1 7.45399973e-04 2.15689039e-06 34 36 37 1
12 33 1 4.86248073e-04 7.20384175e-07 35 34 36 1
13 16 1 3.20118314e-04 1.44059554e-06 36 37 38 1
13 17 1 6.06976011e-04 2.06828601e-06 37 38 39 1
13 34 1 5.53383227e-04 1.60129580e-06 38 39 40 1
14 18 1 4.35761820e-04 7.30621371e-07 39 40 41 1
14 33 1 2.59162500e-04 1.88925000e-07 40 41 42 1
15 19 1 6.68006450e-04 2.18754141e-06 41 42 43 1
15 32 1 7.45399973e-04 2.15689039e-06 42 43 44 1
16 18 1 3.86424973e-04 1.96800765e-06 43 44 45 1
22 25 1 6.06976011e-04 2.06828601e-06 44 45 46 1
24 27 1 6.06976011e-04 2.06828601e-06 45 46 47 1
32 35 1 4.31195185e-04 1.94043266e-06 46 47 48 1
32 36 1 8.17588753e-04 2.78591014e-06 47 48 49 1
33 37 1 4.35761820e-04 7.30621371e-07 48 49 50 1
34 38 1 6.68006450e-04 2.18754141e-06 1 4 2 1
35 37 1 3.86424973e-04 1.96800765e-06 2 4 3 1
3 4 1 1
[ angles ] 1 4 5 1
;alaj ak fun a0 ka 2 4 5 1
4 5 6 1 3 4 5 1
5 6 7 1
6 7 8 1 [ dihedrals ]
7 8 9 1 ;a aj ak al fu phio cp mult
7 8 10 1 1 4 5 6 1 0 3.766 3
7 8 11 1 4 5 6 7 1 0 5.858 3
8 11 12 1 5 6 7 8 1 0 3.766 3
9 8 10 1 6 7 8 11 1 0 1.046 3
9 8 11 1 6 7 8 11 1 0 3.138 2
0 8 11 1 7 8 11 12 1 0 1.046 3
11 12 13 1 7 8 11 12 1 0 3.138 2
12 13 14 1 8 11 12 13 1 0 3.766 3
12 13 32 1 11 12 13 14 1 0 2.092 2
13 14 15 1 11 12 13 32 1 0 5.858 3
13 32 33 1 1 12 13 32 1 0 0418 2
14 13 32 1 12 13 32 33 1 0 5.858 3
14 15 16 1 12 13 32 33 1 0 0418 2
14 15 17 1 12 13 14 15 1 0 3.766 3
15 17 18 1 13 32 33 34 1 0 3.766 3
16 15 17 1 13 14 15 17 1 180 16.736 2
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14 13 32 33 1 0 2.092 2 36 37 38 39 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
14 15 17 18 1 0 0.418 6 37 38 39 40 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
15 17 18 19 1 0 5.858 3 38 39 40 41 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
17 18 19 20 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495 39 40 41 42 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
18 19 20 21 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495 40 41 42 43 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
19 20 21 22 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495 41 42 43 44 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
20 21 22 23 3 92789 12.156 -13.120 -3.0597 26.240 -31.495 42 43 44 45 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
21 22 23 24 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495 43 44 45 46 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
22 23 24 25 1 0 5.858 3 44 45 46 47 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
24 25 26 27 1 0 5.858 3 45 46 47 48 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
25 26 27 28 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495 46 47 48 49 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
26 27 28 29 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495 47 48 49 50 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
27 28 29 30 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495

28 29 30 31 3 92789 12.156 -13.120 -3.0597 26.240 -31.495 [ dihedrals ]

29 30 31 51 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495 ai aj ak al fu phi0 cp mult

30 31 51 52 3 92789 12.156 -13.120 -3.0597 26.240 -31.495 13 14 32 12 2 35.264 33472

13 32 33 34 1 0 3.766 3 15 14 17 16 2 0 167.36

32 33 34 36 1 180 16.736 2 34 33 36 35 2 0 167.36

33 34 36 37 1 0 0.418 6 23 24 25 26 2 0 167.36

34 36 37 38 1 0 5.858 3
A.2.4 POPE
[ moleculetype ] 27 LCH2 1 POPE C27b 13 0
; Name  nrexcl 28 LCH2 1 POPE C28b 14 0
POPE 3 29 LCH2 1 POPE C29 15 0

30 LCH2 1 POPE C30b 16 0

[ atoms ] 31 LCH2 1 POPE C31b 17 0
;nr type resnr residu atom cgnr charge 32 LC20 1 POPE C32b 18 0.50

1 LH3N 1 POPE  Hib 0  0.400 33 LOS 1 POPE 033b 18 -0.70

2 LH3N 1 POPE  H2b 0 0.400 34 LC 1 POPE C34b 18 0.80

3 LH3N 1 POPE  H3b 0 0.400 35 LO2 1 POPE 035b 18 -0.60

4 LNL 1 POPE  N4b 0 -0.500 36 LCH2 1 POPE C36b 19 0

5 LC2 1 POPE  C5b 0 0.300 37 LCH2 1 POPE C37b 20 0

6 LC20 1 POPE  C6b 1 0.400 38 LCH2 1 POPE C38b 21 0

7 LOS 1 POPE  O7b 1 -0.800 39 LCH2 1 POPE C39b 22 0

8 LP 1 POPE P8b 1 1700 40 LCH2 1 POPE C40b 23 0

9 LOM 1 POPE  0O9b 1 -0.800 41 LCH2 1 POPE C41b 24 0

10 LOM 1 POPE 0O10b 1 -0.800 42 LCH2 1 POPE C42b 25 0

11 LOS 1 POPE 0O11b 1 -0.700 43 LCH2 1 POPE C43b 26 0

12 LC20 1 POPE C12b 2 0.400 44 LCH2 1 POPE C44b 27 0

13 LCH1 1 POPE C13b 2 0.300 45 LCH2 1 POPE C45b 28 0

14 LOS 1 POPE 014b 2 -0.700 46 LCH2 1 POPE C46b 29 0

15 LC 1 POPE C15b 2 0.700 47 LCH2 1 POPE C47b 30 0

16 LO2 1 POPE 016b 2 -0.700 48 LCH2 1 POPE C48b 31 0

17 LCH2 1 POPE Cl17b 3 0 49 LCH2 1 POPE C49b 32 0

18 LCH2 1 POPE C18b 4 0 50 LCH3 1 POPE C50b 33 0

19 LCH2 1 POPE C19b 5 0 51 LCH2 1 POPE CAlb 34 0

20 LCH2 1 POPE C20b 6 0 52 LCH3 1 POPE CA2b 35 0

21 LCH2 1 POPE C21b 7 0

22 LCH2 1 POPE C22b 8 0 [ bonds ]

23 LCH2 1 POPE C23b 9 0 ai aj fun 10 Kl

24 LCH1 1 POPE C24b 10 0 4 5 1

25 LCH1 1 POPE C25b 11 0 5 6 1

26 LCH2 1 POPE C26b 12 0 6 7 1
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7 8 1 9 12 1 5.19010279e-04 7.38576360e-07
8 9 1 10 12 1 5.19010279e-04 7.38576360e-07
8 10 1 11 14 1 2.59162500e-04 1.88925000e-07
8 11 1 11 32 1 4.86248073e-04 7.20384175e-07
11 12 1 12 15 1 7.45399973e-04 2.15689039e-06
12 13 1 12 33 1 4.86248073e-04 7.20384175e-07
13 14 1 13 16 1 3.20118314e-04 1.44059554e-06
13 32 1 13 17 1 6.06976011e-04 2.06828601e-06
14 15 1 13 34 1 5.53383227e-04 1.60129580e-06
15 16 1 14 18 1 4.35761820e-04 7.30621371e-07
15 17 1 14 33 1 2.59162500e-04 1.88925000e-07
17 18 1 15 19 1 6.68006450e-04 2.18754141e-06
18 19 1 15 32 1 7.45399973e-04 2.15689039e-06
19 20 1 16 18 1 3.86424973e-04 1.96800765e-06
20 21 1 22 25 1 6.06976011e-04 2.06828601e-06
21 22 1 24 27 1 6.06976011e-04 2.06828601e-06
22 23 1 32 35 1 4.31195185e-04 1.94043266e-06
23 24 1 32 36 1 8.17588753e-04 2.78591014e-06
24 25 1 33 37 1 4.35761820e-04 7.30621371e-07
25 26 1 34 38 1 6.68006450e-04 2.18754141e-06
26 27 1 35 37 1 3.86424973e-04 1.96800765e-06
27 28 1
28 29 1 [ angles ]
29 30 1 ;ai aj ak fun a0 ka
30 31 1 4 5 6 1
31 51 1 5 6 7 1
51 52 1 6 7 8 1
32 33 1 7 8 9 1
33 34 1 7 8 10 1
34 35 1 7 8 11 1
34 36 1 8 11 12 1
36 37 1 9 8 10 1
37 38 1 9 8 11 1
38 39 1 100 8 11 1
39 40 1 11 12 13 1
40 41 1 12 13 14 1
41 42 1 12 13 32 1
42 43 1 13 14 15 1
43 44 1 13 32 33 1
44 45 1 14 13 32 1
45 46 1 14 15 16 1
46 47 1 14 15 17 1
47 48 1 15 17 18 1
48 49 1 16 15 17 1
49 50 1 17 18 19 1
1 4 1 18 19 20 1
2 4 1 19 20 21 1
3 4 1 20 21 22 1
21 22 23 1
[ pairs ] 22 23 24 1
;ai aj fun c6 cl2 23 24 25 1
4 7 1 3.29499090e-04 3.05397363e-07 24 25 26 1
5 8 1 1.10863618e-03 3.45353422e-06 25 26 27 1
6 9 1 5.19010279e-04 7.38576360e-07 26 27 28 1
6 10 1 5.19010279e-04 7.38576360e-07 27 28 29 1
6 11 1 4.86248073e-04 7.20384175e-07 28 29 30 1
7 12 1 4.86248073e-04 7.20384175e-07 29 30 31 1
8 13 1 7.58423799e-04 2.17710042e-06 30 31 51 1
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31 51 52 1 13 32 33 34 1 0 3.766 3
32 33 34 1 13 14 15 17 1 180 16.736 2
33 34 35 1 14 13 32 33 1 0 2.092 2
33 34 36 1 14 15 17 18 1 0 0.418 6
34 36 37 1 15 17 18 19 1 0 5.858 3
35 34 36 1 17 18 19 20 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
36 37 38 1 18 19 20 21 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
37 38 39 1 19 20 21 22 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
38 39 40 1 20 21 22 23 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
39 40 41 1 21 22 23 24 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
40 41 42 1 22 23 24 25 1 0 5.858 3
41 42 43 1 24 25 26 27 1 0 5.858 3
42 43 44 1 25 26 27 28 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
43 44 45 1 26 27 28 29 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
44 45 46 1 27 28 29 30 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
45 46 47 1 28 29 30 31 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
46 47 48 1 29 30 31 51 3 92789 12.156 -13.120 -3.0597 26.240 -31.495
47 48 49 1 30 31 51 52 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
48 49 50 1 13 32 33 34 1 0 3.766 3
1 4 2 1 32 33 34 36 1 180 16.736 2
2 4 3 1 33 34 36 37 1 0 0.418 6
3 4 1 1 34 36 37 38 1 0 5.858 3
1 4 5 1 36 37 38 39 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
2 4 5 1 37 38 39 40 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
3 4 5 1 38 39 40 41 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
39 40 41 42 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
[ dihedrals ] 40 41 42 43 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
;ai aj ak al fu phio cp mult 41 42 43 44 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
1 4 5 6 1 0 3.766 3 42 43 44 45 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
4 5 6 7 1 0 5.858 3 43 44 45 46 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
5 6 7 8 1 0 3.766 3 44 45 46 47 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
6 7 8 11 1 0 1.046 3 45 46 47 48 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
6 7 8 11 1 0 3.138 2 46 47 48 49 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
7 8 11 12 1 0 1.046 3 47 48 49 50 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
7 8 11 12 1 0 3.138 2
8 11 12 13 1 0 3.766 3 [ dihedrals ]
11 12 13 14 1 0 2.092 2 ;a aj ak al fu phio cp mult
11 12 13 32 1 0 5.858 3 13 14 32 12 2 35.264 334.72
11 12 13 32 1 0 0418 2 15 14 17 16 2 0 167.36
12 13 32 33 1 0 5.858 3 34 33 36 3 2 0 167.36
12 13 32 33 1 0 0.418 2 23 24 25 26 2 0 167.36
12 13 14 15 1 0 3.766 3
A.2.5 DOPC
4 LNL 1 DOPC  N4d 0 -0.5000 14.0067
[ moleculetype ] 5 LH2 1 DOPC  Csd 0 0.3000 14.0270
; Name  nrexcl 6 LC2 1 DOPC  Cad 1 0.4000 14.0270
DOPC 3 7 LOS 1 DOPC O7d 1 -0.800 15.9994
8 LP 1 DOPC  P8d 1 1.700 30.9738
[ atoms ] 9 LOM 1 DOPC  0O9d 1 -0.800 15.9994
;nr type resnr residu atom cgnr charge mass 10 LOM 1 DOPC 0O10d 1 -0.800 15.9994
1 LC3 1 DOPC Cid 0 0.4000 15.0350 11 LOS 1 DOPC O11d 1 -0.700 15.9994
2 LC3 1 DOPC C2d 0 0.4000 15.0350 12 LC2 1 DOPC Cil2d 2 0.400 14.0270
3 LC3 1 DOPC  C3d 0 0.4000 15.0350 13 LH1 1 DOPC C13d 2 0.300 13.0190
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14 LOS
15 LC
16 LO
17 LP2
18 LP2
19 LP2
20 LP2
21 LP2
22 LP2
23 LP2
24  LH1
25 LH1
26 LP2
27 LP2
28 LP2
29 LP2
30 LP2
31 LP2
32 LC2
33 LOS
34 LC
35 LO
36 LP2
37 LP2
38 LP2
39 LP2
40 LP2
41 LP2
42 LP2
43 LH1
44 LH1
45  LP2
46  LP2
47  LP2
48  LP2
49  LP2
50 LP2
51 LP2
52 LP3
53 LP2
54 LP3
[ bonds ]
;aaj fun
4 5
5 6
6 7
7 8
8 9
8 10
8 11
11 12
12 13
13 14
13 32
14 15
15 16
15 17

DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC

DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC
DOPC

e e T T = T T = T S e e e S e S S e T i T T S S S S S SNRR SN

10 ki

0O14d
Ci15d
O16d
C17d
ci8d
Ciad
c20d
c21d
c22d
C23d
C24d
C25d
C26d
c27d
Cc28d
C2ad
C30d
C31d
C32d
033d
C34d
035d
C36d
C37d
C38d
C39d
C4od
Ca1d
C42d
C43d
C44d
C45d
C4ed
C47d
C4a8d
C49d
Cs0d
CAld
CA2d
CA3d
CA4d

2

© 00 N o g b~ W o N

11
12
13
14
15
16
17
18
18
18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

0.14700E+00 0.37660E+06
0.15300E+00 0.33470E+06
0.14300E+00 0.25100E+06
0.16100E+00 0.25100E+06
0.14800E+00 0.37660E+06
0.14800E+00 0.37660E+06
0.16100E+00 0.25100E+06
0.14300E+00 0.25100E+06
0.15300E+00 0.33470E+06
0.14350E+00 0.25100E+06
0.15300E+00 0.33470E+06
0.13600E+00 0.37660E+06
0.12300E+00 0.50210E+06
0.15300E+00 0.33470E+06

-0.700
0.700
-0.700

O O O O O O oo © o o o o o o

0.500
-0.700
0.800
-0.600

O 0O 0O 0O ©O 0O 00O 0O O o0 o0 OO0 o o o o o

15.9994
12.0110
15.9994
14.0270
14.0270
14.0270
14.0270
14.0270
14.0270
14.0270
13.0190
13.0190
14.0270
14.0270
14.0270
14.0270
14.0270
14.0270
14.0270
15.9994
12.0110
15.9994
14.0270
14.0270
14.0270
14.0270
14.0270
14.0270
14.0270
13.0190
13.0190
14.0270
14.0270
14.0270
14.0270
14.0270
14.0270
14.0270
15.0350
14.0270
15.0350

Appendix A
17 18 1 0.15300E+00 0.33470E+06
18 19 1 0.15300E+00 0.33470E+06
19 20 1 0.15300E+00 0.33470E+06
20 21 1 0.15300E+00 0.33470E+06
21 22 1 0.15300E+00 0.33470E+06
22 23 1 0.15300E+00 0.33470E+06
23 24 1 0.15300E+00 0.33470E+06
24 25 1 0.13900E+00 0.41840E+06 ;double bond
25 26 1 0.15300E+00 0.33470E+06
26 27 1 0.15300E+00 0.33470E+06
27 28 1 0.15300E+00 0.33470E+06
28 29 1 0.15300E+00 0.33470E+06
29 30 1 0.15300E+00 0.33470E+06
30 31 1 0.15300E+00 0.33470E+06
31 53 1 0.15300E+00 0.33470E+06
53 54 1 0.15300E+00 0.33470E+06
32 33 1 0.14300E+00 0.25100E+06
33 34 1 0.13600E+00 0.37660E+06
34 35 1 0.12300E+00 0.50210E+06
34 36 1 0.15300E+00 0.33470E+06
36 37 1 0.15300E+00 0.33470E+06
37 38 1 0.15300E+00 0.33470E+06
38 39 1 0.15300E+00 0.33470E+06
39 40 1 0.15300E+00 0.33470E+06

40 41 1 0.15300E+00 0.33470E+06

41 42 1 0.15300E+00 0.33470E+06

42 43 1 0.15300E+00 0.33470E+06

43 44 1 0.13900E+00 0.41840E+06 ;double bond

44 45 1 0.15300E+00 0.33470E+06

45 46 1 0.15300E+00 0.33470E+06

46 47 1 0.15300E+00 0.33470E+06

47 48 1 0.15300E+00 0.33470E+06

48 49 1 0.15300E+00 0.33470E+06

49 50 1 0.15300E+00 0.33470E+06

50 51 1 0.15300E+00 0.33470E+06

51 52 1 0.15300E+00 0.33470E+06
1 1 0.14700E+00 0.37450E+06
2 1 0.14700E+00 0.37450E+06
3 1 0.14700E+00 0.37450E+06

[ pairs ]

;a aj fun c6 cl2
1 6 1 9.32500e-04 3.17700e-06
2 6 1 9.32500e-04 3.17700e-06
3 6 1 9.32500e-04 3.17700e-06
4 7 1 3.66500e-04 3.39600e-07
5 8 1 1.00100e-03 3.11900e-06
6 9 1 4.68500e-04 6.66800e-07
6 10 1 4.68500e-04 6.66800e-07
6 11 1 4.88000e-04 7.22800e-07
7 12 1 4.88000e-04 7.22800e-07
8 13 1 7.59200e-04 2.18000e-06
9 12 1 4.68500e-04 6.66800e-07
10 12 1 4.68500e-04 6.66800e-07
1 14 1 3.20300e-04 2.33400e-07
11 32 1 4.88000e-04 7.22800e-07
12 15 1 6.73700e-04 1.95000e-06
12 33 1 4.88000e-04 7.22800e-07

263
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13 16 1 3.85500e-04 5.49000e-07 36 37 38 1 0.11100E+03 0.46020E+03
13 17 1 6.08200e-04 2.07300e-06 37 38 39 1 0.11100E+03 0.46020E+03
13 34 1 5.54500e-04 1.60500e-06 38 39 40 1 0.11100E+03 0.46020E+03
14 18 1 4.85100e-04 8.12900e-07 39 40 41 1 0.11100E+03 0.46020E+03
14 33 1 3.20300e-04 2.33400e-07 40 41 42 1 0.11100E+03 0.46020E+03
15 19 1 6.69700e-04 2.19300e-06 41 42 43 1 0.11100E+03 0.46020E+03
15 32 1 6.73700e-04 1.95000e-06 42 43 44 1 120.000 502.080 ; cis
16 18 1 4.65700e-04 7.50000e-07 43 44 45 1 120.000 502.080 ; cis
23 26 1 7.34600e-04 2.83100e-06 44 45 46 1 0.11100E+03 0.46020E+03
42 45 1 7.34600e-04 2.83100e-06 45 46 47 1 0.11100E+03 0.46020E+03
32 35 1 4.68500e-04 6.66800e-07 46 47 48 1 0.11100E+03 0.46020E+03
32 36 1 9.26900e-04 3.57400e-06 47 48 49 1 0.11100E+03 0.46020E+03
33 37 1 4.85100e-04 8.12900e-07 48 49 50 1 0.11100E+03 0.46020E+03
34 38 1 6.69700e-04 2.19300e-06 49 50 51 1 0.11100E+03 0.46020E+03
35 37 1 4.65700e-04 7.50000e-07 50 51 52 1 0.11100E+03 0.46020E+03
1 4 2 1 0.10950E+03 0.33470E+03
[ angles ] 2 4 3 1 0.10950E+03 0.33470E+03
;a aj ak fun a0 ka 3 4 1 1 0.10950E+03 0.33470E+03
4 5 6 1 0.10950E+03 0.46020E+03 1 4 5 1 0.10950E+03 0.37660E+03
5 6 7 1 0.10950E+03 0.46020E+03 2 4 5 1 0.10950E+03 0.37660E+03
6 7 8 1 0.12000E+03 0.39750E+03 3 4 5 1 0.10950E+03 0.37660E+03
7 8 9 1 0.10960E+03 0.39750E+03
7 8 10 1 0.10960E+03 0.39750E+03 [ dihedrals ]
7 8 11 1 0.10300E+03 0.39750E+03 ai aj ak al fu phi0 cp mult
8 11 12 1 0.12000E+03 0.39750E+03 1 4 5 6 1 0.0 376 3
9 8 10 1 0.12000E+03 0.58580E+03 4 5 6 7 1 0.0 585 3
9 8 11 1 0.10960E+03 0.39750E+03 5 6 7 8 1 0.0 376 3
10 8 11 1 0.10960E+03 0.39750E+03 6 7 8 11 1 0.0 1.05 3
11 12 13 1 0.11100E+03 0.46020E+03 6 7 8 11 1 0.0 314 2
12 13 14 1 0.10950E+03 0.46020E+03 7 8 11 12 1 0.0 1.05 3
12 13 32 1 0.10950E+03 0.46020E+03 7 8 11 12 1 0.0 314 2
13 14 15 1 0.12000E+03 0.41840E+03 8 11 12 13 1 0.0 376 3
13 32 33 1 0.11100E+03 0.46020E+03 11 12 13 14 1 0.0 209 2
14 13 32 1 0.10950E+03 0.46020E+03 11 12 13 32 1 0.0 585 3
14 15 16 1 0.12400E+03 0.50210E+03 11 12 13 32 1 0.0 042 2
14 15 17 1 0.11500E+03 0.50210E+03 12 13 32 33 1 0.0 585 3
15 17 18 1 0.11100E+03 0.46020E+03 12 13 32 33 1 0.0 042 2
16 15 17 1 0.12100E+03 0.50210E+03 12 13 14 15 1 0.0 377 3
17 18 19 1 0.11100E+03 0.46020E+03 13 32 33 34 1 0.0 376 3
18 19 20 1 0.11100E+03 0.46020E+03 13 14 15 17 1 180.0 16.74 2
19 20 21 1 0.11100E+03 0.46020E+03 14 13 32 33 1 0.0 209 2
20 21 22 1 0.11100E+03 0.46020E+03 14 15 17 18 1 0.0 042 6
21 22 23 1 0.11100E+03 0.46020E+03 15 17 18 19 1 0.0 586 3
22 23 24 1 0.11100E+03 0.46020E+03 17 18 19 20 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
23 24 25 1 120.000 502.080 ; cis 18 19 20 21 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
24 25 26 1 120.000 502.080 ; cis 19 20 21 22 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
25 26 27 1 0.11100E+03 0.46020E+03 20 21 22 23 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
26 27 28 1 0.11100E+03 0.46020E+03 24 23 22 21 1 0.0 3.34957 1
27 28 29 1 0.11100E+03 0.46020E+03 24 23 22 21 1 180.0 -1.66004 2
28 29 30 1 0.11100E+03 0.46020E+03 24 23 22 21 1 0.0 7.33265 3
29 30 31 1 0.11100E+03 0.46020E+03 25 24 23 22 1 0.0 747 1
30 31 53 1 0.11100E+03 0.46020E+03 25 24 23 22 1 0.0 390 2
31 53 54 1 0.11100E+03 0.46020E+03 25 24 23 22 1 180.0 110 3
32 33 34 1 0.12000E+03 0.41840E+03 25 24 23 22 1 0.0 -2.8425 O
33 34 35 1 0.12400E+03 0.50210E+03 27 26 25 24 1 0.0 7.47 1
33 34 36 1 0.11500E+03 0.50210E+03 27 26 25 24 1 0.0 390 2
34 36 37 1 0.11100E+03 0.46020E+03 27 26 25 24 1 180.0 110 3
35 34 36 1 0.12100E+03 0.50210E+03 27 26 25 24 1 0.0 -2.8425 O
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25 26 27 28 1 0.0 3.34957 1 46 45 44 43 1 0.0 747 1
25 26 27 28 1 180.0 -1.66004 2 46 45 44 43 1 0.0 390 2
25 26 27 28 1 0.0 7.33265 3 46 45 44 43 1 180.0 110 3
26 27 28 29 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495 46 45 44 43 1 0.0 -2.8425 0
27 28 29 30 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495 44 45 46 47 1 0.0 3.34957 1
28 29 30 31 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495 44 45 46 47 1 180.0 -1.66004 2
29 30 31 53 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495 44 45 46 47 1 0.0 7.33265 3
30 31 53 54 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495 45 46 47 48 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
13 32 33 34 1 0.0 376 3 46 47 48 49 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
32 33 34 36 1 180.0 16.74 2 47 48 49 50 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
33 34 36 37 1 0.0 042 6 48 49 50 51 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
34 36 37 38 1 0.0 586 3 49 50 51 52 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
36 37 38 39 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495

