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Abstract

The effect of lung surfactant protein fragment, SP-B1−9, on a model lipid bilayer was

investigated. Lung surfactants are lipid-protein complex mixtures that help in reducing the

effort needed for breathing by lowering the surface tension that builds up at the alveolar

air-liquid interface.

Recent research using deuterium NMR to examine the impact of SP-B fragments on

bilayer model membranes found that the SP-B fragment, SP-B(1-25, 63-78), had a greater

effect on the lipid chain acyl chain orientational order than the fragment, SP-B (8-25, 63-

78). Both of these SP-B fragments include the first and last helices of SP-B, however they

vary in the presence or absence of the insertion motif SP-B1−7. This indicates that the

insertion motif may contribute to the ability of SP-B to promote the bilayer reorganisation

required for lung surfactant function. To gain a better understanding of the insertion motif’s

interaction with surfactant lipids, we used deuterium NMR and GROMACS molecular

dynamic simulations to examine the effect of SP-B1−9 on the acyl chain order of a lipid

bilayer comprised of the lipids DPPC and POPG in a 7:3 ratio.

2H NMR studies with DPPC-d62/POPG (7:3) and SP-B1−9 at peptide-to-lipid ratios of

0.066 and 0.098 revealed no detectable effects in the first moment and order parameter pro-

files. Even after freezing and thawing the samples, no significant impact of the peptide was

detected. On the other hand, MD simulations of lipid bilayers containing DPPC/POPG(7:3)

and SP-B1−9 at a peptide-to-lipid ratio of 0.031 showed a reduction in the acyl chain ori-

entational order of the lipid chain. This difference between the simulation results and the

experiments could be due to the aggregation of the peptides in the experiments. MD simu-

lations also reveal the peptide’s average orientation and conformation in the lipid bilayer. It
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was found that the residues at peptide positions 5, 6, and 7 (Leucine, Proline, and Tyrosine,

respectively) had the potential to be part of a helical segment with an average helicity of ap-

proximately 45%. The peptide seems to slope into the bilayer, with the last few residues at

the N-terminal end remaining horizontal to the bilayer plain, not going closer to the bilayer

centre.
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Chapter 1

Introduction

1.1 Background

The respiratory system is essential for all the body’s functions. Its primary function is to

provide oxygen to all parts of the body. Gaseous exchange occurs in the alveolar region of

the lungs, where blood and air are brought very close together over a large surface area [1].

Lungs contain approximately 300-500 million alveoli, which provide more than 80-100

square meters of area for gaseous exchange [2].

When the lungs are filled with air during inhalation, there will be an interface between

the air and the alveolar fluid. When water forms an interface with air, the water molecules

tend to attract each other. As a result, the water surface always tries to contract. The

same thing happens at the alveolar air-liquid interface. Here the fluid layer contracts and

tends to push the air out of the alveoli. The net effect is an elastic contractile force at the

air-water interface called surface tension elastic force [3]. This tends to cause the alveoli

to collapse. However, natural surface-active agents under physiological conditions can
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reduce the surface tension to near zero, facilitating the expansion of lungs and dramatically

reducing the effort of breathing muscles in respiration [4]. Low surface tension at the

alveolar air-liquid interface is necessary for normal breathing.

Lung surfactants are complex mixtures of proteins and lipids found at the air-liquid

interface of the alveolus [5]. Type II epithelial cells (pneumocytes) lining the inner alve-

olar surface synthesize and secrete lung surfactant to the water layer at the inner surface

of the alveolus [5]. The phospholipids in lung surfactants are amphipathic, meaning they

have both hydrophobic and hydrophilic regions. As shown in Figure 1.1, hydrophilic head

groups tend to align in contact with the aqueous layer, whereas hydrophobic acyl chains

that do not favourably interact with water are exposed to the alveolar airspace. This coun-

teracts the surface force at the alveolar air-liquid interface and reduces the surface tension

to its minimum value (nearly 0 mN/m). This reduces the pressure required to keep the

airspace open in the alveoli. The pressure exerted by surface tension can be expressed as

the difference between pressures inside and outside the alveolus and is given by the Laplace

equation,

∆P = Pint −Pext =
2γ

r
(1.1)

where ∆P is the difference between the pressures inside, Pint, and outside, Pext, γ is the

surface tension, and r is the radius of the alveolus [6]. This relationship demonstrates

the inherent instability of the alveolar surface. If the surface tension remains constant,

a decrease in alveolar radius during expiration raises pressure exerted by surface tension,

causing the alveolus to shrink even more. Lung surfactants modify this situation and reduce

surface tension in normal alveoli.
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Figure 1.1 – Schematic diagram of an alveolus showing the location of phospholipids in lung sur-

factants at the alveolar air-fluid interface. The phospholipids align in such a way that the hydrophilic

head groups are in contact with the fluid layer and the hydrophobic acyl chains are in contact with the air

layer. Reprinted from Publication Current Opinion in Structural Biology, Volume 12, Piknova, Barbora,

Schram, Vincent, Hall, Stephen B, Pulmonary Surfactant: Phase Behavior and Function, Pages 487-

494, Copyright (2002), with permission from Elsevier.