37 38 39 40 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495 [ dihedrals ]

38 39 40 41 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495 ;a aj ak al fu phio cp

39 40 41 42 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495 13 14 32 12 2 35264 0.33470E+03
43 42 41 40 1 0.0 3.34957 1 15 14 17 16 2 0.0 0.16740E+03
43 42 41 40 1 180.0 -1.66004 2 34 33 36 35 2 0.0 0.16740E+03
43 42 41 40 1 0.0 7.33265 3 23 24 25 26 2 0.0 167.360

44 43 42 41 1 0.0 747 1 42 43 44 45 2 0.0 167.360

44 43 42 41 1 0.0 390 2

44 43 42 41 1 180.0 110 3

44 43 42 41 1 0.0 -2.8425 0
A.2.6 Palmitate

1 2 1 0.100 313800
[ moleculetype ] 2 3 1 0.136 376560
;Name nrexcl 3 4 1 0.123 502080
PALM 3 3 5 1 0.153 334720
5 6 1 0.15300E+00 0.33470E+06

[atoms] 6 7 1 0.15300E+00 0.33470E+06
;nr - type resnr residu atom cgnr charge 7 8 1 0.15300E+00 0.33470E+06

1 HOP 1 PALM H1P 1 0.398 8 9 1 0.15300E+00 0.33470E+06

2 LOS 1 PALM  O2P 1 -0.548 9 10 1 0.15300E+00 0.33470E+06

3 LC 1 PALM  C3P 1 0.530 10 11 1 0.15300E+00 0.33470E+06

4 LO 1 PALM  O4P 1 -0.380 11 12 1 0.15300E+00 0.33470E+06

5 LP2 1 PALM  C5P 2 0.0 12 13 1 0.15300E+00 0.33470E+06

6 LP2 1 PALM  C6P 3 0.0 13 14 1 0.15300E+00 0.33470E+06

7 LP2 1 PALM  C7P 4 0.0 14 15 1 0.15300E+00 0.33470E+06

8 LP2 1 PALM  C8P 5 0.0 15 16 1 0.15300E+00 0.33470E+06

9 LP2 1 PALM  C9P 6 0.0 16 17 1 0.15300E+00 0.33470E+06

10 LP2 1 PALM C10P 7 0.0 17 18 1 0.15300E+00 0.33470E+06

11  LP2 1 PALM C11P 8 0.0 18 19 1 0.15300E+00 0.33470E+06

12 LP2 1 PALM C12P 9 0.0

13 LP2 1 PALM CI13P 10 0.0 [ pairs ]

14  LP2 1 PALM C14P 11 0.0 ;a aj fun c6 cl2
15 LP2 1 PALM C15P 12 0.0 2 6 1 4.85100e-04 8.12900e-07
16 LP2 1 PALM C16P 13 0.0 3 7 1 6.69700e-04 2.19300e-06
17 LP2 1 PALM C17P 14 0.0 4 6 1 4.65700e-04 7.50000e-07
18 LP2 1 PALM C18P 15 0.0

19 LP3 1 PALM C19P 16 0.0 [ angles ]

;ai aj ak fun a0 ka

[bonds] 1 2 3 1 109.5 397.48

ai aj fun 10 Kl 2 3 4 1 1240 502.08
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;a a ak al fu

3 2 5 4

115.0
111.0
121.0

0.11100E+03
0.11100E+03
0.11100E+03
0.11100E+03
0.11100E+03
0.11100E+03
0.11100E+03
0.11100E+03
0.11100E+03
0.11100E+03
0.11100E+03
0.11100E+03
0.11100E+03

phio
2 0.0

502.08
460.24
502.08

A.2.7 Oleate

[ moleculetype ]
; Name  nrexcl
OLEA 3

[ atoms ]
;nr type  resnr

1 HOP
2 LOSs
3 LC
4 LO
5 LP2
6 LP2
7 LP2
8 LP2
9 LP2
10 LP2
11  LP2
12 LH1
13 LH1
14  LP2
15 LP2
16 LP2
17 LP2
18 LP2
19 LP2
20 LP2
21 LP3
[ bonds ]

;ai aj fun

residu

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

OLEA
OLEA
OLEA
OLEA
OLEA
OLEA
OLEA
OLEA
OLEA
OLEA
OLEA
OLEA
OLEA
OLEA
OLEA
OLEA
OLEA
OLEA
OLEA
OLEA
OLEA

Kl

atom

cp
167.36
cgnr charge
H10 1
020 1
C30 1
040 1
C50 2
C60 3
C70 4
c80 5
C90 6
C100 7
C110 8
C120 9
C130 10
C140 11
C150 12
C160 13
C170 14
C180 15
C190 16
C200 17
Cc210 18

0.46020E+03
0.46020E+03
0.46020E+03
0.46020E+03
0.46020E+03
0.46020E+03
0.46020E+03
0.46020E+03
0.46020E+03
0.46020E+03
0.46020E+03
0.46020E+03
0.46020E+03

0.398
-0.548
0.530
-0.380

O O O O OO O O o o 0O o O o o o o

mult

16.736 2
0.418 6
5858 3
12.156 -13.120
12.156 -13.120
12.156 -13.120
12.156 -13.120
12.156 -13.120
12.156 -13.120
12.156 -13.120
12.156 -13.120
12.156 -13.120
12.156 -13.120
12.156 -13.120
12.156 -13.120

O0E+06
OE+06
OE+06
0E+06
OE+06
0E+06

0.41840E+06

0E+06
0E+06
0E+06
0E+06
OE+06
0E+06
0E+06
0E+06

cl2
8.12900e-07
2.19300e-06
7.50000e-07
2.83100e-06

Appendix A
[ dihedrals ]
;ai a) ak al fu phio cp
1 2 3 5 1 180
2 3 5 6 1 0
3 5 6 7 1 0
5 6 7 8 3 9.2789
6 7 8 9 3 9.2789
7 8 9 10 3 9.2789
8 9 10 11 3 9.2789
9 10 11 12 3 9.2789
10 11 12 13 3 9.2789
11 12 13 14 3 9.2789
12 13 14 15 3 9.2789
13 14 15 16 3 9.2789
14 15 16 17 3 9.2789
15 16 17 18 3 9.2789
16 17 18 19 3 9.2789
1 2 1 0.100 313800
2 3 1 0.136 376560
3 4 1 0.123 502080
3 5 1 0.153 334720
5 6 1 0.15300E+00 0.33470E+06
6 7 1 0.15300E+00 0.3347
7 8 1 0.15300E+00 0.3347
8 9 1 0.15300E+00 0.3347
9 10 1 0.15300E+00 0.3347
10 11 1 0.15300E+00 0.3347
1 12 1 0.15300E+00 0.3347!
12 13 1 0.13900E+00
13 14 1 0.15300E+00 0.3347
14 15 1 0.15300E+00 0.3347
15 16 1 0.15300E+00 0.3347
16 17 1 0.15300E+00 0.3347!
17 18 1 0.15300E+00 0.3347
18 19 1 0.15300E+00 0.3347
19 20 1 0.15300E+00 0.3347
20 21 1 0.15300E+00 0.3347
[ pairs ]
;a aj fun c6
2 6 1 4.85100e-04
3 7 1 6.69700e-04
4 6 1 4.65700e-04
11 14 1 7.34600e-04
[ angles ]
;a aj ak  fun a0 ka
1 2 3 1 1095 397

.48

266

; OA-C ffgmxbon.itp

C-CH2 ffgmxbon.itp
CH2-CH2 ffgmxbon.itp

-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597
-3.0597

26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
26.240 -31.495
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2 3 4 1 1240 502.08 7 8 9 10 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
2 3 5 1 115.0 502.08 8 9 10 11 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
3 5 6 1 111.0 460.24 12 11 10 9 1 0.0 3.34957 1
4 3 5 1 121.0 502.08 12 11 10 9 1 180.0 -1.66004 2
5 6 7 1 0.111E+03 0.4602E+03 12 11 10 9 1 0.0 7.33265 3
6 7 8 1 0.111E+03 0.4602E+03 13 12 11 10 1 00 747 1
7 8 9 1 0.111E+03 0.4602E+03 13 12 11 10 1 0.0 39 2
8 9 10 1 0.111E+03 0.4602E+03 13 12 11 10 1 180.0 1.1 3
9 10 11 1 0.111E+03 0.4602E+03 13 12 11 10 1 0.0 -2.8425 0
10 11 12 1 0.111E+03 0.4602E+03 15 14 13 12 1 0.0 7.47 1
11 12 13 1 120.0 502.080 ; cis thingies 15 14 13 12 1 0.0 39 2
12 13 14 1 120.0 502.080 ; cis thingies 15 14 13 12 1 1800 1.1 3
13 14 15 1 0.111E+03 0.4602E+03 15 14 13 12 1 0.0 -2.8425 0
14 15 16 1 0.111E+03 0.4602E+03 13 14 15 16 1 0.0 3.34957 1
15 16 17 1 0.111E+03 0.4602E+03 13 14 15 16 1 180.0 -1.66004 2
16 17 18 1 0.111E+03 0.4602E+03 13 14 15 16 1 0.0 7.33265 3
17 18 19 1 0.111E+03 0.4602E+03 14 15 16 17 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
18 19 20 1 0.111E+03 0.4602E+03 15 16 17 18 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
19 20 21 1 0.111E+03 0.4602E+03 16 17 18 19 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
17 18 19 20 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
[ dihedrals ] 18 19 20 21 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
;a a) ak al fu phio cp mult
1 2 3 5 1 180.0 16.736 2 ; OA-C ffgmxbon.itp [ dihedrals ]
2 3 5 6 1 0.0 0418 6 ; C-CH2 ffgmxbon.itp ;ai a) ak al fu phio cp
3 5 6 7 1 0.0 5.858 3 ; CH2-CH2 ffgmxbon.itp 3 2 5 4 2 0.0 167.36
5 6 7 8 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495 11 12 13 14 2 0.0 167.36
6 7 8 9 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495

A.2.8 Linoleate

19 LP2 1 LINO Ci19L 16 0
[ moleculetype ] 20 LP2 1 LINO C20L 17 0
; Name  nrexcl 21  LP3 1 LINO C21L 18 0
LINO 3
[ bonds ]

[ atoms ] ai aj fun 10 ki
;nr - type resnr residu atom cgnr charge 1 2 1 0.100 313800

1 HOP 1 LINO  HiL 1 0.398 2 3 1 0.136 376560

2 LOs 1 LINO O2L 1 -0.548 3 4 1 0.123 502080

3 LC 1 LINO C3L 1 0530 3 5 1 0.153 334720

4 LO 1 LINO  O4L 1 -0.380 5 6 1 0.153E+00 0.3347E+06

5 LP2 1 LINO C5L 2 0 6 7 1 0.153E+00 0.3347E+06

6 LP2 1 LINO C6L 3 0 7 8 1 0.153E+00 0.3347E+06

7  LP2 1 LINO C7L 4 0 8 9 1 0.153E+00 0.3347E+06

8 LP2 1 LINO C8L 5 0 9 10 1 0.153E+00 0.3347E+06

9 LP2 1 LINO CoL 6 0 10 11 1 0.153E+00 0.3347E+06

10 LP2 1 LINO C10L 7 0 11 12 1 0.153E+00 0.3347E+06

11 LP2 1 LINO Ci1iL 8 0 12 13 1 0.139E+00 0.4184E+06

12 LH1 1 LINO Ci2L 9 0 13 14 1 0.153E+00 0.3347E+06

13 LH1 1 LINO C13L 10 0 14 15 1 0.153E+00 0.3347E+06

14 LP2 1 LINO C14L 11 0 15 16 1 0.139E+00 0.4184E+06

15 LH1 1 LINO C15L 12 0 16 17 1 0.153E+00 0.3347E+06

16 LH1 1 LINO Ci16L 13 0 17 18 1 0.153E+00 0.3347E+06

17 LP2 1 LINO C17L 14 0 18 19 1 0.153E+00 0.3347E+06

18 LP2 1 LINO Ci18L 15 0 19 20 1 0.153E+00 0.3347E+06
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20 21 1 0.153E+00 0.3347E+06
[ pairs ]
;aaj fun c6 c12
2 6 1 4.85100e-04 8.12900e-07
3 7 1 6.69700e-04 2.19300e-06
4 6 1 4.65700e-04 7.50000e-07
11 14 1 7.34600e-04 2.83100e-06
14 17 1 7.34600e-04 2.83100e-06
[ angles ]
;a a ak fun a0 ka
1 2 3 1 109.5 397.48
2 3 4 1 1240 502.08
2 3 5 1 115.0 502.08
3 5 6 1 111.0 460.24
4 3 5 1 121.0 502.08
5 6 7 1 0.111E+03 0.4602E+03
6 7 8 1 0.111E+03 0.4602E+03
7 8 9 1 0.111E+03 0.4602E+03
8 9 10 1 0.111E+03 0.4602E+03
9 10 11 1 0.111E+03 0.4602E+03
10 11 12 1 0.111E+03 0.4602E+03
11 12 13 1 1200 502.080 ; cis
12 13 14 1 120.0 502.080 ; cis
13 14 15 1 0.111E+03 0.4602E+03
14 15 16 1 120.0 502.080 ; cis
15 16 17 1 120.0 502.080 ; cis
16 17 18 1 0.111E+03 0.4602E+03
17 18 19 1 0.111E+03 0.4602E+03
18 19 20 1 0.111E+03 0.4602E+03
19 20 21 1 0.111E+03 0.4602E+03
[ dihedrals ]
.a a ak al fu phio cp mult
1 2 3 5 1 180.0 16.736 2 ; OA-C ffgmxbon.itp
2 3 5 6 1 0.0 0.418 6 ; C-CH2 ffgmxbon.itp
A.2.9 Water
[ moleculetype ]
; molname nrexcl
WAT 2
[ atoms ]
;nr type resnr residu atom cgnr charge
1 ow 1 WAT ow 1 -0.82
2 HW 1 WAT  HW1 1 0.41
3 HW 1 WAT  HW2 1 0.41
#ifdef FLEXIBLE
[ bonds ]
;aia fun 10 kl
1 2 1 0.1 345000
1 3 1 0.1 345000

Appendix A
3 5 6 7 1 0.0 5.858 3 ; CH2-CH2 ffgmxbon.itp
5 6 7 8 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
6 7 8 9 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
7 8 9 10 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
8 9 10 11 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
12 11 10 9 1 0.0 3.34957 1
12 11 10 9 1 180.0 -1.66004 2
12 11 10 9 1 0.0 7.33265 3
13 12 11 10 1 0.0 7.47 1
13 12 11 10 1 0.0 3.9 2
13 12 11 10 1 180.0 11 3
13 12 11 10 1 0.0 -2.8425 0
15 14 13 12 1 180.0 4533 1
15 14 13 12 1 0.0 3 2
15 14 13 12 1 180.0 1550 3
15 14 13 12 1 0.0 -2.65 0
15 14 13 12 1 0.0 1.3 1
13 14 15 16 1 180.0 4533 1
13 14 15 16 1 0.0 3 2
13 14 15 16 1 180.0 1550 3
13 14 15 16 1 0.0 -2.65 0
13 14 15 16 1 0.0 1.3 1
18 17 16 15 1 0.0 7.47 1
18 17 16 15 1 0.0 3.9 2
18 17 16 15 1 180.0 1.1 3
18 17 16 15 1 0.0 -2.8425 O
19 18 17 16 1 0.0 3.34957 1
19 18 17 16 1 180.0 -1.66004 2
19 18 17 16 1 0.0 7.33265 3
17 18 19 20 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
18 19 20 21 3 9.2789 12.156 -13.120 -3.0597 26.240 -31.495
[ dihedrals ]
;ai aj ak al fu phi0 cp
3 2 5 4 2 0.0 167.36
11 12 13 14 2 0.0 167.36
14 15 16 17 2 0.0 167.36
[ angles ]
;ai aj ak fun a0 ka
2 1 3 1 109.47 383
#else
[ settles ]
; OW fun doh dhh

1 1 01 0.16333

[ exclusions ]
12 3
2 13
3 1 2
#endif

268
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A.2.10 Glucose

[ moleculetype ]

; name nrexcl

GLC 3

[ atoms ]

;nr type resnr

1 gC1
2 gC2
3 gC2
4 gc2
5 g¢C3
6 gC4
7 go1
8 g02
9 go2
10 902
1 go2
12 gO3
13 gH1
14 gH2
15 gH2
16 gH2
17 gH3
18 gH2
19 gH2
20 gH4
21 gH4
22 gH4
23 gH4
24 gH5
[ bonds ]
;aaj fun

© © o o o U oo B BDd D WWWNNNEREPRPBRP P
(4]

=
o
N
N

[ R = = = T T T e e e e S S N

residu

T e e e e T T e e e e e e

10
0.1529
0.1410
0.1410
0.1090
0.1529
0.1410
0.1090
0.1529
0.1410
0.1090
0.1529
0.1410
0.1090
0.1529
0.1410
0.1090
0.1410
0.1090
0.1090
0.0945
0.0945
0.0945

atom
GLC
GLC
GLC
GLC
GLC
GLC
GLC
GLC
GLC
GLC
GLC
GLC
GLC
GLC
GLC
GLC
GLC
GLC
GLC
GLC
GLC
GLC
GLC
GLC

ki
224262
267776
267776
284512
224262
267776
284512
224262
267776
284512
224262
267776
284512
224262
267776
284512
267776
284512
284512
462750
462750
462750

cgnr
C1
c2
C3
C4
C5
C6
o1
02
o3
04
05
06
HiC
H2C
H3C
H4C
H5C
H6C
H6C
H10
H20
H30
H40
H50

1

oM WN R OO O BMWNIEOOHNWNER-NOOOO AN

charge

0.3650
0.2050
0.2050
0.2050
0.1700
0.1450
-0.4000
-0.7000
-0.7000
-0.7000
-0.7000
-0.6830
0.1000
0.0600
0.0600
0.0600
0.0300
0.0600
0.0600
0.4350
0.4350
0.4350
0.4350
0.4180

Appendix A
11 23 1 0.0945 462750
12 24 1 0.0945 462750

[ angles ]

;a aj ak fun a0 ka
1 2 3 1 1127 488.60
1 2 9 1 109.5 418.60
1 2 14 1 110.7 314.00
1 8 20 1 108.5 460.30
2 3 4 1 112.7 488.60
2 3 10 1 1095 418.60
2 3 15 1 110.7 314.00
2 9 21 1 108.5 460.30
3 4 5 1 112.7 488.60
3 4 11 1 109.5 418.60
3 4 16 1 110.7 314.00
3 10 22 1 108.5 460.30
4 5 6 1 1127 488.60
4 5 7 1 109.5 418.60
4 5 17 1 110.7 314.00
4 11 23 1 108.5 460.30
5 6 12 1 109.5 418.60
5 6 18 1 110.7 314.00
5 6 19 1 110.7 314.00
5 7 1 1 109.5 502.40
6 12 24 1 108.5 460.30
7 1 2 1 109.5 418.60
7 1 8 1 1115 775.40
7 1 13 1 109.5 293.00
8 1 2 1 109.5 418.60
8 1 13 1 109.5 293.00
9 2 3 1 109.5 418.60
9 2 14 1 109.5 293.00
0 3 4 1 109.5 418.60
100 3 15 1 109.5 293.00
11 4 5 1 109.5 418.60
11 4 16 1 109.5 293.00
12 6 18 1 109.5 293.00
12 6 19 1 109.5 293.00
3 1 2 1 110.7 314.00
14 2 3 1 110.7 314.00
15 3 4 1 110.7 314.00
16 4 5 1 110.7 314.00
17 5 6 1 110.7 314.00
17 5 7 1 109.5 293.00
18 6 19 1 107.8 276.40

[ dihedrals ]

;ai aj ak al fu phio cp mult
1 2 3 4 1 0 3.640080
1 2 3 4 1 180 -0.328444
1 2 3 4 1 0 0.583668
1 2 3 10 1 0 -2.794912
1 2 3 15 1 0 0.765672
1 2 9 21 1 0 5.594008
1 2 921 1 180 -6.031236

N ok ow P ow N e
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o o o o o g g o g o o g o o M~BDDDDDBREDDDR WL WWWWWWWWWWWNNNNNDNNNDNNNNDNNRNDNDERR R PR R R PR,

a o A M B B B N NN NOOOOOOWW W W W oo NN DNDNNBR SRS BSBSDMDD DS BAMPRP R PP PP OO0 NNNN NN NN

A A DM DM DM OGO OGO O ©

BB e
o o o

g oo g U 0 o N NN

PR e
[E SN N

N N OO © © © R, PR

PR R R e e
N NN O O O

W W R e e e

11
11
11

11
16
22
22
22

20
20
20

17
23
23
23

13
21
21
21
12
18
19
14

22
22
22
24
24
24

13
10
15
23
23
23
11
16

B R R R R R R R PR PR R R RRRRRER R RRRR R R R PR PR R RRRRPRRE R R R RRPR R R R R RRRRER R PR RPE R R R PR PR

0 2.146392

0 1.359800
180 -0.523000

0 1.401640

0 1.359800
180 -0.523000
1.401640
1.589920
3.640080
180 -0.328444
0.583668
-2.794912
0.765672
5.594008
180 -6.031236

0 2146392
1.359800
180 -0.523000
1.401640
5.594008
-6.031236
2.146392
3.640080
180 -0.328444
0.583668
-2.794912
0.765672
5.594008
180 -6.031236
2.146392
-2.794912
-2.794912
0.765672
5.594008
180 -6.031236
2.146392
-2.794912
0.765672
0.765672
0.765672
-2.794912
5.594008
180 -6.031236

0 2.146392

0 5.594008
180 -6.031236

0 2.146392
-0.784500
180 -2.840936
0.008368
1.589920
-2.794912
0.765672
5.594008
-6.031236
0 2.146392
0 -2.794912
0 0.765672

o o o

o O o o

o

o o

18

o o o

o O O o

o o O O o o o o o O ©O O o

o O o o o

o
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Appendix A
7 1 2 9 1
7 1 2 14 1
7 1 8 20 1
7 1 8 20 1
7 1 8 20 1
7 5 4 11 1
7 5 4 16 1
7 5 6 12 1
7 5 6 18 1
7 5 6 19 1
8 1 2 9 1
8 1 2 14 1
9 2 1 13 1
9 2 3 10 1
9 2 3 15 1

10 3 2 14 1

10 3 4 11 1

100 3 4 16 1

1 4 3 15 1

11 4 5 17 1

12 6 5 17 1

13 1 2 14 1

13 1 8 20 1

4 2 3 15 1

14 2 9 21 1

15 3 4 16 1

15 3 10 22 1

6 4 5 17 1

16 4 11 23 1

17 5 6 18 1

17 5 6 19 1

18 6 12 24 1

19 6 12 24 1

[ pairs ]

ai aj fun

10
15
17
21

11
16
20
22

13
17
21
23

12
14
18

BA D DWW WO ®WWWWNRNNNRNERR R B B
(2]

0
0
0
180

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

c6

9.035348
0.979056
-2.629644
-3.778152
0.006276
9.035348
0.979056
9.035348
0.979056
0.979056
18.96607
0.979056
0.979056
18.96607
0.979056
0.979056
18.96607
0.979056
0.979056
0.979056
0.979056
0.665256
0.941400
0.665256
0.941400
0.665256
0.941400
0.665256
0.941400
0.665256
0.665256
0.941400
0.941400

WoWw oW oW oW W W WwWw W W W WwWwWWwRrWwWwE0wWwE®WwWwEweEwNhP R

cl2
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4 19 9 13

4 22 9 15

5 8 10 11

5 10 10 14

5 13 10 16

5 15 11 15

5 23 11 17

5 24 12 17

6 11 13 14

6 16 13 20

7 9 14 15

7 11 14 21

7 12 15 16

7 14 15 22

7 16 16 17

7 18 16 23

7 19 17 18

7 20 17 19

8 9 18 24

8 14 19 24

9 10

A.2.11 Trehalose

[ moleculetype ] 26 TH2 1 TRE H3C 3 0.060

; name nrexcl 27  TH2 1 TRE H4C 4 0.060

TRE 3 28 TH3 1 TRE H5C 5 0.030

29 TH2 1 TRE H6C 6 0.060

[ atoms ] 30 TH2 1 TRE H6C 6 0.060

;nr - type resnr residu atom cgnr charge 31 TH4 1 TRE H20 2 0435
1 TC1 1 TRE C1 1 0.300 32 TH4 1 TRE H30 3 0435
2 TC2 1 TRE c2 2 0.205 33 TH4 1 TRE H40 4 0435
3 TC2 1 TRE C3 3 0.205 34 TH5 1 TRE H60 6 0418
4 TC2 1 TRE C4 4 0.205 35 TH1 1 TRE Hi1C 9 0.100
5 TC3 1 TRE C5 5 0.170 36 TH2 1 TRE H2C 10 0.060
6 TC4 1 TRE C6 6 0.145 37  TH2 1 TRE H3C 11 0.060
7 TO1 1 TRE o1 8 -0.400 38 TH2 1 TRE H4C 12 0.060
8 TO2 1 TRE 02 2 -0.700 39 TH3 1 TRE H5C 13 0.030
9 TO2 1 TRE 03 3 -0.700 40 TH2 1 TRE H6C 14 0.060
10 TO2 1 TRE 04 4 -0.700 41 TH2 1 TRE H6C 14 0.060
11 TO1 1 TRE 05 7 -0.400 42  TH4 1 TRE H20 10 0.435
12 TO3 1 TRE 06 6 -0.683 43 TH4 1 TRE H30 11 0.435
13 TC1 1 TRE C1 9 0.300 44  TH4 1 TRE H40 12 0.435
14 TC2 1 TRE Cc2 10 0.205 45 TH5 1 TRE H60 14 0.418
15 TC2 1 TRE C3 11 0.205

16 TC2 1 TRE Cc4 12 0.205 [ bonds ]

17 TC3 1 TRE C5 13 0.170 ;a aj fun 10 ki

18 TC4 1 TRE C6 14 0.145 1 2 1 0.1529 224420

19 TO2 1 TRE 02 10 -0.700 1 7 1 0.1380 267960

20 TO2 1 TRE 03 11 -0.700 1 11 1 0.1380 267960

21 TO2 1 TRE 04 12 -0.700 1 24 1 0.1090 284700

22 TO1 1 TRE 05 15 -0.400 2 3 1 0.1529 224420

23 TO3 1 TRE 06 14 -0.683 2 8 1 0.1410 267960

24 TH1 1 TRE Hi1C 1 0.100 2 25 1 0.1090 284700

25 TH2 1 TRE H2C 2 0.060 3 4 1 0.1529 224420
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1 1 7 13 1 180 -2.840935 2 16 15 20 43 1 0 2.146390 3
1 1 7 13 1 0 0.008370 3 17 16 15 20 1 0 -2.794910 1
1 1 2 25 1 0 0.979055 1 17 22 13 35 1 0 1.589920 3
1 5 4 27 1 0 0.979055 1 17 16 15 37 1 0 0.765670 3
1 5 6 29 1 0 0.979055 1 17 16 21 44 1 0 5.594010 1
11 5 6 30 1 0 0.979055 1 17 16 21 44 1 180 -6.031235 2
12 6 5 28 1 0 0.979055 1 17 16 21 44 1 0 2.146390 3
13 14 15 16 1 0 3.640080 1 17 18 23 45 1 0 5.594010 1
13 14 15 16 1 180 -0.328445 2 17 18 23 45 1 180 -6.031235 2
13 14 15 16 1 0 0.583670 3 17 18 23 45 1 0 2.146390 3
13 22 17 18 1 0 1.359800 1 18 17 16 21 1 0 -2.794910 1
13 22 17 18 1 180 -0.523000 2 18 17 16 38 1 0 0.765670 3
13 22 17 18 1 0 1.401640 3 19 14 15 20 1 0 18.966070 1
13 14 15 20 1 0 -2.794910 1 19 14 13 22 1 0 9.035350 1
13 7 1 24 1 0 1.589920 3 19 14 13 35 1 0 0.979055 3
13 14 15 37 1 0 0.765670 3 19 14 15 37 1 0 0.979055 3
13 22 17 39 1 0 1.589920 3 20 15 16 21 1 0 18.966070 1
13 14 19 42 1 0 5.594010 1 20 15 14 36 1 0 0.979055 3
13 14 19 42 1 180 -6.031235 2 20 15 16 38 1 0 0.979055 3
13 14 19 42 1 0 2.146390 3 21 16 17 22 1 0 9.035350 1
14 15 16 17 1 0 3.640080 1 21 16 15 37 1 0 0.979055 3
14 15 16 17 1 180 -0.328445 2 21 16 17 39 1 0 0.979055 3
14 15 16 17 1 0 0.583670 3 22 17 18 23 1 0 9.035350 1
14 13 22 17 1 0 1.359800 1 22 13 14 36 1 0 0.979055 3
14 13 22 17 1 180 -0.523000 2 22 17 16 38 1 0 0.979055 3
14 13 22 17 1 0 1.401640 3 22 17 18 40 1 0 0.979055 3
14 15 16 21 1 0 -2.794910 1 22 17 18 41 1 0 0.979055 3
14 15 16 38 1 0 0.765670 3 23 18 17 39 1 0 0.979055 3
14 15 20 43 1 0 5.594010 1 24 1 2 25 1 0 0.665255 3
14 15 20 43 1 180 -6.031235 2 25 2 3 26 1 0 0.665255 3
14 15 20 43 1 0 2.146390 3 25 2 8 31 1 0 0.941400 3
15 16 17 18 1 0 3.640080 1 26 3 4 27 1 0 0.665255 3
15 16 17 18 1 180 -0.328445 2 26 3 9 32 1 0 0.941400 3
15 16 17 18 1 0 0.583670 3 27 4 5 28 1 0 0.665255 3
15 16 17 22 1 0 -2.794910 1 27 4 10 33 1 0 0.941400 3
15 14 13 22 1 0 2.794910 1 28 5 6 29 1 0 0.665255 3
15 14 13 35 1 0 0.765670 3 28 5 6 30 1 0 0.665255 3
15 16 17 39 1 0 0.765670 3 29 6 12 34 1 0 0.941400 3
15 14 19 42 1 0 5.594010 1 30 6 12 34 1 0 0.941400 3
15 14 19 42 1 180 -6.031235 2 35 13 14 36 1 0 0.665255 3
15 14 19 42 1 0 2.146390 3 36 14 15 37 1 0 0.665255 3
15 16 21 44 1 0 5.594010 1 36 14 19 42 1 0 0.941400 3
15 16 21 44 1 180 -6.031235 2 37 15 16 38 1 0 0.665255 3
15 16 21 44 1 0 2.146390 3 37 15 20 43 1 0 0.941400 3
16 15 14 19 1 0 -2.794910 1 38 16 17 39 1 0 0.665255 3
16 17 18 23 1 0 -2.794910 1 38 16 21 44 1 0 0.941400 3
16 15 14 36 1 0 0.765670 3 39 17 18 40 1 0 0.665255 3
16 17 18 40 1 0 0.765670 3 39 17 18 41 1 0 0.665255 3
16 17 18 41 1 0 0.765670 3 40 18 23 45 1 0 0.941400 3
16 15 20 43 1 0 5.594010 1 41 18 23 45 1 0 0.941400 3
16 15 20 43 1 180 -6.031235 2

A.2.12 Non-Bonded Parameters
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LOS LC20 1 0.143 251040

[ atomtypes ] LOS LP 1 0.161 251040
;name mass charge ptype c6 cl2 LOM LP 1 0.148 376560
OW 15.99940 0.000 A 0.26171E-02 0.26331E-05 LO2 LC 1 0.123 502080
HW  1.00800 0.000 A 0.00000E+00 0.00000E+00 LCH1 LC20 1 0.153 334720
LC3N 15.03500 0.000 A 0.93477E-02 0.36047E-04 LOS LCH1 1 0.143 251040
LNL 14.00670 0.000 A 0.33514E-02 0.39494E-05 LOS LC 1 0.136 376560
LC2 14.02700 0.000 A 0.85953E-02 0.30478E-04 LC LCH2 1 0.153 334720
LC20 14.02700 0.000 A 0.72985E-02 0.21975E-04 LCH2 LCH3 1 0.153 334720
LOS 15.99940 0.000 A 0.20733E-02 0.15114E-05 LCH2 LCH2 1 0.153 334720
LP 30.97380 0.000 A 0.91516E-02 0.25045E-04 LNL LH3N 1 0.100 374468
LOM 15.99940 0.000 A 0.23621E-02 0.15887E-05 LCH1 LCH2 1 0.153 334720
LCH1 13.01900 0.000 A 0.40226E-02 0.12112E-04 LCH1 LCH1 1 0.139 418400
LC 12.01100 0.000 A 0.48722E-02 0.13549E-04
LO2 15.99940 0.000 A 0.16304E-02 0.10966E-04 [ angletypes ]
LCH2 14.02700 0.000 A 0.58616E-02 0.22604E-04 ;oa aj ak fun a0 ka
LCH3 15.03500 0.000 A 0.87924E-02 0.33906E-04 LC3N LNL LC3N 1 109.5 334.72
LH3N  1.00800 0.000 A 0.00000E+00 0.00000E+00 LC3N LNL LC2 1 109.5 376.56
dO1 15.99940 0.000 A 1.55079E-03 5.13199E-07 LNL LC2 LC20 1 109.5 460.24
dS1 32.06600 0.000 A 1.05609E-02 2.14981E-05 LC2 LC20 LOS 1 109.5 460.24
dC1l 15.03450 0.000 A 1.02889E-02 2.81125E-05 LC20 LOS LP 1 120.0 397.48
TC1 12.01100 0.000 A 2.03186E-03 3.73510E-06 LOS LP  LOM 1 109.6 397.48
TC2 12.01100 0.000 A 2.03186E-03 3.73510E-06 LOS LP LOS 1 103.0 397.48
TC3 12.01100 0.000 A 2.03186E-03 3.73510E-06 LOM LP LOM 1 120.0 585.76
TC4 12.01100 0.000 A 2.03186E-03 3.73510E-06 LOS LC20 LCH1 1 111.0 460.24
TO1 15.99940 0.000 A 1.39463E-03 8.29557E-07 LC20 LCH1 LOS 1 109.5 460.24
TO2 15.99940 0.000 A 2.38353E-03 1.99550E-06 LC20 LCH1 LC20 1 109.5 460.24
TO3 15.99940 0.000 A 2.62614E-03 2.42240E-06 LCH1 LOS LC 1 120.0 418.40
TH1  1.00800 0.000 A 1.22660E-04 2.99463E-08 LC20 LOS LC 1 120.0 418.40
TH2 1.00800 0.000 A 1.22660E-04 2.99463E-08 LOS LC LO2 1 124.0 502.08
TH3  1.00800 0.000 A 1.22660E-04 2.99463E-08 LOS LC LCH2 1 115.0 502.08
TH4 1.00800 0.000 A 0.00000E+00 0.00000E+00 LO2 LC LCH2 1 121.0 502.08
TH5  1.00800 0.000 A 0.00000E+00 0.00000E+00 LC LCH2 LCH2 1 111.0 460.24
LCH2 LCH2 LCH2 1 111.0 460.24
[ bondtypes ] LCH2 LCH2 LCH3 1 111.0 460.24
;oa aj fun 10 ki LH3N  LNL LH3N 1 109.5 334.72
LNL LC3N 1 0.147 376560 LH3N LNL LC2 1 109.5 376.56
LNL LC2 1 0.147 376560 LCH1 LCH1 LCH2 1 120.0 502.08

LC2 LC20 1 0.153 334720 LCH1 LCH2 LCH2 1 111.0 460.24



Appendix B

Analysis Codes

This chapter contains a list of analysis codes that are not padf the GROMACS distribution.
All codes are developed from a GROMACS template, given for ZHROMACS distributions,

to read the simulation output trajectory les (xtc, trr, and e dr format).

B.1 Index Selection

B.1.1 Lipid Phosphorus

* $ld: template.c,v 1.4 2001/07/23 15:28:29 lindahl Exp $

This source code is part of

* G R O M A C s
* GROningen MAchine for Chemical Simulations
* VERSION 3.0

* Copyright (c) 1991-2001

* BIOSON Research Institute, Dept. of Biophysical Chemistr y

* University of Groningen, The Netherlands

*

* This program is free software; you can redistribute it and/ or
* modify it under the terms of the GNU General Public License

* as published by the Free Software Foundation; either versi on 2
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* of the License, or (at your option) any later version.

* If you want to redistribute modifications, please conside r that

* scientific software is very special. Version control is cr ucial -

* bugs must be traceable. We will be happy to consider code for

* inclusion in the official distribution, but derived work m ust not

* be called official GROMACS. Details are found in the README & COPYING
* files - if they are missing, get the official version at www. gromacs.org.

*

*

*

To help us fund GROMACS development, we humbly ask that you dte
the papers on the package - you can find them in the top README file.

Do check out http://www.gromacs.org , or mail us at gromacs @gromacs.org .

* And Hey:
* Gyas ROwers Mature At Cryogenic Speed

*

/* This line is only for CVS version info */

static char *SRCID_template_c = "$ld: template.c,v 1.4 200 1/07/23 15:28:29 lindahl Exp $";

#include
#include
#include
#include
#include
#include
#include
#include

#include

“statutil.h"
"typedefs.h"
"smalloc.h"
"vec.h"
"copyrite.h"
“statutil.h"
"tpxio.h"
"index.h"

"xvgr.h"

#define ANINT(A) (double) (long) (((A)<0.0) ? ((A)-0.5) : ( (A)+0.5))
#define Pl 3.14159265358979323846264338

/I structure for output file

struct hydanalys {

double t, X, y, z, a, b, ¢;
} *hydallx;

struct hydanaly {
int a, b, ¢, d, aa, bb, cc, dd;
} *hydall;

/I start main here

int main(int argc,char *argv[])

{

static char *desc[] = {

“this is a small test program meant to serve as a template ",

"when writing your own analysis tools. The advantage of ",

"using gromacs for this is that you have access to all ",

“information in the topology, and your program will be ",

"able to handle all types of coordinates and trajectory ",

“files supported by gromacs. Go ahead and try it! ",

"This test version just writes the coordinates of an ",
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"arbitrary atom to standard out for each frame. You can ",
"select which atom you want to examine with the -n argument.”
/I allocate memory for output here

hydallx = (struct hydanalys*) calloc(999999,sizeof(stru ct hydanalys));
hydall = (struct hydanaly*) calloc(999999,sizeof(struct hydanaly));

/I default value for rcut (hydration radius)
static real n=8.12;
/* Extra arguments - but note how you always get the begin/end
* options when running the program, without mentioning them here!
*
/I passing a value through -rcut and save as "n"
t_pargs pa[] = {

{ "int", FALSE, etREAL, {&n},
"no input is required here, just pick P8 or P8E index"

/I define variables

t_topology top;

char title[STRLEN];

t_trxframe fr;

rvec *xtop;

matrix box;

int status;

int flags = TRX_READ_X;

int *isize; Il size of index
char **grpnames; /I group name of index
atom_id **index; /l index values
int ij;

int number=0; /I counter
FILE *p; /I output file
int lasttime; /I last timestep

t_filenm fam[] = {

{ efTPS, NULL, NULL, ffREAD }, /* this is for the topology */

{ efTRX, "-f*, NULL, ffREAD }, [* this is for the trajectory */

{ efNDX, NULL , NULL, ffOPTRD }, /* this is for index */

{ efXVG, "-0", "N_P_vector", ffOPTWR } /* this is for output i n xvg */
I3

#define NFILE asize(fnm)

CopyRight(stderr,argv[0]);

/* This is the routine responsible for adding default option s,

* calling the X/motif interface, etc. */

parse_common_args(&argc,argv,PCA_CAN_TIME | PCA_CANEW,
NFILE,fnm,asize(pa),pa,asize(desc),desc,0,NULL);
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/* We don't need any topology information to write the coordi nates,
* but to show how it works we start by writing the name and

* charge of the selected atom. It returns a boolean telling us

* whether the topology was found and could be read

*

read_tps_conf(ftp2fn(efTPS,NFILE,fnm),title,&top,&x top,NULL,box, TRUE);
sfree(xtop);

/I allocate memory for read variable using snew

int grNR=999999;
snew(grpnames,grNR);
snew(index,grNR);
snew(isize,grNR);
snew(fp,grNR);

get_index(&(top.atoms),ftp2fn_null(efNDX,NFILE,fnm) ,1,isize,index,grpnames);
/* The first time we read data is a little special */
read_first_frame(&status,ftp2fn(efTRX,NFILE,fnm),&f r.flags);

/* This is the main loop over frames */

do {

int atom1=0;

int atom2=0;

int atom3=0;

int atom4=0;

double phiangle1=0;
double phiangle2=0;
double phiangle3=0;
double phiangle4=0;
double phiangle5=0;
double phiangle6=0;
double phiangle7=0;
double phiangle8=0;

/I calcute atom number for N after pick P

for(i = 0; (i < isize[0]); i++) {
int aa = index[O][i];

if (fr.x[aal[ZZ]<fr.box(ZZ][ZZ]/2){

hydalllatoml].a = aa + 1;
atoml++;
/Iphianglel=phiangle1+fr.x[aa][ZZ];
IIphiangle2=phiangle2+fr.x[bb][ZZ];
Il printf("%g\n",phi*180/P1);

elsef{
hydalllatom4].d = aa + 1;

atom4++;
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/Iphiangle4=phiangle4+fr.x[aa][ZZ];
/Iphiangle4=phiangle4+fr.x[bb][ZZ];
[lprintf("%g\n",180-phi*180/PI);

hydall[number].aa=atom1;
hydall[number].bb=atom2;
hydall[number].cc=atom3;
hydall[number].dd=atom4;

number++;
lasttime=fr.time;
} while(read_next_frame(status,&fr));

printf("%d %d %d %d\n",hydall[0].aa, hydall[0].bb, hydal 1[0].cc, hydall[0].dd);
fp = xvgropen(opt2fn("-0",NFILE,fnm),
" "Time(ps)","Angle (degree)");

fprintf(fp,"[ Pup 1\n");

for (j=0; j<hydall[0].aa; j++) {
fprintf(fp,"%6d", hydall[j].a);
}

fprintf(fp,"\n");

fprintf(fp,"[ Pdown ]\n");

for (j=0; j<hydall[0].dd; j++) {
fprintf(fp,"%6d", hydall[j].d);
}

fclose(fp);
thanx(stderr);
return 0;

B.1.2 Lipid Oxygens

1
* $ld: template.c,v 1.4 2001/07/23 15:28:29 lindahl Exp $

*

* This source code is part of

* G R O M A C s

*

* GROningen MAchine for Chemical Simulations
*

* VERSION 3.0

*
* Copyright (c) 1991-2001

* BIOSON Research Institute, Dept. of Biophysical Chemistr y

* University of Groningen, The Netherlands

* This program is free software; you can redistribute it and/ or

* modify it under the terms of the GNU General Public License
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*

*

as published by the Free Software Foundation; either versi on 2

of the License, or (at your option) any later version.

* If you want to redistribute modifications, please conside r that

* scientific software is very special. Version control is cr ucial -

* bugs must be traceable. We will be happy to consider code for

* inclusion in the official distribution, but derived work m ust not

* be called official GROMACS. Details are found in the README & COPYING
* files - if they are missing, get the official version at www. gromacs.org.

*

*

*

*

*

*

To help us fund GROMACS development, we humbly ask that you dte
the papers on the package - you can find them in the top README file.

Do check out http://www.gromacs.org , or mail us at gromacs @gromacs.org .

And Hey:
Gyas ROwers Mature At Cryogenic Speed

/* This line is only for CVS version info */

static char *SRCID_template_c = "$ld: template.c,v 1.4 200 1/07/23 15:28:29 lindahl Exp $";

#include
#include
#include
#include
#include
#include
#include
#include

#include

“statutil.h"
"typedefs.h"
"smalloc.h"
"vec.h"
“copyrite.h"
“statutil.h"
"tpxio.h"
“index.h"

"xvgr.h"

#define ANINT(A) (double) (long) (((A)<0.0) ? ((A)-0.5) : ( (A)+0.5))
#define Pl 3.14159265358979323846264338

/I structure for output file

struct hydanalys {

double t, x, y, z, a, b, c;
} *hydallx;

struct hydanaly {

inta, b,c d e f g hijk Il mn, o p, aa bb, cc, dd;
} *hydall;

/I start main here

int main(int argc,char *argv[])

{

static char *desc[] = {

"this is a small test program meant to serve as a template "

"when writing your own analysis tools. The advantage of ",

"using gromacs for this is that you have access to all ",

“"information in the topology, and your program will be ",

"able to handle all types of coordinates and trajectory ",

"files supported by gromacs. Go ahead and try it! ",
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"This test version just writes the coordinates of an ",

“"arbitrary atom to standard out for each frame. You can ",
"select which atom you want to examine with the -n argument.”
h

/I allocate memory for output here

hydallx = (struct hydanalys*) calloc(999999,sizeof(stru ct hydanalys));
hydall = (struct hydanaly*) calloc(999999,sizeof(struct hydanaly));

/I default value for rcut (hydration radius)
static real n=8.12;
/* Extra arguments - but note how you always get the begin/end
* options when running the program, without mentioning them here!
*
/I passing a value through -rcut and save as "n"
t_pargs paf] = {

{ ™int", FALSE, etREAL, {&n},
"no input is required here, just pick P8 or P8E index"

/I define variables

t_topology top;

char title[STRLEN];

t_trxframe fr;

rvec *xtop;

matrix box;

int status;

int flags = TRX_READ_X;

int *isize; Il size of index
char **grpnames; /I group name of index
atom_id **index; /I index values
int ij;

int number=0; 1l counter
FILE *fp; /I output file
int lasttime; /I last timestep

t_filenm fam[] = {

{ efTPS, NULL, NULL, ffREAD }, /* this is for the topology */

{ efTRX, "-f*, NULL, ffREAD }, /* this is for the trajectory */

{ efNDX, NULL , NULL, ffOPTRD }, /* this is for index */

{ efXVG, "-0", "N_P_vector", fOPTWR } /* this is for output i n xvg */
h

#define NFILE asize(fnm)

CopyRight(stderr,argv[0]);

[* This is the routine responsible for adding default option S,
* calling the X/motif interface, etc. */

parse_common_args(&argc,argv,PCA_CAN_TIME | PCA_CANEW,
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NFILE,fnm,asize(pa),pa,asize(desc),desc,0,NULL);

/* We don't need any topology information to write the coordi nates,
* but to show how it works we start by writing the name and

* charge of the selected atom. It returns a boolean telling us

* whether the topology was found and could be read

*

read_tps_conf(ftp2fn(efTPS,NFILE,fnm) title, &top,&x top,NULL,box, TRUE);

sfree(xtop);
/I allocate memory for read variable using snew

int grNR=999999;
snew(grpnames,grNR);
snew(index,grNR);
snew(isize,grNR);
snew(fp,grNR);

/I getting index from -n

get_index(&(top.atoms),ftp2fn_null(efNDX,NFILE,fnm) ,1,isize,index,grpnames);

/* The first time we read data is a little special */

read_first_frame(&status,ftp2fn(efTRX,NFILE,fnm),&f r,flags);

[* This is the main loop over frames */

do {

j=0;
int atom1=0;
int atom2=0;
int atom3=0;
int atom4=0;
double phiangle1=0;
double phiangle2=0;
double phiangle3=0;
double phiangle4=0;
double phiangle5=0;
double phiangle6=0;
double phiangle7=0;
double phiangle8=0;

/I calcute atom number for N after pick P

for(i = 0; (i < isize[0]); i++) {

int aa = index[O][i];
hydalllatoml].a = aa - 1 + 1;
hydalllatom1].b = aa + 1 + 1;
hydalllatoml].c = aa + 2 + 1;
hydalllatom1].d = aa + 3 + 1;
hydallfatoml].e = aa + 6 + 1;
hydallfatom1].f = aa + 8 + 1;
hydalllatom1].g = aa + 25 + 1;
hydalllatom1].h = aa + 27 + 1;

atoml++;
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number++;
lasttime=fr.time;
} while(read_next_frame(status,&fr));

printf("%d %d %d %d\n",hydall[0].aa, hydall[0].bb, hydal 1[0].cc, hydall[0].dd);
fp = xvgropen(opt2fn("-0",NFILE,fnm),
" "Time(ps)","Angle (degree)");

fprintf(fp,"[ 07 1\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].a);

}

fprintf(fp,"\n");

fprintf(fp,"[ 09 \n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].b);

}

fprintf(fp,"\n");

fprintf(fp,"[ 010 ]\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydallfi].c);

}

fprintf(fp,"\n");

fprintf(fp,"[ 011 \n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].d);

}

fprintf(fp,"\n");

fprintf(fp,"[ 014 ]\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].e);

}

fprintf(fp,"\n");

fprintf(fp,"[ 016 J\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].f);

}

fprintf(fp,"\n");

fprintf(fp,"[ 033 ]\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].g);

}

fprintf(fp,"\n");

fprintf(fp,"[ 035 ]\n");
for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].h);



Sukit Leekumjorn

fprintf(fp,"\n");

fclose(fp);

thanx(stderr);

return 0;

B.1.