An insufficient amount of lung surfactant or dysfunctional lung surfactant causes Respi-

ratory Distress Syndrome (RDS). One example, Neonatal Respiratory Syndrome (NRDS)

is primarily associated with premature babies born before the 37th week of gestation [7].

Premature babies have immature lungs that are incapable of producing enough surfactant

materials. Surfactant replacement therapy has been shown to decrease the mortality rate of

babies with severe NRDS [8]. The RDS that can affect adults is called Acute Respiratory

Distress Syndrome (ARDS) and is caused by dysfunction of lung surfactants caused by
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injury or illness [9]. Despite advances in critical care, the mortality rate in the case of se-

vere ARDS remains very high [10]. A proper understanding of the mechanism of action of

lung surfactant may contribute to the development of improved RDS treatments, possibly

through the development of artificial surfactant therapies [11].

1.2 Surfactant Proteins

The surfactant layer in the lungs is composed of a mixture of phospholipids, some neutral

lipids, and proteins. It consists of approximately 90% lipids and 10% proteins [12]. Figure

1.2 illustrates the typical protein and lipid compositions of lung surfactants. Surfactant

proteins are proteins that are closely associated with surfactant lipids and contribute to the

establishment and maintainance of the surface active layer. So far, four surfactant proteins

have been identified. They are SP-A, SP-B, SP-C and SP-D. SP-A and SP-D are large

proteins with hydrophilic natures, while SP-B and SP-C are small proteins with hyrophobic

natures [13].

Surfactant Protein A (SP-A) was the first surfactant protein to be discovered [14]. It has

a molecular weight of 26-38 kDa in its monomeric form [15]. It is the most common sur-

factant protein accounting for about 5-6% of the total surfactant dry weight. SP-A belongs

to the the collectin family of proteins, meaning that it has Ca2+-dependent lectins contain-

ing collagen-like domains in its structure [16]. SP-A is involved in surfactant function and

homeostasis, including tubular myelin formation [17–19], enhancing the surfactant activity

of SP-B [20,21], protecting the surfactant film from protein inhibition [22–24], and regulat-

ing the secretion and uptake of surfactant material by type II pneumocytes [25–27]. SP-A

is also reported to be involved in host defense [28].
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Figure 1.2 – Typical composition of protein and lipids in lung surfactant. The percentages shown

here are with respect to the total mass. Reprinted from Publication Chemistry and Physics of Lipids,

Volume 185, Elisa Parra, Jesús Pérez-Gil, Composition, Structure and Mechanical Properties Define

Performance of Pulmonary Surfactant Membranes and Films, Pages 153-175, Copyright (2015), with

permission from Elsevier.

Surfactant Protein D (SP-D) is also a collectin protein found in surfactants. It is in-

volved in natural defense mechanisms in the lungs and in gut mucosa. SP-D molecules

organize in trimers by the formation of triple helix collagenic segments and the coiled-coil

like association of helical bundles. Two SP-D trimers combine to form one hexamer, and

two of these hexamers combine to form an X-shaped dodecamer. This is the most common

oligomer of SP-D found in airways [29]. SP-D is also involved in the regulation of sur-

factant homeostasis [16], which refers to any process responsible for maintaining a stable

level of surface-active alveolar lipoprotein mixture.
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SP-B is a hydrophobic protein with 79 amino-acid residues, and it forms a homodimer

with a mass of ∼ 17 kDa [30]. SP-B interacts with lipids due to its hydrophobic nature.

Further details about SP-B are provided in the next section. Similar to SP-B, SP-C is also

hydrophobic in nature. SP-C can be considered the only exclusively surfactant-associated

protein as it seems to be present only in lung surfactants [31]. This 35 amino acid protein

is formed from a 21 kDa pro-protein after the cleavage of the N-terminal and C-terminal

precursor parts. SP-C takes on a very stable and regular α-helical conformation covering

residues 10-35, which is the appropriate length for adopting a transmembrane orientation

in phospholipid bilayer membranes rich in DPPC, as in lung surfactants [32]. If the length

matches a bilayer, that is significant since that suggests that the helix must be predomi-

nantly in the lipid bilayer reservoir rather than the surface-active mono layer. In addition,

it has two palmitoylated cysteines in the N-terminus, one on each side of the two pro-

line residues [33]. This is one of the main factors contributing to the hydrophobicity of