I*

3 Sn-1 Hydrocarbon Chain

* $ld: template.c,v 1.4 2001/07/23 15:28:29 lindahl Exp $

*

*

*

*

*

*

*

*

*

*

This source code is part of

G R O M A C s

GROningen MAchine for Chemical Simulations

VERSION 3.0

Copyright (c) 1991-2001
BIOSON Research Institute, Dept. of Biophysical Chemistr y
University of Groningen, The Netherlands

This program is free software; you can redistribute it and/ or
modify it under the terms of the GNU General Public License
as published by the Free Software Foundation; either versi on 2

of the License, or (at your option) any later version.

* If you want to redistribute modifications, please conside r that
* scientific software is very special. Version control is cr ucial -
* bugs must be traceable. We will be happy to consider code for

*

*

*

*

*

*

*

inclusion in the official distribution, but derived work m ust not
be called official GROMACS. Details are found in the README & COPYING
files - if they are missing, get the official version at www. gromacs.org.

To help us fund GROMACS development, we humbly ask that you dte
the papers on the package - you can find them in the top README file.

Do check out http://www.gromacs.org , or mail us at gromacs @gromacs.org .

* And Hey:

* Gyas ROwers Mature At Cryogenic Speed

*/

/* This line is only for CVS version info */

static char *SRCID_template_c = "$ld: template.c,v 1.4 200

#include
#include
#include
#include
#include
#include
#include

#include

"statutil.h"
"typedefs.h"
"smalloc.h"
"vec.h"
"copyrite.h"
"statutil.h"
"tpxio.h"

"index.h"
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#include "xvgr.h"

#define ANINT(A) (double) (long) (((A)<0.0) ? ((A)-0.5) : ( (A)+0.5))
#define Pl 3.14159265358979323846264338

/I structure for output file

struct hydanalys {
double t, x, y, z, a, b, ¢;
} *hydallx;

struct hydanaly {

inta, b,c,d e f g hij kIl mn o p, qr aa bb, cc dd;
} *hydall;

/I start main here

int main(int argc,char *argv[])
{
static char *desc[] = {

"this is a small test program meant to serve as a template ",
"when writing your own analysis tools. The advantage of ",
"using gromacs for this is that you have access to all ",
“information in the topology, and your program will be ",
"able to handle all types of coordinates and trajectory ",
"files supported by gromacs. Go ahead and try it! ",
"This test version just writes the coordinates of an ",

“"arbitrary atom to standard out for each frame. You can "

"select which atom you want to examine with the -n argument.”

/I allocate memory for output here

hydallx = (struct hydanalys*) calloc(999999,sizeof(stru ct hydanalys));
hydall = (struct hydanaly*) calloc(999999,sizeof(struct hydanaly));

/I default value for rcut (hydration radius)
static real n=8.12;
/* Extra arguments - but note how you always get the begin/end
* options when running the program, without mentioning them here!
*
/I passing a value through -rcut and save as "n"
t_pargs paf] = {

{ "int", FALSE, etREAL, {&n},

“no input is required here, just pick P8 or P8E index"

/I define variables

t_topology top;
char title[STRLEN];

t_trxframe fr;
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rvec *xtop;

matrix box;

int status;

int flags = TRX_READ_X;

int *isize; Il size of index
char **grpnames; /I group name of index
atom_id **index; /I index values
int ij;

int number=0; /I counter
FILE *fp; /I output file
int lasttime; /I last timestep

t_filenm fam[] = {

{ efTPS, NULL, NULL, ffREAD }, /* this is for the topology */

{ ef TRX, "-f", NULL, ffREAD }, /* this is for the trajectory */

{ efNDX, NULL , NULL, ffOPTRD }, /* this is for index */

{ efXVG, "-0", "N_P_vector", ffOPTWR } /* this is for output i n xvg */
h

#define NFILE asize(fnm)

CopyRight(stderr,argv[0]);

/* This is the routine responsible for adding default option s,

* calling the X/motif interface, etc. */

parse_common_args(&argc,argv,PCA_CAN_TIME | PCA_CANEW,
NFILE,fnm,asize(pa),pa,asize(desc),desc,0,NULL);

/* We don't need any topology information to write the coordi nates,
* but to show how it works we start by writing the name and

* charge of the selected atom. It returns a boolean telling us

* whether the topology was found and could be read

*

read_tps_conf(ftp2fn(efTPS,NFILE,fnm),title, &top,&x top,NULL,box, TRUE);

sfree(xtop);

/I allocate memory for read variable using snew

int grNR=999999;

snew(grpnames,grNR);

snew(index,grNR);

snew(isize,grNR);

snew(fp,arNR);

/I getting index from -n
get_index(&(top.atoms),ftp2fn_null(efNDX,NFILE,fnm) ,1,isize,index,grpnames);
/* The first time we read data is a little special */
read_first_frame(&status,ftp2fn(efTRX,NFILE,fnm),&f r,flags);

[* This is the main loop over frames */

do {
j=0;
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int atom1=0;
int atom2=0;
int atom3=0;
int atom4=0;
double phiangle1=0;
double phiangle2=0;
double phiangle3=0;
double phiangle4=0;
double phiangle5=0;
double phiangle6=0;
double phiangle7=0;
double phiangle8=0;

/I calcute atom number for N after pick P

for(i = 0; (i < isize[0]); i++) {

int aa = index[O][i];
hydalllatoml].a = aa + 7 + 1;
hydalllatom1].b = aa + 9 + 1;
hydalllatoml].c = aa + 10 + 1,
hydallfatom1].d = aa + 11 + 1;
hydalllatoml].e = aa + 12 + 1;
hydallfatom1].f = aa + 13 + 1;
hydallfatoml].g = aa + 14 + 1;
hydallfatom1].h = aa + 15 + 1;
hydallfatom1].i = aa + 16 + 1;
hydallfatom1].j = aa + 17 + 1;
hydallfatom1].k = aa + 18 + 1;
hydallfatom1].l = aa + 19 + 1;
hydalllatom1]l.m = aa + 20 + 1;
hydallfatom1].n = aa + 21 + 1,
hydallfatom1].o = aa + 22 + 1,
hydallfatom1].p = aa + 23 + 1;
hydallfatom1].q = aa + 45 + 1,
hydallfatom1].r = aa + 46 + 1;

atoml++;

number++;

lasttime=fr.time;

} while(read_next_frame(status,&fr));

printf("%d %d %d %d\n",hydall[0].aa, hydall[0].bb, hydal
fp = xvgropen(opt2fn("-0",NFILE,fnm),

" "Time(ps)","Angle (degree)");

fprintf(fp,"[ c15 \n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].a);

}

fprintf(fp,"\n");

fprintf(fp,"[ 036 \n");
for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].b);
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B.1.4 Sn-2 Hydrocarbon Chain

*

*

}
fprintf(fp,"\n");

fprintf(fp,"[ 037 ]\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].c);

}

fprintf(fp,"\n");

fprintf(fp,"[ 038 \n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].d);

}

fprintf(fp,"\n");

fprintf(fp,"[ 039 ]\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].e);

}

fprintf(fp,"\n");

fprintf(fp,"[ 040 \n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].f);

}

fprintf(fp,"\n");

fprintf(fp,"[ 041 ]\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].g);

}

fprintf(fp,"\n");

fprintf(fp,"[ 042 \n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].h);

}

fprintf(fp,"\n");

fclose(fp);
thanx(stderr);

return 0;

$ld: template.c,v 1.4 2001/07/23 15:28:29 lindahl Exp $

This source code is part of

G R O

GROningen MAchine for Chemical Simulations

M

A

VERSION 3.0

C

S
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*

Copyright (c) 1991-2001
* BIOSON Research Institute, Dept. of Biophysical Chemistr y

*

University of Groningen, The Netherlands

*

This program is free software; you can redistribute it and/ or

*

modify it under the terms of the GNU General Public License

*

as published by the Free Software Foundation; either versi on 2

*

of the License, or (at your option) any later version.

* If you want to redistribute modifications, please conside r that

*

scientific software is very special. Version control is cr ucial -

*

bugs must be traceable. We will be happy to consider code for

*

inclusion in the official distribution, but derived work m ust not
be called official GROMACS. Details are found in the README & COPYING

*

*

files - if they are missing, get the official version at www. gromacs.org.

* To help us fund GROMACS development, we humbly ask that you dte
* the papers on the package - you can find them in the top README file.

* Do check out http://www.gromacs.org , or mail us at gromacs @gromacs.org .
* And Hey:
* Gyas ROwers Mature At Cryogenic Speed

*/

/* This line is only for CVS version info */

static char *SRCID_template_c = "$ld: template.c,v 1.4 200 1/07/23 15:28:29 lindahl Exp $";

#include “statutil.h"
#include "typedefs.h"
#include “smalloc.h”
#include "vec.h"
#include "copyrite.h"
#include "statutil.h”
#include "tpxio.h"
#include "index.h"
#include "xvgr.h"

#define ANINT(A) (double) (long) (((A)<0.0) ? ((A)-0.5) : ( (A)+0.5))
#define Pl 3.14159265358979323846264338
/I structure for output file
struct hydanalys {
double t, X, y, z, a, b, ¢
} *hydallx;
struct hydanaly {
inta, b, c d e fg hijk Il mn o p qr aa bb, cc dd;
} *hydall;

/I start main here

int main(int argc,char *argv[])

{
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static char *desc[] = {

"this is a small test program meant to serve as a template ",
"when writing your own analysis tools. The advantage of ",
“using gromacs for this is that you have access to all ",
“information in the topology, and your program will be ",
"able to handle all types of coordinates and trajectory ",
"files supported by gromacs. Go ahead and try it! ",
"This test version just writes the coordinates of an ",

“arbitrary atom to standard out for each frame. You can ",

"select which atom you want to examine with the -n argument.”

/I allocate memory for output here

I d

hydallx = (struct hydanalys*) calloc(999999,sizeof(stru ct hydanalys));
hydall = (struct hydanaly*) calloc(999999,sizeof(struct hydanaly));
efault value for rcut (hydration radius)

static real n=8.12;

/* Extra arguments - but note how you always get the begin/end
* options when running the program, without mentioning them here!
*

/I passing a value through -rcut and save as "n"

t_pargs paf] = {
{ ™int", FALSE, etREAL, {&n},
"no input is required here, just pick P8 or P8E index"

/I define variables

t_topology top;
char title[STRLEN];
t_trxframe fr;

rvec *xtop;

matrix box;

int status;

int flags = TRX_READ_X;

int *isize; Il size of index
char **grpnames; /I group name of index
atom_id **index; /I index values
int ij;

int number=0; /I counter
FILE *fp; 1l output file
int lasttime; /I last timestep

t_filenm fam[] = {

{ efTPS, NULL, NULL, ffREAD }, /* this is for the topology */

{ efTRX, "-f, NULL, ffREAD }, /* this is for the trajectory */

{ efNDX, NULL , NULL, ffOPTRD }, /* this is for index */

{ efXVG, "-0", "N_P_vector", ffOPTWR } /* this is for output i n xvg */
h

#define NFILE asize(fnm)
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CopyRight(stderr,argv[0]);

/* This is the routine responsible for adding default option S,
* calling the X/motif interface, etc. */

parse_common_args(&argc,argv,PCA_CAN_TIME | PCA_CANEW,
NFILE,fnm,asize(pa),pa,asize(desc),desc,0,NULL);

/* We don't need any topology information to write the coordi nates,
* but to show how it works we start by writing the name and

* charge of the selected atom. It returns a boolean telling us

* whether the topology was found and could be read

*

read_tps_conf(ftp2fn(efTPS,NFILE,fnm),title,&top,&x top,NULL,box, TRUE);
sfree(xtop);

/I allocate memory for read variable using snew

int grNR=999999;
snew(grpnames,grNR);
snew(index,grNR);
snew(isize,grNR);
snew(fp,grNR);

/I getting index from -n

get_index(&(top.atoms),ftp2fn_null(efNDX,NFILE,fnm) ,1,isize,index,grpnames);

/* The first time we read data is a little special */

read_first_frame(&status,ftp2fn(efTRX,NFILE,fnm),&f r.flags);

/* This is the main loop over frames */

do {
=0;

int atom1=0;
int atom2=0;
int atom3=0;
int atom4=0;
double phiangle1=0;
double phiangle2=0;
double phiangle3=0;
double phiangle4=0;
double phiangle5=0;
double phiangle6=0;
double phiangle7=0;
double phiangle8=0;

/I calcute atom number for N after pick P

for(i = 0; (i < isize[0]); i++) {

int aa = index[O][i];
hydalllatoml].a = aa + 7 + 1;
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hydalllatom1].b = aa + 9 + 1;

hydalllatom1].c = aa + 10 + 1;
hydallfatom1].d = aa + 11 + 1;
hydalllatoml].e = aa + 12 + 1;
hydallfatom1].f = aa + 13 + 1;
hydalllatom1].g = aa + 14 + 1;
hydallfatom1].h = aa + 15 + 1;
hydallfatom1].i = aa + 16 + 1;

hydallfatom1].j = aa + 17 + 1;

hydalllatom1].k = aa + 18 + 1;
hydallfatom1].l = aa + 19 + 1;
hydallfatom1].m = aa + 20 + 1;
hydallfatom1].n = aa + 21 + 1;
hydallfatom1].o = aa + 22 + 1;
hydallfatom1].p = aa + 23 + 1,
hydallfatom1].q = aa + 45 + 1;
hydallfatoml1].r = aa + 46 + 1;

atoml++;

number++;
lasttime=fr.time;
} while(read_next_frame(status,&fr));

/I open output "fp"

printf("%d %d %d %d\n",hydall[0].aa, hydall[0].bb, hydal 1[0].cc, hydall[0].dd);
fp = xvgropen(opt2fn("-0",NFILE,fnm),

" "Time(ps)","Angle (degree)");

fprintf(fp,"[ c15 \n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].a);

}

fprintf(fp,"\n");

fprintf(fp,"[ c17 J\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].b);

}

fprintf(fp,"\n");

fprintf(fp,"[ c18 \n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].c);

}

fprintf(fp,"\n");

fprintf(fp,"[ c19 J\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].d);

}

fprintf(fp,"\n");

fprintf(fp,"[ c20 \n");
for (i=0; i<isize[0]; i++) {
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fprintf(fp,"%6d", hydall[i].e);
}
fprintf(fp,"\n");

fprintf(fp,"[ c21 J\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].f);

}

fprintf(fp,"\n");

fprintf(fp,"[ c22 \n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].g);

}

fprintf(fp,"\n");

fprintf(fp,"[ c23 ]\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].h);

}

fprintf(fp,"\n");

fprintf(fp,"[ c24 \n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].i);

}

fprintf(fp,"\n");

fprintf(fp,"[ c25 J\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].j);

}

fprintf(fp,"\n");

fprintf(fp,"[ c26 \n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].k);

}

fprintf(fp,"\n");

fprintf(fp,"[ c27 J\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[il.l);

}

fprintf(fp,"\n");

fprintf(fp,"[ c28 1\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].m);

}

fprintf(fp,"\n");

fprintf(fp,"[ c29 1\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].n);

}

fprintf(fp,"\n");
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fprintf(fp,"[ ¢30 \n");
for (i=0; i<isize[0]; i++) {

fprintf(fp,"%6d", hydall[i].0);

}
fprintf(fp,"\n");

fprintf(fp,"[ c31 J\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].p);
}

fprintf(fp,"\n");

fprintf(fp,"[ ¢53 \n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].q);
}

fprintf(fp,"\n");

fprintf(fp,"[ c54 1\n");

for (i=0; i<isize[0]; i++) {
fprintf(fp,"%6d", hydall[i].r);
}

fprintf(fp,"\n");

fclose(fp);
thanx(stderr);

return O;

Appendix B

B.2 Lipid Tail Order Parameters

B.2.1 DPPC and DPPE

Ix

* $ld: template.c,v 1.4 2001/07/23 15:28:29 lindahl Exp $

*

*

*

*

*

*

*

*

*

*

This source code is part of

GROningen MAchine for Chemical Simulations

VERSION 3.0

Copyright (c) 1991-2001

BIOSON Research Institute, Dept. of Biophysical Chemistr
University of Groningen, The Netherlands

This program is free software; you can redistribute it and/
modify it under the terms of the GNU General Public License
as published by the Free Software Foundation; either versi

of the License, or (at your option) any later version.

y

or

on 2
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*

If you want to redistribute modifications, please conside r that

*

scientific software is very special. Version control is cr ucial -

*

bugs must be traceable. We will be happy to consider code for

* inclusion in the official distribution, but derived work m ust not
* be called official GROMACS. Details are found in the README & COPYING
* files - if they are missing, get the official version at www. gromacs.org.

*

To help us fund GROMACS development, we humbly ask that you de

*

the papers on the package - you can find them in the top README file.

*

Do check out http://www.gromacs.org , or mail us at gromacs @gromacs.org .

*

And Hey:
Gyas ROwers Mature At Cryogenic Speed

*

*/

/* This line is only for CVS version info */

static char *SRCID_template_c = "$ld: template.c,v 1.4 200 1/07/23 15:28:29 lindahl Exp $";

#include "statutil.h"
#include "typedefs.h"
#include “"smalloc.h”
#include "vec.h"
#include "copyrite.h"
#include “statutil.h”
#include "tpxio.h"
#include "index.h"
#include "xvgr.h"

#define ANINT(A) (double) (long) (((A)<0.0) ? ((A)-0.5) : ( (A)+0.5))
#define Pl 3.14159265358979323846264338

struct hydanaly {

int t, X, z, XX, zz, Xy, zy, XXy, zzy;

double a, b, c, d, e, f, g, h, aa, bb, cc, dd, ee, ff, gg, hh;
} *hydall;

struct propb {
double a, b, c, d, e, f, g, h, aa, bb, cc, dd, ee, ff, gg, hh;
} mtraj;

/I start main here

int main(int argc,char *argv[])
{

static char *desc[] = {
"this is a small test program meant to serve as a template ",
"when writing your own analysis tools. The advantage of ",
“using gromacs for this is that you have access to all ",
“information in the topology, and your program will be ",
"able to handle all types of coordinates and trajectory ",
"files supported by gromacs. Go ahead and try it! ",
"This test version just writes the coordinates of an ",

“arbitrary atom to standard out for each frame. You can ",

"select which atom you want to examine with the -n argument.”
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hydall = (struct hydanaly*) calloc(999999,sizeof(struct hydanaly));
/I default value for rcut (hydration radius)

static real n=8.12;

/* Extra arguments - but note how you always get the begin/end

* options when running the program, without mentioning them here!

*
/I passing a value through -rcut and save as "n"

t_pargs pa[] = {

{ "-int", FALSE, etREAL, {&n},
"no input is required here, just pick P8 or P8E index"

/I define variables

t_topology top;

char title[STRLEN];

t_trxframe fr;

rvec *xtop;

matrix box;

int status;

int flags = TRX_READ_X;

int *isize; Il size of index
char **grpnames; /I group name of index
atom_id **index; /I index values
int ij,k;

int number=0; /I counter

int sn1=16;

int sn2=16;

double rsquare = 0.5795015625;

FILE *p; /I output file
int lasttime; /I last timestep

t_filenm fam[] = {

{ efTPS, NULL, NULL, ffREAD }, /* this is for the topology */

{ efTRX, "', NULL, ffREAD }, /* this is for the trajectory */

{ efNDX, NULL , NULL, ffOPTRD }, /* this is for index */

{ efXVG, "-0", "N_P_vector", fOPTWR } /* this is for output i n xvg */
h

#define NFILE asize(fnm)

CopyRight(stderr,argv[0]);

/* This is the routine responsible for adding default option S,

* calling the X/motif interface, etc. */

parse_common_args(&argc,argv,PCA_CAN_TIME | PCA_CANEW,
NFILE,fnm,asize(pa),pa,asize(desc),desc,0,NULL);

/* We don't need any topology information to write the coordi nates,
* but to show how it works we start by writing the name and
* charge of the selected atom. It returns a boolean telling us
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* whether the topology was found and could be read
*

read_tps_conf(ftp2fn(efTPS,NFILE,fnm),title, &top,&x top,NULL,box, TRUE);

sfree(xtop);
/I allocate memory for read variable using snew

int grNR=999999;
snew(grpnames,grNR);
snew(index,grNR);
snew(isize,grNR);
snew(fp,grNR);

/I getting index from -n
printf("****+***pPlegse select phosphorus atom P of both t op and bottom leaflet ¥ ixkiix\nt).
get_index(&(top.atoms),ftp2fn_null(efNDX,NFILE,fnm) ,2,isize,index,grpnames);

/* The first time we read data is a little special */
read_first_frame(&status,ftp2fn(efTRX,NFILE,fnm),&f r.flags);
/* This is the main loop over frames */

traj = (struct propb**) calloc(999999,sizeof(struct prop b*));
if(traj == NULL) { fprintf(stderr,"ERROR: cannot allocate memory for traj\n");
exit(1); }

for(i=0; i<100; i++) {

traj[i] = (struct propb*) calloc(999999,sizeof(struct pr opb));

if(traj[i] == NULL) { fprintf(stderr,"ERROR: cannot alloc ate memory for traj*\n");
exit(1); }

}

do {

int aa ;
int bb ;
int cc ;
int aaa ;
int bbb ;
int ccc ;
int ddd ;

/I long tail index

int newindex([isize[0]];

for(j = 0; (j < isize[0]); j++) {
newindex[j] = O;

/I short tail index

int newindex2[isize[0]];

for( = 0; (j < isize[Q]); j++) {
newindex2[j] = 0;

/I long tail close to palmitate //
int countlip = 0O;
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for( = 0; (j < isize[0]); j++) {
/lint aaa = newindex([j];

int aaa = index[0][j];

if (aaa > 0){
for(i = 0; (i < snl1-2); i++) {

if (i==0){
bbb = aaa + 7 + i
ccc = bbb + 3;
ddd = ccc - 1;

}

else if (i>0 && i<14){
bbb = aaa + 8 + i
ccc = bbb + 2;
ddd = ccc - 1;

}

else if (i==14) {
bbb = aaa + 8 + i

ccc = bbb + 23;
ddd = bbb + 1;
}
elsef

bbb = aaa + 8 + i;
ccc = bbb + 23;
ddd = ccc - 1;

/I vector between 1 and 3

double zzx = fr.x[bbb][XX] - fr.x[ccc][XX];
double zzy = fr.x[bbb][YY] - fr.x[ccc][YY];
double zzz = fr.x[bbb][ZZ] - fr.x[ccc][ZZ];

zzx -= fr.oox[XX][XX] * ANINT(L / fr.oox[XX][XX] * zzx);
zzy -= fr.oox[YY][YY] * ANINT(1 / fr.box[YY][YY] * zzy);
zzz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * zzz);

double zrr = zzx * zzx + zzy * zzy + 77z * 77Z;

double hzrr = 1.0 / sqrt(zrr);
double zux = zzx * hazrr;
double zuy = zzy * hazrr;
double zuz = zzz * hzrmr;

Ilprintf("%g %g %g\n",zux, zuy, zuz);

/I vector between 1 and 2

double xxx = fr.x[bbb][XX] - fr.x[ddd][XX];
double xxy = fr.x[bbb][YY] - fr.x[ddd][YY];
double xxz = fr.x[bbb][zZ] - fr.x[ddd][ZZ];

xxx -= fr.oox[XX][XX] * ANINT(1 / fr.oox[XX][XX] * xxx);
xxy -= fr.box[YY][YY] * ANINT(1 / fr.oox[YY][YY] * xxy);
xxz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * xxz);

double XIr = XXX * XXX + XXy * XXy + XXZ * XXzZ;
double hxrr = 1.0 / sqrt(xrr);

double xux = xxx * hxrr;

double xuy = xxy * hxrr;
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double xuz = xxz * hxir;

Ilprintf("%g %g %g\n",xux, Xuy, xuz);

/I dot product

double dott = zux *

/I scale vector

double szx
double szy
double szz

dott *
dott *
dott *

/I subtract vector

double mxx = xux -

double mxy

double mxz

/I unit vector

Xuy -

Xuz -

double mrr = mxx *

XUX + zuy * xuy + zuz * xuz;

Zux;
zuy;

zuz;

szX;
szy;

szz;

mxx + mxy * mxy + mxz * mxz;

double mxrr = 1.0 / sqrt(mrr);

double mux = mxx * mxir;

double muy = mxy * mxrr;

double muz = mxz * mxrr;

/I cross vector

double crx = muy * zuz - zuy * muz;

double cry = zux * muz - mux * zuz;

double crz = mux * zuy - zux * muy;

double crr = crx * crx + cry * cry + crz * crz;

double ccrr = 1.0 / sqrt(crr);

double cux = crx * ccrr;

double cuy = cry * ccrr;

double cuz = crz * ccrr;

Ilprintf("%g %g %g\n",crx, cry, crz);

double scxx =

double scyy

0.5 *
05 *

(3 * cuz * cuz -1);

(3 * muz * muz -1);

double sczz = 0.5 * (3 * zuz * zuz -1);

double scd = (2 * scyy + scxx) / 3;

lprintf("%g %g %g %g\n",scxx,scyy,sczz,scd);

hydallfil.a += scd;

lprintf("%g %g %g\n",sxx,syy,hydall[il.y);

}

countlip++;

hydall[0].t = countlip;
[lprintf("%d \n",hydall[0].t);

}
}

for(i = 0; (i < sn1-2); i++) {

double dump = hydallfil.a / hydall[0].t;
trajfij[number].a = dump;

[lprintf("%g \n",traj[ij[number].z);

/Ishort tail close to palmitate//

Appendix B

301



Sukit Leekumjorn Appendix B 302

int countlip2 = 0;

for(j = 0; (j < isize[0]); j++) {
/lint aaa = newindex2[j];
int aaa = index[1][j];

if (aaa > 0){
for(i = 0; (i < sn2-2); i++) {
if (i==0){
bbb = aaa + 26 + i;
ccc = bbb + 3;
ddd = ccc - 1;
}
else {
bbb = aaa + 27 + i;
ccc = bbb + 2;
ddd = ccc - 1,
}

/I vector between 1 and 3

double zzx = fr.x[bbb][XX] - fr.x[ccc][XX];
double zzy = fr.x[bbb][YY] - frx[ccc][YY];
fr.x[bbb][zZ] - fr.x[ccc][ZZ];

double zzz

zzx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * zzx);
zzy -= fr.box[YY][YY] * ANINT(L / fr.box[YY][YY] * zzy);
zzz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * zzz);

double zrr = zzx * zzx + zzy * zzy + zzz * 77Z;

double hzrr = 1.0 / sqrt(zrr);
double zux = zzx * hzrr;
double zuy = zzy * hzrr;
double zuz = zzz * hazrr;

Ilprintf("%g %g %g\n",zux, zuy, zuz);

/I vector between 1 and 2

double xxx = fr.x[bbb][XX] - fr.x[ddd][XX];
double xxy = fr.x[bbb][YY] - fr.x[ddd][YY];
frx[bbb][zZ] - fr.x[ddd][ZZ];

double xxz

xxx -= fr.oox[XX][XX] * ANINT(L / fr.box[XX][XX] * xxx);
xxy -= fr.oox[YY][YY] * ANINT(L / fr.oox[YY][YY] * xxy);
xxz -= fr.box[ZZ][2Z] * ANINT(1 / fr.box[ZZ][ZZ] * xxz);

double Xrr = Xxxx * XXX + XXy * XXy + XXz * XXz;

double hxrr = 1.0 / sqrt(xrr);

double xux = xxx * hxrr;

double xuy = xxy * hxrr;

double xuz = xxz * hxrr;

Ilprintf("%g %g %g\n",xux, Xxuy, xuz);

/I dot product

double dott = zux * xux + zuy * xuy + zuz * xuz;

/I scale vector
double szx = dott * zux;

double szy = dott * zuy;
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double szz = dott * zuz;

/I subtract vector
double mxx = xux - szx;
double mxy = xuy - szy;

double mxz = xuz - szz;

/I unit vector

double mrr = mxx * mxx + mxy * mxy + mxz * mxz;
double mxrr = 1.0 / sqrt(mrr);

double mux = mxx * mxrr;

double muy = mxy * mxrr;

double muz = mxz * mxir;

/I cross vector
double crx = muy * zuz - zuy * muz;
double cry = zux * muz - mux * zuz,

double crz = mux * zuy - zux * muy;

double crr = crx * crx + cry * cry + crz * crz;
double ccrr = 1.0 / sqrt(crr);

double cux = crx * ccrr;

double cuy = cry * ccrr;

double cuz = crz * ccrr;

[lprintf("%g %g %g\n",crx, cry, crz);

double scxx = 0.5 * (3 * cuz * cuz -1);
double scyy = 0.5 * (3 * muz * muz -1);
double sczz = 0.5 * (3 * zuz * zuz -1);
double scd = (2 * scyy + scxx) / 3;
hydallfil.c += scd;

}

countlip2++;

hydall[2].t = countlip2;
Hlprintf("%d \n",hydall[0].t);
}

}
for(i = 0; (i < sn2-2); i++) {

double dump = hydallfi].c / hydall[2].t;
traj[ij[number].c = dump;
lprintf("%g \n" traj[ij[number].z);

int newindex3][isize[0]];
for( = 0; (j < isize[0]); j++) {

newindex3[j] = index[0][j]-newindex2[j];

number++;

/I printf("%g %g\n",phianglel/atomtop*180/PI, phiangle
lasttime=fr.time;

/*  hydall[0].t=fr.time; */

hydall[5].t=number;

11 printf("%d\n",hydall[0].t);

2/atombot*180/PI;
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Hitiiiiclear save data//lilii M
for(j = 0; (j < sn1-2); j++) {
hydall[jj.a = 0;
Ilhydallfjl.b = 0;

for(j = 0; (j < sn2-2); j++) {
hydallfj].c = 0;
Ilhydallfjl.d = 0;

} while(read_next_frame(status,&fr));

for(i = 0; (i < sn1-2); i++) {
for( = 0; (j < hydall[5].t); j++) {
hydall[il.aa += traj[i][j].a;
/lhydall[il.bb +=traj[i][j].b;

for(i = 0; (i < sn2-2); i++) {
for( = 0; (j < hydall[5].t); j++) {
hydallfil.cc += traj[i][j].c;
IIhydallfil.dd  +=traji][j].d;

}
fp = xvgropen(opt2fn("-0",NFILE,fnm),
" "Angle (degree)","Normalized angle distribution");

fprintf(fp, “long tail order parameters near and far from pa Imitate\n");
for(i = 0; (i < sn1-2); i++) {

hydall[ij.aa = hydall[ij.aa / hydall[5].t;

fprintf(fp, "%d %g \n"i+1, -hydall[i].aa);
}
fprintf(fp, "short tail order parameters near and far from p almitate\n");
for(i = 0; (i < sn2-2); i++) {

hydall[il.cc = hydall[il.cc / hydall[5].t;

fprintf(fp, "%d %g \n"i+1, -hydall[i].cc);

fclose(fp);
thanx(stderr);

return 0;

B.2.2 POPC, POPE, and DOPC

1
* $ld: template.c,v 1.4 2001/07/23 15:28:29 lindahl Exp $

*

* This source code is part of

*

* G R O M A C s
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*

*

*

*

*

*

*

GROningen MAchine for Chemical Simulations

VERSION 3.0

Copyright (c) 1991-2001
BIOSON Research Institute, Dept. of Biophysical Chemistr y
University of Groningen, The Netherlands

This program is free software; you can redistribute it and/ or
modify it under the terms of the GNU General Public License

as published by the Free Software Foundation; either versi on 2
of the License, or (at your option) any later version.

* If you want to redistribute modifications, please conside r that
* scientific software is very special. Version control is cr ucial -
* bugs must be traceable. We will be happy to consider code for

*

*

*

*

*

*

*

*

*

inclusion in the official distribution, but derived work m ust not
be called official GROMACS. Details are found in the README & COPYING

files - if they are missing, get the official version at www. gromacs.org.

To help us fund GROMACS development, we humbly ask that you dte
the papers on the package - you can find them in the top README file.

Do check out http://www.gromacs.org , or mail us at gromacs @gromacs.org .

And Hey:
Gyas ROwers Mature At Cryogenic Speed

/* This line is only for CVS version info */

static char *SRCID_template_c = "$Id: template.c,v 1.4 200 1/07/23 15:28:29 lindahl Exp $";

#include
#include
#include
#include
#include
#include
#include
#include

#include

“statutil.h"
“typedefs.h"
"smalloc.h"
"vec.h"
"copyrite.h"
"statutil.h"
“tpxio.h"
"index.h"

"xvgr.h"

#define ANINT(A) (double) (long) (((A)<0.0) ? ((A)-0.5) : ( (A)+0.5))
#define Pl 3.14159265358979323846264338

/I structure for output file

IIstruct hydanalys {

/I int t,

X, y,a b,c defg hijklmnopar

11} *hydallx;

struct hydanaly {

int t, X, z, XX, 2z, Xy, zy, XXy, zzy;

double a, b, c, d, e, f, g, h, aa, bb, cc, dd, ee, ff, gg, hh;
} *hydall;
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struct propb {
double a, b, ¢, d, e, f, g, h, aa, bb, cc, dd, ee, ff, gg, hh;

} raj;

/I start main here

int main(int argc,char *argv[])

{

static char *desc[] = {
“this is a small test program meant to serve as a template ",
"when writing your own analysis tools. The advantage of ",
"using gromacs for this is that you have access to all ",
“"information in the topology, and your program will be ",
"able to handle all types of coordinates and trajectory ",
“files supported by gromacs. Go ahead and try it! ",
"This test version just writes the coordinates of an ",

“arbitrary atom to standard out for each frame. You can ",

"select which atom you want to examine with the -n argument.”
/I allocate memory for output here

/I hydallx = (struct hydanalys*) calloc(999999,sizeof(st ruct hydanalys));

hydall = (struct hydanaly*) calloc(999999,sizeof(struct hydanaly));

/I default value for rcut (hydration radius)
static real n=8.12;
/* Extra arguments - but note how you always get the begin/end
* options when running the program, without mentioning them here!
*
/I passing a value through -rcut and save as "n"
t_pargs pa[] = {

{ "int", FALSE, etREAL, {&n},

"no input is required here, just pick P8 or P8E index"

/I define variables

t_topology top;
char title[STRLEN];
t_trxframe fr;

rvec *xtop;

matrix box;

int status;

int flags = TRX_READ_X;

int *isize; Il size of index

char **grpnames; /I group name of index
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atom_id **index; /I index values
int ij.k;

int number=0; /I counter

int sn1=18;

int sn2=18;

double rsquare = 0.5795015625;

FILE *p; /I output file

int lasttime; /I last timestep

t_filenm fam[] = {

{ efTPS, NULL, NULL, ffREAD }, /* this is for the topology */

{ efTRX, "', NULL, ffREAD }, /* this is for the trajectory */

{ efNDX, NULL , NULL, ffOPTRD }, /* this is for index */

{ efXVG, "-0", "N_P_vector", fOPTWR } /* this is for output i n xvg */
h

#define NFILE asize(fnm)

CopyRight(stderr,argv[0]);

[* This is the routine responsible for adding default option S,
* calling the X/motif interface, etc. */

parse_common_args(&argc,argv,PCA_CAN_TIME | PCA_CANEW,
NFILE,fnm,asize(pa),pa,asize(desc),desc,0,NULL);

/* We don't need any topology information to write the coordi nates,
* but to show how it works we start by writing the name and

* charge of the selected atom. It returns a boolean telling us

* whether the topology was found and could be read

*

read_tps_conf(ftp2fn(efTPS,NFILE,fnm),title, &top,&x top,NULL,box, TRUE);

sfree(xtop);

/I allocate memory for read variable using snew

int grNR=999999;

snew(grpnames,grNR);

snew(index,grNR);

snew(isize,grNR);

snew(fp,grNR);

llfor(i = 0; (i < 181); i++){

/I hydall[i].x = 0;

I}y

/I getting index from -n

printf("*********Please select phosphorus atom P of both t op and bottom leaflet****xxsx\n"),
get_index(&(top.atoms),ftp2fn_null(efNDX,NFILE,fnm) ,2,isize,index,grpnames);
/* The first time we read data is a little special */
read_first_frame(&status,ftp2fn(efTRX,NFILE,fnm),&f r.flags);

/* This is the main loop over frames */

traj = (struct propb**) calloc(999999,sizeof(struct prop b*));
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if(traj == NULL) { fprintf(stderr,"ERROR: cannot allocate memory for traj\n");
exit(1); }
for(i=0; i<100; i++) {
traj[i] = (struct propb*) calloc(999999,sizeof(struct pr oph));
if(traj[i] == NULL) { fprintf(stderr,"ERROR: cannot alloc ate memory for traj*\n");
exit(1); }
}

do {
int aa ;
int bb ;
int cc ;
int aaa ;
int bbb ;
int ccc ;
int ddd ;

I first tail up //
int countlip = 0;

for( = 0; (j < isize[0]); j++) {
/lint aaa = newindex([j];

int aaa = index[O][j];

if (aaa > 0){
for(i = 0; (i < snl1-2); i++) {
(i==0){
bbb = aaa + 7 + i;
ccc = bbb + 3;
ddd = ccc - 1;

}

else if (>0 && i<14){
bbb = aaa + 8 + i;
ccc = bbb + 2;
ddd = ccc - 1;

}

else if (i==14) {
bbb = aaa + 8 + i;
ccc = bbb + 23;

ddd = bbb + 1;

}

elsef
bbb = aaa + 8 + j;
ccc = bbb + 23;
ddd = ccc - 1;

}

/I vector between 1 and 3

double zzx = fr.x[bbb][XX] - fr.x[ccc][XX];
double zzy = fr.x[bbb][YY] - frx[ccc][YY];
double zzz = fr.x[bbb][ZZ] - fr.x[ccc][ZZ];

zzx -= fr.box[XX][XX] * ANINT(L / fr.box[XX][XX] * zzx);
zzy -= fr.box[YY][YY] * ANINT(L / fr.box[YY][YY] * zzy);

zzz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[2Z][ZZ] * zzz),

double zrr = zzx * zzx + zzy * zzy + zzz * 77Z;
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hzrr = 1.0 / sqrt(zrr);
zZux = zzx * hzrr;
zuy = zzy * hzrm;

zuz = zzz * hzr;

Ilprintf("%g %g %g\n",zux, zuy, zuz);

/I vector between 1 and 2

double
double
double

XXX -=
XXy -=

XXZ -=

double

double
double
double
double

xxx = fr.x[bbb][XX] - fr.x[ddd][XX];
xxy = fr.x[bbb][YY] - fr.x[ddd][YY];
xxz = fr.x[bbb][ZZ] - fr.x[ddd][ZZ];

fr.box[XX][XX] * ANINT(1 / fr.oox[XX][XX] * xxx);
fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * xxy);
fr.box[ZZ][zZ] * ANINT(1 / fr.box[ZZ][ZZ] * xxz);

XIT = XXX * XXX + XXy * XXy + XXZ * XXz;

hxrr = 1.0 / sqrt(xrr);
Xux = Xxx * hxrr;
xuy = xxy * hxrr;

Xuz = xxz * hxrr;

Ilprintf("%g %g %g\n",xux, Xxuy, xuz);

/I dot product

double

dott = zux * xux + zuy * xuy + zuz * xuz;

/I scale vector

double
double
double

szx = dott * zux;
szy = dott * zuy;

szz = dott * zuz;

/I subtract vector

double
double
double

MXX = XUX - SZX;
mxy = xuy - szy;

MXz = Xuz - szz;

/I unit vector

double
double
double
double
double

mrr = mxx * mxx + mxy * mxy + mxz * mxz;
mxrr = 1.0 / sqrt(mrr);

mux = mxx * mxrr;

muy = mxy * mxir;

muz = mxz * mxir;

/I cross vector

double
double
double

double
double
double
double
double

[lprintf(*

double
double
double

crx = muy * zuz - zuy * muz;
cry = zux * muz - mux * zuz,

Crz = mux * zuy - zux * muy;

crr = crx * crx + cry * cry + crz * crz;
ccrr = 1.0 / sqrt(crr);

cux = crx * ccrr;

cuy = cry * ccrr;

cuz = crz * ccrr,

%g %g %g\n",crx, cry, crz);

scxx = 0.5 * (3 * cuz * cuz -1);
scyy = 0.5 * (3 * muz * muz -1);

sczz = 0.5 * (3 * zuz * zuz -1);
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double scd = (2 * scyy + scxx) / 3;
Ilprintf("%g %g %g %g\n",scxx,scyy,sczz,scd);
hydall[ij.a += scd;
lprintf("%g %g %g\n",sxx,syy,hydall[il.y);

}

countlip++;

hydall[0].t = countlip;
Ilprintf(*%d \n",hydall[0].t);
}

}
for(i = 0; (i < sn1-2); i++) {

double dump = hydallfil.a / hydall[0].t;
traj[i][number].a = dump;
[lprintf("%g \n"traj[ij[number].a);
Ilsecond tail up//
int countlip2 = 0;
for( = 0; (j < isize[0]); j++) {

/lint aaa = newindex2[j];

int aaa = index[0][j];

if (aaa > 0){
for(i = 0; (i < sn2-2); i++) {
if (i==0){
bbb = aaa + 26 + i
ccc = bbb + 3;
ddd = ccc - 1;
}
else {
bbb = aaa + 27 + i;
ccc = bbb + 2;
ddd = ccc - 1;
}

1l vector between 1 and 3

frx[bbb][XX] - fr.x[ccc][XX];
double zzy = fr.x[bbb][YY] - fr.x[ccc][YY];
double zzz = fr.x[bbb][zZ] - fr.x[ccc][ZZ];

double zzx

zzx -= fr.oox[XX][XX] * ANINT(L / fr.oox[XX][XX] * zzx);
zzy -= fr.oox[YY][YY] * ANINT(1 / fr.oox[YY][YY] * zzy);
zzz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * zzz);

double zrr = zzx * zzx + zzy * zzy + 77z * 77Z;

double hzrr = 1.0 / sqrt(zrr);
double zux = zzx * hazrr;
double zuy = zzy * hazrr;
double zuz = zzz * hzrmr;

[lprintf("%g %g %g\n",zux, zuy, zuz);

/I vector between 1 and 2
double xxx = fr.x[bbb][XX] - fr.x[ddd][XX];
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xxy = fr.x[bbb][YY] - fr.x[ddd][YY];
xxz = fr.x[bbb][zZ] - fr.x[ddd][ZZ];

fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * xxx);
fr.box[YY][YY] * ANINT(1 / fr.oox[YVY][YY] * xxy);
fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * xxz);

XIT = XXX * XXX + XXy * XXy + XXz * XXz;

hxrr = 1.0 / sqrt(xrr);
XUX = XXX * hxrr;
Xuy = xxy * hxrr;

Xuz = xxz * hxrr;

Ilprintf("%g %g %g\n",xux, Xuy, xuz);

/I dot product

double

dott = zux * xux + zuy * xuy + zuz * xuz;

/I scale vector

double
double
double

szx = dott * zux;
szy = dott * zuy;

szz = dott * zuz;

/I subtract vector

double
double
double

MXX = XuUX - SZX;
mxy = Xxuy - szy;

mxz = Xuz - szz;

/I unit vector

double
double
double
double
double

mrr = mxx * mxx + mxy * mxy + mxz * mxz;
mxrr = 1.0 / sqrt(mrr);

mux = mxx * mxir;

muy = mxy * mxrr;

muz = mxz * mxrr;

/I cross vector

double
double
double

double
double
double
double
double

double
double
double
double

crx = muy * zuz - zuy * muz,
Cry = zux * muz - mux * zuz;

Crz = mux * zuy - zux * muy;

CIT = CIX * crx + cry * cry + crz * crz,
ccrr = 1.0 / sqrt(crr);

cux = crx * ccrr,

cuy = cry * ccrr;

cuz = crz * ccrr;

scxx = 0.5 * (3 * cuz * cuz -1);
scyy = 0.5 * (3 * muz * muz -1);
sczz = 0.5 * (3 * zuz * zuz -1);
scd = (2 * scyy + scxx) / 3;

hydallfil.c += scd;

}

countlip2++;

hydall[2].t = countlip2;
lprintf("%d \n",hydall[0].t);
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}
for(i = 0; (i < sn2-2); i++) {

double dump = hydallfil.c / hydall[2].t;
trajij[number].c = dump;
Ilprintf("%g \n"traj[i][number].c);

/I first tail down //
int countlipl = O;

for( = 0; (j < isize[1]); j++) {
/lint aaa = newindex][j];

int aaa = index[1][j];

if (aaa > 0){
for(i = 0; (i < sn1-2); i++) {

if (i==0){
bbb = aaa + 7 + i;
ccc = bbb + 3;
ddd = ccc - 1;

}

else if (>0 && i<14){
bbb = aaa + 8 + i
ccc = bbb + 2;
ddd = ccc - 1,

}

else if (i==14) {
bbb = aaa + 8 + i
ccc = bbb + 23;
ddd = bbb + 1;

elsef
bbb = aaa + 8 + i
ccc = bbb + 23;
ddd = ccc - 1,

/I vector between 1 and 3

double zzx = fr.x[bbb][XX] - fr.x[ccc][XX];
double zzy = fr.x[bbb][YY] - fr.x[ccc][YY];
double zzz = fr.x[bbb][ZZ] - fr.x[ccc][ZZ];

zzx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * zzx);
zzy -= fr.box[YY][YY] * ANINT(L / fr.box[YY][YY] * zzy);
zzz -= fr.box[Z2Z][ZZ] * ANINT(1 / fr.box[Z2Z][ZZ] * zzz),

double zrr = zzx * zzx + zzy * zzy + zzz * 77Z;

double hzrr = 1.0 / sqrt(zrr);

double zux = zzx * hzrr;

double zuy = zzy * hzrr;

double zuz = zzz * hazrr;
Ilprintf("%g %g %g\n",zux, zuy, zuz);

/I vector between 1 and 2
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xxx = fr.x[bbb][XX] - fr.x[ddd][XX];
xxy = fr.x[bbb][YY] - fr.x[ddd][YY];
xxz = fr.x[bbb][ZZ] - fr.x[ddd][ZZ];
fr.box[XX][XX] * ANINT(1 / fr.oox[XX][XX] * xxx);

fr.box[YYI[YY] * ANINT(1 / frbox[YYI[YY] * xxy);
fr.box[ZZ][zZ] * ANINT(1 / fr.box[ZZ][ZZ] * xxz);

XIT = XXX * XXX + XXy * XXy + XXz * XXzZ;

hxrr = 1.0 / sqrt(xrr);
XUX = XXX * hxrr;
xuy = xxy * hxrr;

xuz = xxz * hxrr;

[lprintf("%g %g %g\n",xux, xuy, xuz);

/I dot product

double

dott = zux * xux + zuy * xuy + zuz * xuz;

/I scale vector

double
double
double

szx = dott * zux;
szy = dott * zuy;

szz = dott * zuz;

/I subtract vector

double
double
double

MXX = XUX - SZX;
mxy = Xuy - szy;

MXz = Xuz - szz;

/I unit vector

double
double
double
double
double

mrr = mxx * mxx + mxy * mxy + mxz * mxz;
mxrr = 1.0 / sqrt(mrr);

mux = mxx * mxirr;

muy = mxy * mxrr;

muz = mxz * mxirr;

/I cross vector

double
double
double

double
double
double
double
double

CcrX = muy * zuz - zuy * muz;
cry = zux * muz - mux * zuz;

Crz = mux * zuy - zux * muy;

crr = crx * crx + cry * cry + crz * crz;
ccrr = 1.0 / sqrt(crr);

Cux = crx * ccrr;

cuy = cry * ccrr;

cuz = crz * ccrr;

[lprintf("%g %g %g\n",crx, cry, crz);

double
double
double
double

scxx = 0.5 * (3 * cuz * cuz -1);
scyy = 0.5 * (3 * muz * muz -1);
sczz = 0.5 * (3 * zuz * zuz -1);

scd = (2 * scyy + scxx) / 3;

Ilprintf("%g %g %g %g\n",scxx,scyy,sczz,scd);
hydall[i.b += scd;

lprintf("%g %g %g\n",sxx,syy,hydall[il.y);

}

countlipl++;
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hydall[1].t = countlipl;
lprintf("%d \n",hydall[0].t);
}

}
for(i = 0; (i < sn1-2); i++) {

double dump = hydall[il.b / hydall[1].t;
traj[i][number].b = dump;
[lprintf("%g \n"traj[ij[number].b);
IIsecond tail down//
int countlip4 = 0;
for( = 0; (j < isize[1]); j++) {

/lint aaa = newindex2[j];
int aaa = index[1][j];

if (aaa > 0){
for(i = 0; (i < sn2-2); i++) {
if (i==0){
bbb = aaa + 26 + i;
ccc = bbb + 3;
ddd = ccc - 1;
}
else {
bbb = aaa + 27 + i;
ccc = bbb + 2;
ddd = ccc - 1;
}

/I vector between 1 and 3
double zzx = fr.x[bbb][XX] - fr.x[ccc][XX];
double zzy = fr.x[bbb][YY] - fr.x[ccc][YY];
double zzz = fr.x[bbb][ZZ] - fr.x[ccc][ZZ];

zzx -= fr.oox[XX][XX] * ANINT(1 / fr.box[XX][XX] * zzx);
zzy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * zzy);
zzz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * zzz);

double zrr = zzx * zzx + zzy * zzy + 7727 * 777

double hzrr = 1.0 / sqrt(zrr);
double zux = zzx * hazrr;
double zuy = zzy * hzrr;
double zuz = zzz * hazrr;

[lprintf("%g %g %g\n",zux, zuy, zuz);

/I vector between 1 and 2

double xxx = fr.x[bbb][XX] - fr.x[ddd][XX];
double xxy = fr.x[bbb][YY] - fr.x[ddd][YY];
double xxz = fr.x[bbb][ZZ] - fr.x[ddd][ZZ];

xxx -= fr.oox[XX][XX] * ANINT(1 / fr.oox[XX][XX] * xxx);
xxy -= fr.oox[YY][YY] * ANINT(1 / fr.oox[YY][YY] * xxy);

xxz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * xxz);

double xrr = xxx * xxx + XXy * xxy + Xxz * Xxxz;
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double hxrr = 1.0 / sqrt(xrr);
double xux = xxx * hxrr;
double xuy = xxy * hxrr;
double xuz = xxz * hxrr;

[lprintf("%g %g %g\n",xux, xuy, xuz);

/I dot product
double dott = zux * xux + zuy * xuy + zuz * xuz;

/I scale vector

double szx = dott * zux;
double szy = dott * zuy;
double szz = dott * zuz;

/I subtract vector

double mxx = xux - szx;
double mxy = xuy - szy;
double mxz = xuz - szz;

/I unit vector

double mrr = mxx * mxx + mxy * mxy + mxz * mxz;
double mxrr = 1.0 / sqrt(mrr);

double mux = mxx * mxir;

double muy = mxy * mxrr;

double muz = mxz * mxrr;

/I cross vector
double crx = muy * zuz - zuy * muz,
double cry = zux * muz - mux * zuz;

double crz = mux * zuy - zux * muy;

double crr = crx * crx + cry * cry + crz * crz;
double ccrr = 1.0 / sqrt(crr);

double cux = crx * ccrr;

double cuy = cry * ccrr;

double cuz = crz * ccrr;

[lprintf("%g %g %g\n",crx, cry, crz);

double scxx = 0.5 * (3 * cuz * cuz -1);
double scyy = 0.5 * (3 * muz * muz -1);
double sczz = 0.5 * (3 * zuz * zuz -1);
double scd = (2 * scyy + scxx) / 3;
Ilprintf("%g %g %g %g\n",scxx,scyy,sczz,scd);
hydall[i].d += scd;
Ilprintf("%g %g %g\n",sxx,syy,hydall[i].y);

}

countlip4++;

hydall[3].t = countlip4;
Ilprintf("%d \n",hydall[0].t);
}

}
for(i = 0; (i < sn2-2); i++) {

double dump = hydallfi].d / hydall[3].t;
traj[ij[number].d = dump;
Ilprintf("%g \n"traj[i][number].d);
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number++;

/I printf("%g %g\n",phianglel/atomtop*180/PI, phiangle 2/atombot*180/PI;
lasttime=fr.time;

/*  hydall[0].t=fr.time; */

hydall[5].t=number;

11 printf("%d\n",hydall[0].t);

Hiiiiclear save data//liliiig s
for(j = 0; (j < sn1-2); j++) {
hydallfjj.a = 0;
hydallfj].b = 0;

for(j = 0; (j < sn2-2); j++) {
hydallfjl.c = 0;
hydallfj].d = 0;

} while(read_next_frame(status,&fr));

/I open output "fp"

for(i = 0; (i < snl1-2); i++) {
for( = 0; (j < hydall[5].t); j++) {
hydall[il.aa += traj[i][j].a;
hydall[ij.bb  += traj[i][j].b;

for(i = 0; (i < sn2-2); i++) {
for( = 0; (j < hydall[5].t); j++) {
hydallfil.cc += traj[i][j].c;
hydall[ij.dd  += traj[i][j].d;
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for(i = 0; (i < sn1-2); i++) {
Ilprintf("%g %g %g %g \n",hydall[i].aa, hydall[i].bb, hyd allli].cc, hydall[i].dd);
}

fp = xvgropen(opt2fn("-0",NFILE,fnm),

fprintf(fp, “first tail up\n");

for(i = 0; (i < sn1-2); i++) {
hydall[il.aa = hydall[ij.aa / hydall[5].t;
/lhydall[il.bb = hydall[il.bb / hydall[5].t;
fprintf(fp, "%d %g \n"i+1, -hydall[i].aa);

}

fprintf(fp, "socond teil up\n");

for(i = 0; (i < sn2-2); i++) {
hydallfil.cc = hydall[ij.cc / hydall[5].t;
/Ihydall[il.dd = hydall[il.dd / hydall[5].t;
fprintf(fp, "%d %g \n",i+1, -hydall[i].cc);

}

fprintf(fp, “first tail down\n");

for(i = 0; (i < sn1-2); i++) {
/lhydallli].aa = hydall[i].aa / hydall[5].t;
hydall[il.bb = hydall[ij.bb / hydall[5].t;
fprintf(fp, "%d %g \n",i+1, -hydall[i].bb);

}

fprintf(fp, "socond teil down\n");

for(i = 0; (i < sn2-2); i++) {
I/Ihydall[i]l.cc = hydall[i].cc / hydall[5].t;
hydallfil.dd = hydall[i].dd / hydall[5].t;
fprintf(fp, "%d %g \n",i+1, -hydall[i].dd);

fclose(fp);
thanx(stderr);

return 0;

B.3 Hydrogen Bond Analysis

B.3.1 Water as H-donor

/*
* $ld: template.c,v 1.4 2001/07/23 15:28:29 lindahl Exp $

*

* This source code is part of
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*

*

*

*

*

*

*

GROningen MAchine for Chemical Simulations

VERSION 3.0

Copyright (c) 1991-2001
BIOSON Research Institute, Dept. of Biophysical Chemistr y
University of Groningen, The Netherlands

This program is free software; you can redistribute it and/ or
modify it under the terms of the GNU General Public License
as published by the Free Software Foundation; either versi on 2

of the License, or (at your option) any later version.

* If you want to redistribute modifications, please conside r that
* scientific software is very special. Version control is cr ucial -
* bugs must be traceable. We will be happy to consider code for

*

*

*

*

*

*

*

*

Gyas
*

inclusion in the official distribution, but derived work m ust not
be called official GROMACS. Details are found in the README & COPYING
files - if they are missing, get the official version at www. gromacs.org.

To help us fund GROMACS development, we humbly ask that you dte
the papers on the package - you can find them in the top README file.

Do check out http://www.gromacs.org , or mail us at gromacs @gromacs.org .

And Hey:

ROwers Mature At Cryogenic Speed

/* This line is only for CVS version info */

static char *SRCID_template_c = "$ld: template.c,v 1.4 200

#include
#include
#include
#include
#include
#include
#include
#include

#include

"statutil.h"
"typedefs.h"
"smalloc.h"
"vec.h"
"copyrite.h"
"statutil.h"
"tpxio.h"
"index.h"

“xvgr.h"

#define ANINT(A) (double) (long) (((A)<0.0) ? ((A)-0.5) : ( (A)+0.5))
#define HBANGLE 120.0%3.141592653589793238462643383/80.0

#define HBOND 0.35

#define HBOND2 HBOND*HBOND

/I structure for output file

struct hydanalys {

int t, x, y, zzz;
} *hydallx;

/I start main here

Appendix B
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int main(int argc,char *argv[])

{

static char *desc[] = {

h

"this is a small test program meant to serve as a template ",
"when writing your own analysis tools. The advantage of ",
"using gromacs for this is that you have access to all ",
“information in the topology, and your program will be ",
"able to handle all types of coordinates and trajectory ",
"files supported by gromacs. Go ahead and try it! ",

"This test version just writes the coordinates of an ",
“arbitrary atom to standard out for each frame. You can ",

"select which atom you want to examine with the -n argument.”

/I allocate memory for output here

hydallx = (struct hydanalys*) calloc(999999,sizeof(stru ct hydanalys));

/I default value for rcut (hydration radius)

static real n=0.35;

/* Extra arguments - but note how you always get the begin/end
* options when running the program, without mentioning them here!
*

/I passing a value through -rcut and save as "n"

t_pargs paf] = {

{ "-rcut’, FALSE, etREAL, {&n},

"hydration radius (nm) obtained first minimum of rdf"

/I define variables

t_topology top;

char title[STRLEN];

t_trxframe fr;

rvec *xtop;

matrix box;

int status;

int flags = TRX_READ_X;

int *isize; Il size of index
char **grpnames; /I group name of index
atom_id **index; /I index values
int ij;

int *hydall;

int number=0; 1l counter
FILE *fp; 1l output file
int lasttime; /I last timestep

t_filenm fam[] = {

{ efTPS, NULL, NULL, ffREAD }, /* this is for the topology */
{ ef TRX, "-f", NULL, ffREAD }, /* this is for the trajectory */
{ efNDX, NULL , NULL, ffOPTRD }, /* this is for index */

{ efXVG, "-hbn", "hbond", fOPTWR }  /* this is for output in xv g *
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#define NFILE asize(fnm)
CopyRight(stderr,argv[0]);

/* This is the routine responsible for adding default option s,

* calling the X/motif interface, etc. */

parse_common_args(&argc,argv,PCA_CAN_TIME | PCA_CANEW,
NFILE,fnm,asize(pa),pa,asize(desc),desc,0,NULL);

/* We don't need any topology information to write the coordi nates,
* but to show how it works we start by writing the name and

* charge of the selected atom. It returns a boolean telling us

* whether the topology was found and could be read

*

read_tps_conf(ftp2fn(efTPS,NFILE,fnm),title, &top,&x top,NULL,box, TRUE);

sfree(xtop);
/I allocate memory for read variable using snew

int grNR=999999;
snew(grpnames,grNR);
snew(index,grNR);
snew(isize,grNR);
snew(fp,arNR);

get_index(&(top.atoms),ftp2fn_null(efNDX,NFILE,fnm) ,2,isize,index,grpnames);
/* The first time we read data is a little special */

read_first_frame(&status, ftp2fn(efTRX,NFILE,fnm),&f r,flags);

/* This is the main loop over frames */

do {

/I start counting atoms in the first hydration and hbond

real rhydration=n*n;
int hydstat=0;
int hbondstat=0;

/I check hydration aa=acceptor bb=donor

for(i = 0; (i < isize[0]); i++) {
int aa = index[O][i];

for( = 0; (j < isize[1]); j++) {
int bb = index[1][j];
double bx = fr.x[aa][XX]-fr.x[bb][XX];
bx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * bx);
double by = fr.x[aa][YY]-fr.x[bb][YY];
by -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * by);
double bz = frx[aa][ZZ] - fr.x[bb][ZZ];
bz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * bz);
double rr = bx * bx + by * by + bz * bz;
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if(rr > rhydration) continue;

hydstat++;

/I check hydrogen bond distance (hbond <= 0.35nm)
if(r > HBOND?2) continue;

/I check closest water hydrogen to acceptor

/I hyda hydb are the indexs for water hydrogens

int hyda = index[1][j] + 1;
int hydb = index[1][j] + 2;

double hax = fr.x[aa][XX] - fr.x[hyda][XX];

hax -= fr.oox[XX][XX] * ANINT(1 / fr.box[XX][XX] * hax);
double hay = frx[aa][YY] - fr.x[hyda][YY];

hay -= fr.box[YY][YY] * ANINT(1 / fr.oox[YY][YY] * hay);
double haz = fr.x[aa][zZ] - fr.x[hyda][ZZ];

haz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * haz);
double har = hax * haxthay * hay + haz * haz;

double hbx = frx[aa][XX] - fr.x[hydb][XX];

hbx -= fr.box[XX][XX] * ANINT(1 / fr.oox[XX][XX] * hbx);
double hby = fr.x[aa][YY] - fr.x[hydb][YY];

hby -= fr.box[YY][YY] * ANINT(1 / fr.oox[YY][YY] * hby);
double hbz = fr.x[aa][zZ] - fr.x[hydb][ZZ];

hbz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * hbz);
double hbr = hbx * hbx + hby * hby + hbz * hbz;

int hn = 1;
if(hbr < har) hn = 2;

/I calculate the angle D--H--A (greater than 120)
/I Ref: Brady and Schmidt (1993)

/I distance between acceptor and closest hydrogen

/I hydf is the closest hydorgen index

int hydf = bb + hn;

double aax = fr.x[aa][XX] - fr.x[hydf][XX];

aax -= fr.oox[XX][XX] * ANINT(1 / fr.box[YY][YY] * aax);
double aay = fr.x[aa][YY] - fr.x[hydf][YY];

aay -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * aay);
double aaz = fr.x[aa][ZZ] - fr.x[hydf][ZZ];

aaz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * aaz);

double aar = aax * aax + aay * aay + aaz * aaz;
/I distance between donor and cloest hydrogen

double abx = fr.x[bb][XX] - fr.x[hydf][XX];

abx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * abx);
double aby = fr.x[bb][YY] - fr.x[hydf][YY];

aby -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * aby);
double abz = fr.x[bb][ZZ] - fr.x[hydf][ZZ];

abz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * abz);
double abr = abx * abx + aby * aby + abz * abz;
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/I convert to unit vector

double
double
double
double
double
double
double
double

harr = 1.0 / sqrt(aar);
erax = aax * harr;
eray = aay * harr;
eraz = aaz * harr;
herr = 1.0 / sqrt(abr);
ercx = abx * hcrr;
ercy = aby * hcrr;

ercz = abz * hcrr;

/I dot product

double
double

cosphi = erax * ercx + eray * ercy + eraz * ercz;

phi = acos(cosphi);

/I record number of hydrogen bonding

if(phi > HBANGLE) hbondstat++;

hydallx[number].t=fr.time;

hydallx[number].x=hydstat;

hydallx[number].y=hbondstat;

number++;

hydallx[0].zzz = number;

/I saving

the last time frame

lasttime=fr.time;

} while(read_next_frame(status,&fr));

/I open output "“fp"

fp = xvgropen(opt2fn("-hbn",NFILE,fnm),

™ "Time(ns)","Count");

for (i=0; i<hydallx[0].zzz; i++) {
fprintf(fp,"%8.6i %8.6i %8.6i \n", hydallx[i].t/1000,hy

fclose(fp);

thanx(stderr);

return O;

B.3.2

I*

Glucose as H-donor

* $ld: template.c,v 1.4 2001/07/23 15:28:29 lindahl Exp $

Appendix B
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*

*

*

*

*

*

*

*

*

This source code is part of

G R O M A C s

GROningen MAchine for Chemical Simulations

VERSION 3.0

Copyright (c) 1991-2001
BIOSON Research Institute, Dept. of Biophysical Chemistr y
University of Groningen, The Netherlands

This program is free software; you can redistribute it and/ or
modify it under the terms of the GNU General Public License

as published by the Free Software Foundation; either versi on 2
of the License, or (at your option) any later version.

If you want to redistribute modifications, please conside r that

scientific software is very special. Version control is cr ucial -

* bugs must be traceable. We will be happy to consider code for

*

*

*

inclusion in the official distribution, but derived work m ust not
be called official GROMACS. Details are found in the README & COPYING

files - if they are missing, get the official version at www. gromacs.org.

* To help us fund GROMACS development, we humbly ask that you dte

*

*

*

* Gyas
*

the papers on the package - you can find them in the top README file.

Do check out http://www.gromacs.org , or mail us at gromacs @gromacs.org .

And Hey:

ROwers Mature At Cryogenic Speed

/* This line is only for CVS version info */

static char *SRCID_template_c = "$Id: template.c,v 1.4 200 1/07/23 15:28:29 lindahl Exp $";

#include
#include
#include
#include
#include
#include
#include
#include

#include

"statutil.h"
“typedefs.h"
"smalloc.h"
"vec.h"
"copyrite.h"
"statutil.h"
“tpxio.h"
"index.h"

"xvgr.h"

#define ANINT(A) (double) (long) (((A)<0.0) ? ((A)-0.5) : ( (A)+0.5))
#define HBANGLE 120.0*3.141592653589793238462643383/80.0

#define HBOND 0.35

#define HBOND2 HBOND*HBOND

/I structure for output file

struct hydanalys {

intt, a, e i, m q, u,y, cc, zzz

double b, ¢, d, f, g, h, j k, I, n, o, p, 1, s tt v, w, X, z, aa, bb, dd, ee, ff;
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} *hydallx;
/I start main here

int main(int argc,char *argv[])

{

static char *desc[] = {
"this is a small test program meant to serve as a template ",
"when writing your own analysis tools. The advantage of ",
"using gromacs for this is that you have access to all ",
“information in the topology, and your program will be ",
"able to handle all types of coordinates and trajectory ",
“files supported by gromacs. Go ahead and try it! ",
"This test version just writes the coordinates of an ",
"arbitrary atom to standard out for each frame. You can ",

"select which atom you want to examine with the -n argument.”
/I allocate memory for output here

hydallx = (struct hydanalys*) calloc(999999,sizeof(stru ct hydanalys));
/I default value for rcut (hydration radius)

static real n=0.35;

/* Extra arguments - but note how you always get the begin/end

* options when running the program, without mentioning them here!

*
/I passing a value through -rcut and save as "n"

t_pargs paf] = {

{ "rcut", FALSE, etREAL, {&n},
“hydration radius (nm) obtained first minimum of rdf"

/I define variables

t_topology top;

char title[STRLEN];

t_trxframe fr;

rvec *xtop;

matrix box;

int status;

int flags = TRX_READ_X;

int *isize; Il size of index
char **grpnames; /I group name of index
atom_id **index; /I index values
int i, J;

int *hydall;

int number=0; /I counter
FILE *fp; /I output file
int lasttime; /I last timestep

Il int ccnumber;
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t_filenm fam[] = {

{ efTPS, NULL, NULL, ffREAD }, /* this is for the topology */

{ efTRX, "-f", NULL, ffREAD }, [* this is for the trajectory */

{ efNDX, NULL , NULL, ffOPTRD }, /* this is for index */

{ efXVG, "-hbn", "hbond", ffOPTWR } /* this is for output in xv g *
I3

#define NFILE asize(fnm)

CopyRight(stderr,argv[0]);

/* This is the routine responsible for adding default option s,

* calling the X/motif interface, etc. */

parse_common_args(&argc,argv,PCA_CAN_TIME | PCA_CANEW,
NFILE,fnm,asize(pa),pa,asize(desc),desc,0,NULL);

/* We don't need any topology information to write the coordi nates,
* but to show how it works we start by writing the name and

* charge of the selected atom. It returns a boolean telling us

* whether the topology was found and could be read

*/

read_tps_conf(ftp2fn(efTPS,NFILE,fnm),title, &top,&x top,NULL,box, TRUE);
sfree(xtop);

/I allocate memory for read variable using snew

int grNR=999999;
snew(grpnames,grNR);
snew(index,grNR);
snew(isize,grNR);
snew(fp,grNR);

get_index(&(top.atoms),ftp2fn_null(efNDX,NFILE,fnm) ,2,isize,index,grpnames);

/* The first time we read data is a little special */

read_first_frame(&status,ftp2fn(efTRX,NFILE,fnm),&f r.flags);

/* This is the main loop over frames */

do {

/I start counting atoms in the first hydration and hbond

real rhydration=n*n;
int hydstat=0;

int ccc=0;

int ddd=0;

int eee=0;

int fff=0;

int ggg=0;

int hhhh=0;

int iii=0;

int jjj=0;
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I check hydration aa=acceptor bb=donor

/I double accc[3]={0,0,0};
for(i = 0; (i < isize[0]); i++) {
int aa = index[O][i];
for(j = 0; (j < isize[1]); j++) {
int bb = index[1](j];
/I O donor
int cc = bb + 1;
/I H donor
int hcc = bb + 13;

double cx = fr.x[aa][XX]-fr.x[cc][XX];

cx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * cx);
double cy = fr.x[aa][YY]-fr.x[cc][YY];

cy -= fr.box[YY][YY] * ANINT(1 / frbox[YY][YY] * cy);
double cz = fr.x[aa][ZZ] - fr.x[cc][ZZ];

cz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * cz);
double rcc = cx * cx + cy * cy + cz * cz;

if(rcc > rhydration) continue;

hydstat++;

if(rcc > HBOND2) continue;

double accx = fr.x[aa][XX] - fr.x[hcc][XX];

accx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * accx);
double accy = fr.x[aa][YY] - fr.x[hcc][YY];

accy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * accy);
double accz = frx[aa][ZZ] - fr.x[hcc][ZZ];

accz -= fr.box[ZZ][ZzZ] * ANINT(1 / fr.box[ZZ][ZZ] * accz);
double accr = accx * accx + accy * accy + accz * accz;

/I distance between donor and cloest hydrogen

double bcex = fr.x[ec][XX] - fr.x[hcc][XX];
beex -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * bcex);
double bcey = fr.x[cc][YY] - fr.x[hcc][YY];
beey -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * bcey);
double bcez = fr.x[cc][2Z] - fr.x[hcc][ZZ];
bcez -= fr.box[ZZ][ZZ] * ANINT(L1 / fr.box[ZZ][ZZ] * bccz);
double bcer = becex * beex + beey * beey + beez * beez;

/I convert to unit vector
double xxcc = 1.0 / sqrt(accr);
double eccx = accx * xxcc;
double eccy = accy * xxcc;
double eccz = accz * xxcc;
double yycc = 1.0 / sqrt(bccr);
double fcex = beex * yycc;
double fccy = beey * yycc;
double fccz = becez * yycc;

/I dot product
double cosphicc = eccx * fcex + eccy * feey + eccz * feez;

double phicc = acos(cosphicc);

/I record number of hydrogen bonding
if(phicc > HBANGLE) {
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Ilaccc[cec]=aa+1;
ccet;

}

hydallx[number].t=fr.time;
hydallx[number].a=ccc;
M- check hydration aa=acceptor bb=donor

/ldouble addd[3]={0,0,0};
for(i = 0; (i < isize[0]); i++) {
int aa = index[O][i];
for( = 0; (j < isize[1]); j++) {
int bb = index[1](j];
/I O donor
int dd = bb + 2;
/I H donor
int hdd = bb + 14;

double dx = fr.x[aa][XX]-fr.x[dd][XX];

dx -= fr.oox[XX][XX] * ANINT(1 / fr.box[XX][XX] * dx);
double dy = fr.x[aa][YY]-fr.x[dd][YY];

dy -= fr.oox[YY][YY] * ANINT(1 / fr.box[YY][YY] * dy);
double dz = fr.x[aa][ZZ] - fr.x[dd][ZZ];

dz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[2Z][ZZ] * dz);
double rdd = dx * dx + dy * dy + dz * dz;

if(rdd > rhydration) continue;

hydstat++;

if(rdd > HBOND2) continue;

double addx = fr.x[aa][XX] - fr.x[hdd][XX];

addx -= fr.oox[XX][XX] * ANINT(1 / fr.box[XX][XX] * addx);
double addy = fr.x[aa][YY] - fr.x[hdd][YY];

addy -= fr.box[YY][YY] * ANINT(L / fr.box[YY][YY] * addy);
double addz = fr.x[aa][zZ] - fr.x[hdd][ZZ];

addz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][zZ] * addz);
double addr = addx * addx + addy * addy + addz * addz;

/I distance between donor and cloest hydrogen

double bddx = fr.x[dd][XX] - fr.x[hdd][XX];

bddx -= fr.box[XX][XX] * ANINT(L / fr.oox[XX][XX] * bddx);
double bddy = fr.x[dd][YY] - frx[hdd][YY];

bddy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * bddy);
double bddz = fr.x[dd][ZZ] - fr.x[hdd][ZZ];

bddz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * bddz);
double bddr = bddx * bddx + bddy * bddy + bddz * bddz;

/I convert to unit vector
double xxdd = 1.0 / sgrt(addr);
double eddx = addx * xxdd;
double eddy = addy * xxdd;
double eddz = addz * xxdd;
double yydd = 1.0 / sqrt(bddr);
double fddx = bddx * yydd;
double fddy = bddy * yydd;
double fddz = bddz * yydd,;
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/I dot product
double cosphidd = eddx * fddx + eddy * fddy + eddz * fddz;
double phidd = acos(cosphidd);

/I record number of hydrogen bonding
if(phidd > HBANGLE) {
/laddd[ddd]=aa+1;
ddd++;
}

hydallx[number].e=ddd;
I check hydration aa=acceptor bb=donor

/ldouble aeee[3]={0,0,0};
for(i = 0; (i < isize[0]); i++) {
int aa = index[O0][i];
for( = 0; (j < isize[1]); j++) {
int bb = index[1][j];
/I O donor
int ee = bb + 3;
/I H donor
int hee = bb + 15;

double ex = fr.x[aa][XX]-fr.x[ee][XX];

ex -= fr.oox[XX][XX] * ANINT(L / fr.box[XX][XX] * ex);
double ey = fr.x[aa][YY]-fr.x[ee][YY];

ey -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * ey);
double ez = frx[aa][ZZ] - fr.x[ee][ZZ];

ez -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * ez);
double ree = ex * ex + ey * ey + ez * ez;

if(ree > rhydration) continue;

hydstat++;

if(ree > HBONDZ2) continue;

double aeex = fr.x[aa][XX] - fr.x[hee][XX];

aeex -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * aeex);
double aeey = fr.x[aa][YY] - fr.x[hee][YY];

aeey -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * aeey);
double aeez = fr.x[aa][ZZ] - fr.x[hee][ZZ];

aeez -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * aeez);

double aeer = aeex * aeex + aeey * aeey + aeez * aeez;
/I distance between donor and cloest hydrogen

double beex = fr.x[ee][XX] - fr.x[hee][XX];
beex -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * beex);
double beey = fr.x[ee][YY] - fr.x[hee][YY];
beey -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * beey);
double beez = fr.x[ee][ZZ] - fr.x[hee][ZZ];
beez -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * beez);

double beer = beex * beex + beey * beey + beez * beez;

/I convert to unit vector
double xxee = 1.0 / sqrt(aeer);

double eeex = aeex * xxee;
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double eeey = aeey * xxee;
double eeez = aeez * xxee;
double yyee = 1.0 / sqrt(beer);
double feex = beex * yyee;
double feey = beey * yyee;
double feez = beez * yyee;

/I dot product
double cosphiee = eeex * feex + eeey * feey + eeez * feez;

double phiee = acos(cosphiee);

/I record number of hydrogen bonding
if(phiee > HBANGLE) {
llacee[eee]=aa+1;
eee++;

}

hydallx[number].i=eee;
M- check hydration aa=acceptor bb=donor

/ldouble afff[3]={0,0,0};
for(i = 0; (i < isize[0]); i++) {
int aa = index[O][i];
for( = 0; (j < isize[1]); j++) {
int bb = index[1](j];
/I O donor
int ff = bb + 4;
/I H donor
int hff = bb + 16;

double fx = fr.x[aa][XX]-fr.x[ff][XX];

fx -= fr.box[XX][XX] * ANINT(1 / fr.oox[XX][XX] * fx);
double fy = fr.x[aa][YY]-fr.x[ff][YY];

fy -= fr.oox[YY][YY] * ANINT(1 / fr.oox[YY][YY] * fy);
double fz = fr.x[aa][zZ] - fr.x[ff][ZZ];

fz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[2Z][2Z] * fz);
double rff = fx * fx + fy * fy + fz * fz;

if(rff > rhydration) continue;

hydstat++;

if(rff > HBOND2) continue;

double affx = fr.x[aa][XX] - fr.x[hff][XX];

affx -= fr.oox[XX][XX] * ANINT(1 / fr.box[XX][XX] * affx);
double affy = frx[aa][YY] - fr.x[hff][YY];

affy -= fr.oox[YY][YY] * ANINT(L / fr.box[YY][YY] * affy);
double affz = fr.x[aa][ZZ] - fr.x[hff][ZZ];

affz -= fr.box[ZZ][zZ] * ANINT(1 / fr.box[ZZ][ZZ] * affz);
double affr = affx * affx + affy * affy + affz * affz;

/I distance between donor and cloest hydrogen

double bffx = fr.x[ff][XX] - fr.x[hff][XX];
bffx -= fr.oox[XX][XX] * ANINT(1 / fr.box[XX][XX] * bffx);
double bffy = frx[ffl[YY] - fr.x[hff][YY];
bffy -= fr.oox[YY][YY] * ANINT(1 / fr.box[YY][YY] * bffy);
double bffz = frx[ff][ZZ] - fr.x[hff][ZZ];
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bffz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * bffz);
double bffr = bffx * bffx + bffy * bffy + bffz * bffz;

/I convert to unit vector
double xxff = 1.0 / sqrt(affr);
double effx = affx * xxff;
double effy = affy * xxff;
double effz = affz * xxff;
double yyff = 1.0 / sqrt(bffr);
double fffx = bffx * yyff;
double fffy = bffy * yyff;
double fffz = bffz * yyff,

/I dot product
double cosphiff = effx * ffix + effy * fffy + effz * fffz;
double phiff = acos(cosphiff);

/I record number of hydrogen bonding
if(phiff > HBANGLE) {

Ilafff[fffl=aa+1;

fff++;

hydallx[number].m=fff;
i ey =t 3 hydration aa=acceptor bb=donor

/ldouble aggg(3]={0,0,0};
for(i = 0; (i < isize[0]); i++) {
int aa = index[O][i];
for( = 0; (j < isize[1]); j++) {
int bb = index[1][j];
/I O donor
int gg = bb + 5;
/I H donor
int hgg = bb + 17;

double gx = fr.x[aa][XX]-fr.x[gg][XX];

gx -= fr.oox[XX][XX] * ANINT(L / fr.box[XX][XX] * gx);
double gy = fr.x[aa][YY]-fr.x[gg][YY];

gy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * gy);
double gz = frx[aa][ZZ] - fr.x[gg][ZZ];

gz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * gz);
double rgg = gx * gx + gy * gy + gz * gz;

if(rgg > rhydration) continue;

hydstat++;

if(rgg > HBOND2) continue;

double aggx = fr.x[aa][XX] - fr.x[hgg][XX];

aggx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * aggx);
double aggy = fr.x[aa][YY] - fr.x[hgg][YY];

aggy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * aggy);
double aggz = fr.x[aa][ZZ] - fr.x[hgg][ZZ];

aggz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * aggz);
double aggr = aggx * aggx + aggy * aggy + aggz * aggz;

/I distance between donor and cloest hydrogen

330
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double bggx = fr.x[gg][XX] - fr.x[hgg][XX];

bggx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * bggx);
double bggy = fr.x[gg][YY] - fr.x[hgg][YY];

bggy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * bggy);
double bggz = fr.x[gg][ZZ] - fr.x[hgg][ZZ];

bggz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * bggz);
double bggr = bggx * bggx + bggy * bggy + bggz * bggz;

/I convert to unit vector
double xxgg = 1.0 / sqrt(aggr);
double eggx = aggx * xxgg;
double eggy = aggy * xxgg;
double eggz = aggz * xxgg;
double yygg = 1.0 / sqrt(bggr);
double fggx = bggx * yygg;
double fggy = bggy * yygg;
double fggz = bggz * yygg;

/I dot product
double cosphigg = eggx * fggx + eggy * fggy + eggz * fggz;

double phigg = acos(cosphigg);

/I record number of hydrogen bonding
if(phigg > HBANGLE) {

/laggg[gggl=aa+1;
ggg++;
}

hydallx[number].q=ggg;

number++;

hydallx[0].zzz = number;

/I saving the last time frame
lasttime=fr.time;

} while(read_next_frame(status,&fr));

/I open output "fp"

fp = xvgropen(opt2fn("-hbn",NFILE,fnm),
", "Time(ps)","Count");

for (i=0; i<hydallx[0].zzz; i++) {

fprintf(fp,"%5i %5i %5i %5i %5i %5i\n", hydallx[i].t, hyda lIx[i].a, hydallx[i].e, hydallx[i].i, hydallx[i].m, hyd allx[il.q);

fclose(fp);
thanx(stderr);

return O;
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B.3.

1

3 Trehalose as H-donor

* $ld: template.c,v 1.4 2001/07/23 15:28:29 lindahl Exp $

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

This source code is part of

G R O M A C s

GROningen MAchine for Chemical Simulations

VERSION 3.0

Copyright (c) 1991-2001
BIOSON Research Institute, Dept. of Biophysical Chemistr y
University of Groningen, The Netherlands

This program is free software; you can redistribute it and/ or
modify it under the terms of the GNU General Public License
as published by the Free Software Foundation; either versi on 2

of the License, or (at your option) any later version.

If you want to redistribute modifications, please conside r that

scientific software is very special. Version control is cr ucial -

bugs must be traceable. We will be happy to consider code for

inclusion in the official distribution, but derived work m ust not

be called official GROMACS. Details are found in the README & COPYING
files - if they are missing, get the official version at www. gromacs.org.

To help us fund GROMACS development, we humbly ask that you dte
the papers on the package - you can find them in the top README file.

* Do check out http://www.gromacs.org , or mail us at gromacs @gromacs.org .
*

* And Hey:

* Gyas ROwers Mature At Cryogenic Speed

*/

/* This line is only for CVS version info */

static char *SRCID_template_c = "$ld: template.c,v 1.4 200

#include
#include
#include
#include
#include
#include
#include
#include

#include

"statutil.h"
"typedefs.h"
"smalloc.h"
"vec.h"
"copyrite.h"
"statutil.h"
"tpxio.h"
"index.h"

“xvgr.h"

#define ANINT(A) (double) (long) (((A)<0.0) ? ((A)-0.5) : ( (A)+0.5))
#define HBANGLE 120.0%3.141592653589793238462643383/80.0

#define HBOND 0.35

#define HBOND2 HBOND*HBOND

/I structure for output file

Appendix B

1/07/23 15:28:29 lindahl Exp $"
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struct hydanalys {

}

int t, a, e, i, m q, u, y, cc, zzz;
double b, c, d, f, g, h, j, k, I, n, 0, p, 1, s, tt, v, w, X, z, aa, bb,
*hydallx;

/I start main here

int main(int argc,char *argv[])

{

static char *desc[] = {

h

"this is a small test program meant to serve as a template ",
"when writing your own analysis tools. The advantage of ",
"using gromacs for this is that you have access to all ",
“information in the topology, and your program will be ",
"able to handle all types of coordinates and trajectory ",
"files supported by gromacs. Go ahead and try it! ",

"This test version just writes the coordinates of an ",
“"arbitrary atom to standard out for each frame. You can ",

"select which atom you want to examine with the -n argument.”

/I allocate memory for output here

/I'd

hydallx = (struct hydanalys*) calloc(999999,sizeof(stru ct hydanalys));
efault value for rcut (hydration radius)

static real n=0.35;

/* Extra arguments - but note how you always get the begin/end

* options when running the program, without mentioning them here!
*

/I passing a value through -rcut and save as "n"

t_pargs paf] = {
{ "-rcut", FALSE, etREAL, {&n},
"hydration radius (nm) obtained first minimum of rdf"

/I define variables

t_topology top;
char title[STRLEN];

t_trxframe fr;

rvec *xtop;

matrix box;

int status;

int flags = TRX_READ_X;

int *isize; Il size of index

char **grpnames; /I group name of index
atom_id **index; /I index values

int i, J;

int *hydall;

int number=0; 1l counter

FILE *fp; /I output file

Appendix B

dd, ee, ff;
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int lasttime; /I last timestep

/I int ccnhumber;

t_filenm fam[] = {

{ efTPS, NULL, NULL, ffREAD }, /* this is for the topology */

{ efTRX, "-f*, NULL, ffREAD }, [* this is for the trajectory */

{ efNDX, NULL , NULL, ffOPTRD }, /* this is for index */

{ efXVG, "-hbn", "hbond", ffOPTWR } /* this is for output in xv g *
h

#define NFILE asize(fnm)

CopyRight(stderr,argv[0]);

/* This is the routine responsible for adding default option s,

* calling the X/motif interface, etc. */

parse_common_args(&argc,argv,PCA_CAN_TIME | PCA_CANEW,
NFILE,fnm,asize(pa),pa,asize(desc),desc,0,NULL);

/* We don't need any topology information to write the coordi nates,
* but to show how it works we start by writing the name and

* charge of the selected atom. It returns a boolean telling us

* whether the topology was found and could be read

*

read_tps_conf(ftp2fn(efTPS,NFILE,fnm),title,&top,&x top,NULL,box, TRUE);
sfree(xtop);

/I allocate memory for read variable using snew

int grNR=999999;
snew(grpnames,grNR);
snew(index,grNR);
snew(isize,grNR);
snew(fp,grNR);

get_index(&(top.atoms),ftp2fn_null(efNDX,NFILE,fnm) ,2,isize,index,grpnames);

/* The first time we read data is a little special */

read_first_frame(&status,ftp2fn(efTRX,NFILE,fnm),&f r.flags);

/* This is the main loop over frames */

do {

/I start counting atoms in the first hydration and hbond

real rhydration=n*n;
int hydstat=0;

int ccc=0;

int ddd=0;

int eee=0;

int fff=0;

int ggg=0;

int hhhh=0;
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int iii=0;

it jjj=0;
HHHHHIHH ] check hydration aa=acceptor bb=donor

/I double accc[3]={0,0,0};
for(i = 0; (i < isize[0]); i++) {
int aa = index[O][i];
for( = 0; ( < isize[1]); j++) {
int bb = index[1](j];
/I O donor
int cc = bb + 1;
/I H donor
int hcc = bb + 24;

double cx = fr.x[aa][XX]-fr.x[cc][XX];

cx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * cx);
double cy = fr.x[aa][YY]-fr.x[cc][YY];

cy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * cy);
double cz = fr.x[aa][zZ] - fr.x[cc][ZZ];

cz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * cz);
double rcc = cx * cx + cy * cy + cz * cz;

if(rcc > rhydration) continue;

hydstat++;

if(rcc > HBONDZ2) continue;

double accx = fr.x[aa][XX] - fr.x[hcc][XX];

acex -= fr.oox[XX][XX] * ANINT(L / fr.box[XX][XX] * accx);
double accy = frx[aa][YY] - fr.x[hcc][YY];

accy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * accy);
double accz = fr.x[aa][zZ] - fr.x[hcc][ZZ];

accz -= fr.box[ZZ][zZ] * ANINT(1 / fr.box[ZZ][zZ] * accz);

double accr = accx * accx + accy * accy + accz * accz;
/I distance between donor and cloest hydrogen

double bcex = fr.x[ec][XX] - fr.x[hcc][XX];
beex -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * bcex);
double bcey = frx[ec][YY] - fr.x[hcc][YY];
beey -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * bccy);
double bcez = frx[cc][ZZ] - fr.x[hcc][ZZ];
bcez -= fr.box[ZZ][ZzZ] * ANINT(1 / fr.box[ZZ][ZZ] * bccz);
double bcer = becex * beex + beey * beey + beez * beez;

/I convert to unit vector
double xxcc = 1.0 / sqrt(accr);
double eccx = accx * Xxxcc;
double eccy = accy * xxcc;
double eccz = accz * xxcc;
double yycc = 1.0 / sqrt(bccr);
double fccx = beex * yycc;
double fccy = beey * yycc;
double fccz = beez * yycc;

/I dot product
double cosphicc = eccx * fcex + eccy * fecy + eccz * feez;
double phicc = acos(cosphicc);
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/I record number of hydrogen bonding
if(phicc > HBANGLE) {
llaccc[ccc]=aa+1;
cceH;

}

hydallx[number].t=fr.time;
hydallx[number].a=ccc;
- check hydration aa=acceptor bb=donor

/ldouble addd[3]={0,0,0};
for(i = 0; (i < isize[0]); i++) {
int aa = index[O][i];
for( = 0; (j < isize[1]); j++) {
int bb = index[1][j];
/I O donor
int dd = bb + 2;
/I H donor
int hdd = bb + 25;

double dx = fr.x[aa][XX]-fr.x[dd][XX];

dx -= fr.oox[XX][XX] * ANINT(L / fr.box[XX][XX] * dx);
double dy = fr.x[aa][YY]-fr.x[dd][YY];

dy -= fr.oox[YY][YY] * ANINT(1 / fr.box[YY][YY] * dy);
double dz = fr.x[aa][ZZ] - fr.x[dd][ZZ];

dz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[2Z][ZZ] * dz);
double rdd = dx * dx + dy * dy + dz * dz;

if(rdd > rhydration) continue;

hydstat++;

if(rdd > HBOND2) continue;

double addx = fr.x[aa][XX] - fr.x[hdd][XX];

addx -= fr.oox[XX][XX] * ANINT(1 / fr.box[XX][XX] * addx);
double addy = fr.x[aa][YY] - fr.x[hdd][YY];

addy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * addy);
double addz = fr.x[aa][ZZ] - fr.x[hdd][ZZ];

addz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * addz);
double addr = addx * addx + addy * addy + addz * addz;

/I distance between donor and cloest hydrogen

double bddx = fr.x[dd][XX] - fr.x[hdd][XX];

bddx -= fr.box[XX][XX] * ANINT(L / fr.box[XX][XX] * bddx);
double bddy = fr.x[dd][YY] - fr.x[hdd][YY];

bddy -= fr.box[YY][YY] * ANINT(L / fr.box[YY][YY] * bddy);
double bddz = fr.x[dd][ZZ] - fr.x[hdd][ZZ];

bddz -= fr.box[ZZ][ZzZ] * ANINT(1 / fr.box[ZZ][ZZ] * bddz);
double bddr = bddx * bddx + bddy * bddy + bddz * bddz;

/I convert to unit vector
double xxdd = 1.0 / sqgrt(addr);
double eddx = addx * xxdd;
double eddy = addy * xxdd;
double eddz = addz * xxdd;
double yydd = 1.0 / sqrt(bddr);
double fddx = bddx * yydd,;
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double fddy = bddy * yydd;
double fddz = bddz * yydd,;

/I dot product
double cosphidd = eddx * fddx + eddy * fddy + eddz * fddz;
double phidd = acos(cosphidd);

/I record number of hydrogen bonding
if(phidd > HBANGLE) {
/laddd[ddd]=aa+1;
ddd++;
}

hydallx[number].e=ddd;
i Sy =t 3 hydration aa=acceptor bb=donor

/ldouble aeee[3]={0,0,0};
for(i = 0; (i < isize[0]); i++) {
int aa = index[O][i];
forG = 0; (j < isize[1]); j++) {
int bb = index[1][j];
/I O donor
int ee = bb + 3;
/I H donor
int hee = bb + 26;

double ex = fr.x[aa][XX]-fr.x[ee][XX];

ex -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * ex);
double ey = fr.x[aa][YY]-fr.x[ee][YY];

ey -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * ey);
double ez = frx[aa][ZZ] - fr.x[ee][ZZ];

ez -= frbox[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * ez);
double ree = ex * ex + ey * ey + ez * ez;

if(ree > rhydration) continue;

hydstat++;

if(ree > HBOND2) continue;

double aeex = fr.x[aa][XX] - fr.x[hee][XX];

aeex -= fr.hox[XX][XX] * ANINT(1 / fr.box[XX][XX] * aeex);
double aeey = fr.x[aa][YY] - fr.x[hee][YY];

aeey -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * aeey);
double aeez = fr.x[aa][ZZ] - fr.x[hee][ZZ];

aeez -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * aeez);

double aeer = aeex * aeex + aeey * aeey + aeez * aeez;
/I distance between donor and cloest hydrogen

double beex = fr.x[ee][XX] - fr.x[hee][XX];

beex -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * beex);
double beey = fr.x[ee][YY] - fr.x[hee][YY];

beey -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * beey);
double beez = fr.x[ee][ZZ] - fr.x[hee][ZZ];

beez -= fr.box[ZZ][zZ] * ANINT(1 / fr.box[2Z][ZZ] * beez);
double beer = beex * beex + beey * beey + beez * beez;

/I convert to unit vector
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double xxee = 1.0 / sqrt(aeer);
double eeex = aeex * xxee;
double eeey = aeey * xxee;
double eeez = aeez * xxee;
double yyee = 1.0 / sqrt(beer);
double feex = beex * yyee;
double feey = beey * yyee;

double feez = beez * yyee;

/I dot product
double cosphiee = eeex * feex + eeey * feey + eeez * feez;
double phiee = acos(cosphiee);

/I record number of hydrogen bonding
if(phiee > HBANGLE) {
llaeeeleee]=aa+1;
eeet+;

}

hydallx[number].i=eee;
I check hydration aa=acceptor bb=donor

/ldouble afff[3]={0,0,0};
for(i = 0; (i < isize[0]); i++) {
int aa = index[O0][i];
for( = 0; (j < isize[1]); j++) {
int bb = index[1][j];
/I O donor
int ff = bb + 5;
/I H donor
int hff = bb + 27;

double fx = fr.x[aa][XX]-fr.x[ff][XX];

fx -= fr.oox[XX][XX] * ANINT(1 / fr.oox[XX][XX] * fx);
double fy = fr.x[aa][YY]-fr.x[ff][YY];

fy -= fr.box[YY][YY] * ANINT(1 / fr.oox[YY][YY] * fy);
double fz = fr.x[aa][zZ] - fr.x[ff][ZZ];

fz -= fr.box[ZZ][ZZ] * ANINT(L / fr.box[2Z][2Z] * fz);
double rff = fx * fx + fy * fy + fz * fz;

if(rff > rhydration) continue;

hydstat++;

if(rff > HBOND2) continue;

double affx = fr.x[aa][XX] - fr.x[hff][XX];

affx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * affx);
double affy = fr.x[aa][YY] - fr.x[hff][YY];

affy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * affy);
double affz = fr.x[aa][ZZ] - fr.x[hff][ZZ];

affz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * affz);
double affr = affx * affx + affy * affy + affz * affz;

/I distance between donor and cloest hydrogen
double bffx = fr.x[ff][XX] - fr.x[hff][XX];

bffx -= fr.box[XX][XX] * ANINT(L / fr.box[XX][XX] * bffx);
double bffy = frx[ff][YY] - fr.x[hff][YY];
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bffy -= fr.oox[YY][YY] * ANINT(L / fr.box[YY][YY] * bffy);
double bffz = frx[ff][ZZ] - fr.x[hff][ZZ];

bffz -= fr.box[ZZ][zZ] * ANINT(1 / fr.box[ZZ][ZZ] * bffz);
double bffr = bffx * bffx + bffy * bffy + bffz * bffz;

/I convert to unit vector
double xxff = 1.0 / sqrt(affr);
double effx = affx * xxff;
double effy = affy * xxff;
double effz = affz * xxff;
double yyff = 1.0 / sqrt(bffr);
double fffx = bffx * yyff;
double fffy = bffy * yyff;
double fffz = bffz * yyff;

/I dot product
double cosphiff = effx * fffx + effy * fffy + effz * fffz;
double phiff = acos(cosphiff);

/I record number of hydrogen bonding
if(phiff > HBANGLE) {

Ilafff[fffl=aa+1;

fff++;

hydallx[number]. m=fff;
i Sy =t 3 hydration aa=acceptor bb=donor

/ldouble aggg[3]={0,0,0};
for(i = 0; (i < isize[0]); i++) {
int aa = index[O][i];
for( = 0; (j < isize[1]); j++) {
int bb = index[1][j];
/I O donor
int gg = bb + 12;
/I H donor
int hgg = bb + 35;

double gx = fr.x[aa][XX]-fr.x[gg][XX];

gx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * gx);
double gy = frx[aa][YY]-fr.x[ga][YY];

gy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * gy);
double gz = frx[aa][ZZ] - fr.x[gg][ZZ];

gz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * gz);
double rgg = gx * gx + gy * gy + gz * gz;

if(rgg > rhydration) continue;

hydstat++;

if(rgg > HBOND2) continue;

double aggx = fr.x[aa][XX] - fr.x[hgg][XX];

aggx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * aggx);
double aggy = fr.x[aa][YY] - fr.x[hgg][YY];

aggy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * aggy);
double aggz = fr.x[aa][ZZ] - fr.x[hgg][ZZ];

aggz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * aggz);
double aggr = aggx * aggx + aggy * aggy + aggz * aggz;
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/I distance between donor and cloest hydrogen

double bggx = fr.x[gg][XX] - fr.x[hgg][XX];

bggx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * bggx);
double bggy = fr.x[gg][YY] - fr.x[hgg][YY];

bggy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * bggy);
double bggz = fr.x[gg][ZZ] - fr.x[hgg][ZZ];

bggz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[2Z][ZZ] * bggz);
double bggr = bggx * bggx + bggy * bggy + bggz * bggz;

/I convert to unit vector
double xxgg = 1.0 / sqrt(aggr);
double eggx = aggx * xxgg;
double eggy = aggy * xxgg;
double eggz = aggz * xxgg;
double yygg = 1.0 / sqrt(bggr);
double fggx = bggx * yygg;
double fggy = bggy * yygg;
double fggz = bggz * yygg;

/I dot product
double cosphigg = eggx * fggx + eggy * fggy + eggz * fggz;
double phigg = acos(cosphigg);

/I record number of hydrogen bonding
if(phigg > HBANGLE) {
/laggglggg]=aa+1;
99g++;
}

hydallx[number].q=ggg;
i e r=te 3 hydration aa=acceptor bb=donor

/ldouble ahhh[3]={0,0,0};
for(i = 0; (i < isize[0]); i++) {
int aa = index[O][i];
for( = 0; (j < isize[1]); j++) {
int bb = index[1]j];
/I O donor
int hh = bb + 13;
/I H donor
int hhh = bb + 36;

double hx = fr.x[aa][XX]-fr.x[hh][XX];

hx -= fr.oox[XX][XX] * ANINT(L / fr.box[XX][XX] * hx);
double hy = fr.x[aa][YY]-fr.x[hh][YY];

hy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * hy);
double hz = frx[aa][ZZ] - fr.x[hh][ZZ];

hz -= fr.box[ZZ][zZ] * ANINT(1 / fr.box[ZZ][ZZ] * hz);
double rhh = hx * hx + hy * hy + hz * hz;

if(rthh > rhydration) continue;

hydstat++;

if(thh > HBOND2) continue;
double ahhx = fr.x[aa][XX] - fr.x[hhh][XX];
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ahhx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * ahhx);
double ahhy = fr.x[aa][YY] - fr.x[hhh][YY];

ahhy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * ahhy);
double ahhz = frx[aa][ZZ] - fr.x[hhh][ZZ];

ahhz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[2Z][ZZ] * ahhz);
double ahhr = ahhx * ahhx + ahhy * ahhy + ahhz * ahhz;

/I distance between donor and cloest hydrogen

double bhhx = fr.x[hh][XX] - fr.x[hhh][XX];

bhhx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * bhhx);
double bhhy = fr.x[hh][YY] - fr.x[hhh][YY];

bhhy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * bhhy);
double bhhz = fr.x[hh][ZZ] - fr.x[hhh][ZZ];

bhhz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * bhhz);
double bhhr = bhhx * bhhx + bhhy * bhhy + bhhz * bhhz;

/I convert to unit vector
double xxhh = 1.0 / sgrt(ahhr);
double ehhx = ahhx * xxhh;
double ehhy = ahhy * xxhh;
double ehhz = ahhz * xxhh;
double yyhh = 1.0 / sqrt(bhhr);
double fhhx = bhhx * yyhh;
double fhhy = bhhy * yyhh;
double fhhz = bhhz * yyhh;

/I dot product
double cosphihh = ehhx * fhhx + ehhy * fhhy + ehhz * fhhz;
double phihh = acos(cosphihh);

/I record number of hydrogen bonding
if(phihh > HBANGLE) {
/lahhh[hhh]=aa+1;
hhhh++;
}

hydallx[number].u=hhhh;
i S =t 3 hydration aa=acceptor bb=donor

/ldouble aiii[3]={0,0,0};
for(i = 0; (i < isize[0]); i++) {
int aa = index[O][i];
for( = 0; (j < isize[1]); j++) {
int bb = index[1][j];
/I O donor
int ii = bb + 14;
/I H donor
int hii = bb + 37;

double ix = fr.x[aa][XX]-fr.x[ii][XX];

ix -= fr.oox[XX][XX] * ANINT(1 / fr.box[XX][XX] * ix);
double iy = frx[aa][YY]-fr.x[i][YY];

iy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * iy);
double iz = frx[aa][ZZ] - fr.x[ii][zZ];

iz -= frbox[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * iz);
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double rii = ix * ix + iy * iy + iz * iz;
if(rii > rhydration) continue;
hydstat++;

if(ri > HBOND2) continue;

double aiix = fr.x[aa][XX] - fr.x[hii][XX];

aiix -= fr.oox[XX][XX] * ANINT(L / fr.oox[XX][XX] * aiix);
double aiiy = fr.x[aa][YY] - fr.x[hii][YY];

aily -= fr.oox[YY][YY] * ANINT(1 / fr.box[YY][YY] * aiiy);
double aiiz = fr.x[aa][ZZ] - fr.x[hii][ZZ];

aiiz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * aiiz);

double aiir = aiix * aiix + aily * aily + aiiz * aiiz;
/I distance between donor and cloest hydrogen

double biix = fr.x[ii][XX] - fr.x[hii][XX];

biix -= fr.oox[XX][XX] * ANINT(1 / fr.box[XX][XX] * biix);
double bily = frx[ii][YY] - fr.x[hii][YY];

biiy -= fr.oox[YY][YY] * ANINT(1 / fr.box[YY][YY] * biiy);
double biiz = fr.x[ii][zZ] - fr.x[hii][ZZ];

biiz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * biiz);
double biir = biix * biix + biiy * biiy + biiz * biiz;

/I convert to unit vector
double xxii = 1.0 / sqrt(aiir);
double eiix = aiix * xxii;
double eiiy = aiiy * xxii;
double eiiz = aiiz * xxii;
double yyii = 1.0 / sqrt(biir);
double fiix = biix * yyii;
double fily = biiy * yyii;
double fiiz = biiz * yyii;

/I dot product
double cosphiii = eiix * fiix + eily * fiiy + eiiz * fiiz;

double phiii = acos(cosphiii);

/I record number of hydrogen bonding
if(phiii > HBANGLE) {
[aiiifiii]=aa+1;

iii++;

hydallx[number].y=iii;
i e r=te 3 hydration aa=acceptor bb=donor

/ldouble ajjj[3]={0,0,0};
for(i = 0; (i < isize[0]); i++) {
int aa = index[O][i];
for( = 0; (j < isize[1]); j++) {
int bb = index[1](j];
/I O donor
int jj = bb + 16;
/I H donor
int hjj = bb + 38;
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double jx = fr.x[aa][XX]-fr.x[jj[XX];

X == fr.oox[XX][XX] * ANINT(1 / fr.oox[XX][XX] * jx);
double jy = frx[aa][YY]-frx[j[YY];

jy -= fr.box[YY][YY] * ANINT(1 / fr.oox[YY][YY] * jy);
double jz = frx[aa][ZZ] - fr.xjl[ZZ];

jz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[Z2Z][zZ] * jz);
double rjj = jx * jx +Jy *jy +jz * jz;

if(rjj > rhydration) continue;

hydstat++;

if(rjj > HBOND2) continue;

double ajjx = frx[aa][XX] - fr.x[hjj][XX];

ajix -= fr.oox[XX][XX] * ANINT(1 / fr.box[XX][XX] * ajjx);
double ajiy = frx[aa][YY] - fr.x[hjjil[YY];

ajiy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * ajjy);
double ajjz = frx[aa][ZZ] - fr.x[hjj][zZ];

ajjz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * ajjz);
double ajjr = ajjx * ajjx + ajjy * ajjy + ajjz * ajjz;

/I distance between donor and cloest hydrogen

double bjjx = fr.x[jjI[XX] - fr.x[hjj][XX];

bjjx -= fr.oox[XX][XX] * ANINT(L / fr.box[XX][XX] * bjjx);
double bjiy = frx[jl[YY] - frx[hjjl[YY];

bjjy -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * bijjy);
double bjjz = frx[jjl[ZZ] - fr.x[hjj][ZZ];

bjjz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * bjjz);
double bjjr = bjjx * bjjx + bjjy * bjjy + bjjz * bjjz;

/I convert to unit vector
double xxjj = 1.0 / sqrt(ajjr);
double ejjx = ajjx * xxjj;
double ejiy = ajly * xxjj;
double ejjz = ajjiz * xxjj;
double yyjj = 1.0 / sqrt(bjjr);
double fjjx = bjjx * yyjj;
double fily = bjly * yyjj;
double fjjz = bjjz * yyjj;

/I dot product
double cosphijj = ejix * fijx + ejiy * fijly + ejjz * fjjz;
double phijj = acos(cosphijj);

/I record number of hydrogen bonding
if(phijj > HBANGLE) {

llajjjlijl=aa+1;

i+

hydallx[number].cc=jjj;

number++;

hydallx[0].zzz = number;

/I saving the last time frame

lasttime=fr.time;

Appendix B

343



Sukit Leekumjorn Appendix B

} while(read_next_frame(status,&fr));
/I open output "“fp"

fp = xvgropen(opt2fn("-hbn",NFILE,fnm),
 “Time(ps)","Count");

for (i=0; i<hydallx[0].zzz; i++) {

fprintf(fp,"%5i %5i %5i %5i %5i %5i %5i %5i %5i\n", hydallx[ il.t, hydallx[il.a, hydallx[i].e,
hydallx[il.i, hydallx[i].m, hydallx[i].q, hydallx[i].u , hydallx[i].y, hydallx[i].cc);

}

fclose(fp);

thanx(stderr);

return O;
}

B.3.4 Amine as H-donor

/*
* $ld: template.c,v 1.4 2001/07/23 15:28:29 lindahl Exp $

*

* This source code is part of

*

* G R O M A C s

* GROningen MAchine for Chemical Simulations
* VERSION 3.0

*

Copyright (c) 1991-2001
BIOSON Research Institute, Dept. of Biophysical Chemistr y

*

*

University of Groningen, The Netherlands

*

This program is free software; you can redistribute it and/ or

*

modify it under the terms of the GNU General Public License

*

as published by the Free Software Foundation; either versi on 2

*

of the License, or (at your option) any later version.

*

If you want to redistribute modifications, please conside r that

*

scientific software is very special. Version control is cr ucial -

*

bugs must be traceable. We will be happy to consider code for

* inclusion in the official distribution, but derived work m ust not
* be called official GROMACS. Details are found in the README & COPYING
* files - if they are missing, get the official version at www. gromacs.org.

*

To help us fund GROMACS development, we humbly ask that you de

*

the papers on the package - you can find them in the top README file.

*

Do check out http://www.gromacs.org , or mail us at gromacs @gromacs.org .

*

And Hey:
Gyas ROwers Mature At Cryogenic Speed

*

*/
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/* This line is only for CVS version info */

Appendix B

static char *SRCID_template_c = "$Id: template.c,v 1.4 200 1/07/23 15:28:29 lindahl Exp $";

#include "statutil.h"
#include "typedefs.h"
#include “"smalloc.h”
#include "vec.h"
#include "copyrite.h"
#include "statutil.h"
#include "tpxio.h"
#include "index.h"

#include "xvgr.h"

#define ANINT(A) (double) (long) (((A)<0.0) ? ((A)-0.5) : ( (A)+0.5))
#define HBANGLE 120.0*3.141592653589793238462643383/80.0

#define HBOND 0.35

#define HBOND2 HBOND*HBOND

/I structure for output file

struct hydanalys {
intt, x, y, z;
} *hydallx;

/I start main here

int main(int argc,char *argv[])
{
static char *desc[] = {

"this is a small test program meant to serve as a template ",
"when writing your own analysis tools. The advantage of ",
"using gromacs for this is that you have access to all ",
“information in the topology, and your program will be ",
"able to handle all types of coordinates and trajectory ",
"files supported by gromacs. Go ahead and try it! "

"This test version just writes the coordinates of an "

“"arbitrary atom to standard out for each frame. You can ",
"select which atom you want to examine with the -n argument.”
b
/I allocate memory for output here
hydallx = (struct hydanalys*) calloc(999999,sizeof(stru ct hydanalys));
/I default value for rcut (hydration radius)
static real n=0.35;
/* Extra arguments - but note how you always get the begin/end
* options when running the program, without mentioning them here!
*

/I passing a value through -rcut and save as "n"

t_pargs paf] = {
{ "rcut", FALSE, etREAL, {&n},
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"hydration radius (nm) obtained first minimum of rdf"

/I define variables

t_topology top;
char title[STRLEN];
t_trxframe fr;

rvec *xtop;

matrix box;

int status;

int flags = TRX_READ_X;

int *isize; Il size of index
char **grpnames; /I group name of index
atom_id **index; /I index values
int ij;

int *hydall;

int number=0; /I counter
FILE *fp; /I output file
int lasttime; /I last timestep

t_filenm fam[] = {

{ efTPS, NULL, NULL, ffREAD }, /* this is for the topology */

{ ef TRX, "-f", NULL, ffREAD }, [* this is for the trajectory */

{ efNDX, NULL , NULL, ffOPTRD }, [* this is for index */

{ efXVG, "-hbn", "hbond", fOPTWR }  /* this is for output in xv g *
h

#define NFILE asize(fnm)

CopyRight(stderr,argv[0]);

/* This is the routine responsible for adding default option s,
* calling the X/motif interface, etc. */

parse_common_args(&argc,argv,PCA_CAN_TIME | PCA_CANEW,
NFILE,fnm,asize(pa),pa,asize(desc),desc,0,NULL);

/* We don't need any topology information to write the coordi nates,
* but to show how it works we start by writing the name and

* charge of the selected atom. It returns a boolean telling us

* whether the topology was found and could be read

*

read_tps_conf(ftp2fn(efTPS,NFILE,fnm),title, &top,&x top,NULL,box, TRUE);
sfree(xtop);

/I allocate memory for read variable using snew

int grNR=999999;
snew(grpnames,grNR);
snew(index,grNR);
snew(isize,grNR);

snew(fp,arNR);

/I getting index from -n
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get_index(&(top.atoms),ftp2fn_null(efNDX,NFILE,fnm) ,2,isize,index,grpnames);
/* The first time we read data is a little special */

read_first_frame(&status, ftp2fn(efTRX,NFILE,fnm),&f r,flags);

/* This is the main loop over frames */
do {
/I start counting atoms in the first hydration and hbond

real rhydration=n*n;
int hydstat=0;
int hbondstat=0;

/I check hydration aa=acceptor bb=donor

for(i = 0; (i < isize[0]); i++) {
int aa = index[O][i];
for(j = 0; ( < isize[1]); j++) {
int bb = index[1][j] - 4;
double bx = fr.x[aa][XX]-fr.x[bb][XX];
bx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * bx);
double by = fr.x[aa][YY]-fr.x[bb][YY];
by -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * by);
double bz = frx[aa][ZZ] - fr.x[bb][ZZ];
bz -= frbox[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * bz);
double rr = bx * bx + by * by + bz * bz;
if(rr > rhydration) continue;
hydstat++;

/I check hydrogen bond distance (hbond <= 0.35nm)
if(r > HBOND?2) continue;

/I check closest water hydrogen to acceptor

/I hyda hydb are the indexs for water hydrogens

int hyda = index[1][j] - 3 - 4 ;
int hydb = index[1][j] - 2 - 4 ;
int hydc = index[1][j] - 1 - 4 ;

double hax = fr.x[aa][XX] - fr.x[hyda][XX];

hax -= fr.oox[XX][XX] * ANINT(1 / fr.box[XX][XX] * hax);
double hay = fr.x[aa][YY] - fr.x[hyda][YY];

hay -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * hay);
double haz = fr.x[aa][ZZ] - fr.x[hyda][ZZ];

haz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * haz);
double har = hax * hax+hay * hay + haz * haz;

double hbx = fr.x[aa][XX] - fr.x[hydb][XX];
hbx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * hbx);
double hby = fr.x[aa][YY] - fr.x[hydb][YY];
hby -= fr.box[YY][YY] * ANINT(1 / fr.oox[YY][YY] * hby);
double hbz = fr.x[aa][zZ] - fr.x[hydb][ZZ];
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hbz -= fr.box[ZZ][zZ] * ANINT(1 / fr.box[ZZ][ZZ] * hbz);
double hbr = hbx * hbx + hby * hby + hbz * hbz;

double hex = frx[aa][XX] - fr.x[hydc][XX];

hex -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * hcx);
double hcy = frx[aa][YY] - fr.x[hydc][YY];

hey -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * hcy);
double hcz = fr.x[aa][ZZ] - fr.x[hydc][ZZ];

hez -= fr.box[2Z][zZ] * ANINT(1 / fr.box[ZZ][ZZ] * hcz);
double hcr = hex * hex + hey * hey + hez * hez;

int hn = 3;
if(hbr < har) hn
if(hcr < hbr) hn =

1
N

/I calculate the angle D--H--A (greater than 120)
/I Ref: Brady and Schmidt (1993)

/I distance between acceptor and closest hydrogen

/I hydf is the closest hydorgen index

int hydf = bb - hn;

double aax = fr.x[aa][XX] - fr.x[hydf][XX];

aax -= fr.oox[XX][XX] * ANINT(1 / fr.box[YY][YY] * aax);
double aay = fr.x[aa][YY] - fr.x[hydf][YY];

aay -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * aay);
double aaz = fr.x[aa][ZZ] - fr.x[hydf][ZZ];

aaz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * aaz);

double aar = aax * aax + aay * aay + aaz * aaz;

/I distance between donor and cloest hydrogen

double abx = fr.x[bb][XX] - fr.x[hydf][XX];

abx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * abx);
double aby = fr.x[bb][YY] - fr.x[hydf][YY];

aby -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * aby);
double abz = fr.x[bb][ZZ] - fr.x[hydf][ZZ];

abz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * abz);
double abr = abx * abx + aby * aby + abz * abz;

/I convert to unit vector

double harr = 1.0 / sqgrt(aar);
double erax = aax * harr;
double eray = aay * harr;
double eraz = aaz * harr;
double hcrr = 1.0 / sqrt(abr);
double ercx = abx * hcrr;
double ercy = aby * hcrr;
double ercz = abz * hcrr;

/I dot product

double cosphi = erax * ercx + eray * ercy + eraz * ercz;

double phi = acos(cosphi);

/I record number of hydrogen bonding
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if(phi > HBANGLE) hbondstat++;
if (aa-bb>50){
printf("%g %g \n", fr.x[aa][XX], fr.x[aa][YY]);
}

/I saving data in the output memory
hydallx[number].t=fr.time;
hydallx[number].x=hydstat;

hydallx[number].y=hbondstat;

number++;

hydallx[0].z=number;

/I saving the last time frame
lasttime=fr.time;

} while(read_next_frame(status,&fr));
/I open output "fp"

fp = xvgropen(opt2fn("-hbn",NFILE,fnm),
" Time(ps)","Count’);

for (i=0; i<hydallx[0].z; i++) {
fprintf(fp,"%5i %5i %5i \n", hydallx[i].t,hydallx[i].x, hydallx[i].y);

fclose(fp);
thanx(stderr);
return O;

B.3.5 Hydroxyl as H-donor

1
* $ld: template.c,v 1.4 2001/07/23 15:28:29 lindahl Exp $

*

* This source code is part of

* G R O M A C s

*

* GROningen MAchine for Chemical Simulations
*

* VERSION 3.0

*
* Copyright (c) 1991-2001

* BIOSON Research Institute, Dept. of Biophysical Chemistr y

* University of Groningen, The Netherlands

* This program is free software; you can redistribute it and/ or

* modify it under the terms of the GNU General Public License
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*

as published by the Free Software Foundation; either versi on 2

*

of the License, or (at your option) any later version.

*

If you want to redistribute modifications, please conside r that

*

scientific software is very special. Version control is cr ucial -

*

bugs must be traceable. We will be happy to consider code for

*

inclusion in the official distribution, but derived work m ust not
be called official GROMACS. Details are found in the README & COPYING

*

*

files - if they are missing, get the official version at www. gromacs.org.

*

To help us fund GROMACS development, we humbly ask that you dte

*

the papers on the package - you can find them in the top README file.

*

Do check out http://www.gromacs.org , or mail us at gromacs @gromacs.org .

*

And Hey:
Gyas ROwers Mature At Cryogenic Speed

*

*

/* This line is only for CVS version info */

static char *SRCID_template_c = "$ld: template.c,v 1.4 200 1/07/23 15:28:29 lindahl Exp $";

#include "statutil.h”
#include "typedefs.h"
#include “"smalloc.h”
#include "vec.h"
#include "copyrite.h"
#include "statutil.h"
#include "tpxio.h"
#include “index.h"

#include "xvgr.h"

#define ANINT(A) (double) (long) (((A)<0.0) ? ((A)-0.5) : ( (A)+0.5))
#define HBANGLE 120.0*3.141592653589793238462643383/80.0

#define HBOND 0.35

#define HBOND2 HBOND*HBOND

/I structure for output file

struct hydanalys {
int t, x, y;
} *hydallx;

/I start main here

int main(int argc,char *argv[])

{

static char *desc[] = {
“this is a small test program meant to serve as a template ",
"when writing your own analysis tools. The advantage of ",
“using gromacs for this is that you have access to all ",
“"information in the topology, and your program will be ",
"able to handle all types of coordinates and trajectory ",
“files supported by gromacs. Go ahead and try it! ",
"This test version just writes the coordinates of an ",
“arbitrary atom to standard out for each frame. You can ",

"select which atom you want to examine with the -n argument.”
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/I allocate memory for output here

hydallx = (struct hydanalys*) calloc(999999,sizeof(stru ct hydanalys));
/I default value for rcut (hydration radius)

static real n=0.35;

/* Extra arguments - but note how you always get the begin/end

* options when running the program, without mentioning them here!

*

/I passing a value through -rcut and save as "n"

t_pargs paf] = {
{ "-rcut’, FALSE, etREAL, {&n},
"hydration radius (nm) obtained first minimum of rdf"

/I define variables

t_topology top;
char title[STRLEN];
t_trxframe fr;

rvec *xtop;

matrix box;

int status;

int flags = TRX_READ_X;

int *isize; /] size of index
char **grpnames; /I group name of index
atom_id **index; /I index values
int ij;

int *hydall;

int number=0; /I counter
FILE *p; /I output file
int lasttime; /I last timestep

t_filenm fam[] = {

{ efTPS, NULL, NULL, ffREAD }, /* this is for the topology */

{ efTRX, "', NULL, ffREAD }, /* this is for the trajectory */

{ efNDX, NULL , NULL, ffOPTRD }, /* this is for index */

{ efXVG, "-hbn", "hbond", fOPTWR } /* this is for output in xv g *
h

#define NFILE asize(fnm)

CopyRight(stderr,argv[0]);

/* This is the routine responsible for adding default option S,

* calling the X/motif interface, etc. */

parse_common_args(&argc,argv,PCA_CAN_TIME | PCA_CANEW,
NFILE,fnm,asize(pa),pa,asize(desc),desc,0,NULL);

/* We don't need any topology information to write the coordi nates,
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* but to show how it works we start by writing the name and
* charge of the selected atom. It returns a boolean telling us
* whether the topology was found and could be read

*

/

read_tps_conf(ftp2fn(efTPS,NFILE,fnm),title,&top,&x top,NULL,box, TRUE);
sfree(xtop);

/I allocate memory for read variable using snew

int grNR=999999;
snew(grpnames,grNR);
snew(index,grNR);
snew(isize,grNR);
snew(fp,grNR);

/I getting index from -n

get_index(&(top.atoms),ftp2fn_null(efNDX,NFILE,fnm) ,2,isize,index,grpnames);
/* The first time we read data is a little special */
read_first_frame(&status,ftp2fn(efTRX,NFILE,fnm),&f r.flags);

/* This is the main loop over frames */

do {

/I start counting atoms in the first hydration and hbond

real rhydration=n*n;
int hydstat=0;
int hbondstat=0;

/I check hydration aa=acceptor bb=donor

for(i = 0; (i < isize[0]); i++) {
int aa = index[O][i];
for( = 0; ( < isize[1]); j++) {
int bb = index[1][j];
double bx = fr.x[aa][XX]-fr.x[bb][XX];
bx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * bx);
double by = fr.x[aa][YY]-fr.x[bb][YY];
by -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * by);
double bz = frx[aa][ZZ] - fr.x[bb][ZZ];
bz -= frbox[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * bz);
double rr = bx * bx + by * by + bz * bz;
if(rr > rhydration) continue;
hydstat++;

/I check hydrogen bond distance (hbond <= 0.35nm)
if(r > HBOND?2) continue;
/I calculate the angle D--H--A (greater than 120)

/I Ref: Brady and Schmidt (1993)

/I distance between acceptor and closest hydrogen
/I hydf is the closest hydorgen index
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/I for OH of hydroxyl group 1 H-2 O

int hydf = bb -1;

double aax = fr.x[aa][XX] - fr.x[hydf][XX];

aax -= fr.oox[XX][XX] * ANINT(1 / fr.oox[YY][YY] * aax);
double aay = fr.x[aa][YY] - fr.x[hydf][YY];

aay -= fr.box[YY][YY] * ANINT(1 / fr.oox[YY][YY] * aay);
double aaz = fr.x[aa][ZZ] - fr.x[hydf][ZZ];

aaz -= fr.box[ZZ][ZZ] * ANINT(1 / fr.box[ZZ][ZZ] * aaz);

double aar = aax * aax + aay * aay + aaz * aaz;
/I distance between donor and cloest hydrogen

double abx = fr.x[bb][XX] - fr.x[hydf][XX];

abx -= fr.box[XX][XX] * ANINT(1 / fr.box[XX][XX] * abx);
double aby = fr.x[bb][YY] - fr.x[hydf][YY];

aby -= fr.box[YY][YY] * ANINT(1 / fr.box[YY][YY] * aby);
double abz = fr.x[bb][zZ] - fr.x[hydf][ZZ];

abz -= fr.box[ZZ][zZ] * ANINT(1 / fr.box[ZZ][ZZ] * abz);
double abr = abx * abx + aby * aby + abz * abz;

/I convert to unit vector
double harr = 1.0 / sqrt(aar);
double erax = aax * harr;
double eray = aay * harr;
double eraz = aaz * harr;
double hecrr = 1.0 / sqrt(abr);
double ercx = abx * hcrr;
double ercy = aby * hcrr;
double ercz = abz * hcrr;

/I dot product

double cosphi = erax * ercx + eray * ercy + eraz * ercz;

double phi = acos(cosphi);
/I record number of hydrogen bonding

if(phi > HBANGLE) hbondstat++;

/I saving data in the output memory
hydallx[number].t=fr.time;
hydallx[number].x=hydstat;
hydallx[number].y=hbondstat;
number++;

/I saving the last time frame

lasttime=fr.time;

} while(read_next_frame(status,&fr));



Sukit Leekumjorn Appendix B 354

/I open output "fp"

fp = xvgropen(opt2fn("-hbn",NFILE,fnm),
", "Time(ps)","Count");

for (i=0; i<(lasttime/2)+1; i++) {

fprintf(fp,"%5i %5i %5i \n", hydallx[i].t,hydallx[i].x, hydallx[i].y);
}
fclose(fp);

thanx(stderr);

return O;



Appendix C

Additional Publications

This chapter contains a re-print of a publication for the reslts not discussed in the main

body of the dissertation.
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