SP-C. Palmytoylation may be required to promote the structural transition of surfactant

material from monolayer to bilayer [34] and to maintain protein association with densely

packed surfactant films during exhalation [35]. Many of the functions of SP-C extend over

to the functions of SP-B. SP-C is implicated in the adsorption of lipids from the bilayer

reservoir to the air-liquid interface [36], respreading of the surfactant films during expan-

sions [37], surfactant absorption by type II pneumocytes, and it also helps in stabilizing the

lipid monolayer.
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1.2.1 Lung Surfactant Protein B (SP-B)

The presence of SP-B in lung surfactant is necessary for transferring the surface active

material from the surfactant reservoirs to the air-liquid interface for the formation of a

stable surfactant layer, particularly during expiration [38]. Genetic deficiency of SP-B at

birth can cause fatal respiratory failure [39,40]. It belongs to the saposin-like protein family

(SAPLIP) [41]. The amino acid sequence of SP-B is shown in Figure 1.3.

F P I P L P Y C W L C R A L I K R I Q A M I P K G A L A V A V A Q V C R V V P L
V

G
A

G
M S C R L V L R C V L Q P L M R G L L T D L L I V S Y R E A L C Q C I

Insertion Sequence

1

79

S-
S S-S S-S

7 9

Figure 1.3 – Amino-acid sequence of SP-B. Residues in red indicate the first nine N terminal amino

acids, SP-B1−9. The first seven amino acid sequence, SP-B1−7 , is thought to insert into the bilayer. The

sulfide bridges formed by the cysteines are also shown in the figure.

.

SP-B is needed for the appropriate SP-C pro-protein processing [42], proper packing

of surfactant membranes into lamellar bodies [43] and it is also involved in the unraveling

process of the secreted surfactant materials into intermediate structures such as tubular

myelins [17]. Once it reaches the interface, SP-B facilitates the adsorption of surfactant

material to form interfacial films [44], reduces the surface tension value to a minimum

by stabilizing the films during expiration [45], and it also promotes the respreading of the

surfactant material during inspiration [46]. All these functions of SP-B depend on the
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ability of SP-B to remodel membranes. SP-B is said to have lytic and fusogenic effects on

phospholipid bilayers [47].

In the amino acid sequence of SP-B, 52% of amino acids are hydrophobic. It also

contains one negatively charged residue and eight positively charged residues. Six out of

seven cysteines in the SP-B sequence form three intramolecular disulfide bridges C8-C77,

C11-C71 and C35-C46 [48] which stabilize the tertiary structure. Circular dichroism and

infrared spectroscopy studies show that SP-B has a high helical content of approximately

40-50% [49–51]. Because of the highly hydrophobic nature of SP-B and the difficulty of

producing recombinant SP-B, obtaining its three-dimensional structure is extremely diffi-

cult [30, 52].

SP-B’s interaction with lipid membranes involves electrostatic forces moderated by

anionic phospholipid head groups and positively charged residues of the protein, as well

as hydrophobic interaction of amphipathic SP-B helices with the acyl chains. The extent

to which SP-B interacts with lipid membranes depends on the protein-lipid ratio and the

method of reconstitution. One structural feature of SP-B is not found in other saposin super

family proteins. The first seven N terminal tail amino acid sequence SP-B1−7 often referred

to as the “insertion sequence”, is thought to be inserted into the bilayer [53,53,54]. SP-B1−7

(N terminal residues 1-7) likely plays a role in anchoring the protein to the lipid bilayers

and monolayers in the surfactant structure. Hence, SP-B1−7 is thought to be needed for

the full surface tension reduction property of lung surfactants [47,55]. Proline amino acids

at positions 2, 4, and 6 play an important role in the protein’s ability to associate with

membranes, most likely by adopting a specific conformation [54]. The ninth N terminal

residue in SP-B is an aromatic residue, tryptophan. In fact, it is the only one tryptophan

in the whole SP-B sequence. Aromatic side chains tend to bind to the inner regions of
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the interface between the membrane acyl chain and the head groups [56]. The tryptophan

at position 9 is thought to help in anchoring the SP-B on the phospholipid bilayer surface

[57, 58]. In this study, we study the effect of SP-B1−9 on lipid mixtures modeled on the

lipid components of lung surfactant.

1.3 Surfactant Lipids

Pulmonary surfactants contain about 90% lipids, predominantly phospholipids. The zwit-

terionic lipid, phosphatidylcholine (PC) makes up about 60-70%, by mass, of the lipid.

In mammalian lungs, anionic lipids such as phosphatidylinositol (PI) and phosphatidyl-

glycerol (PG) account for approximately 8-15% of total surfactant mass [59]. Cholesterol

accounts for up to 8 weight% or 15 mol% of the surfactant. In addition there are small

amounts of fatty acids and triglycerides [13].

Dipalmitoylphosphatidylcholine (DPPC), a disaturated phospholipid, is the most abun-

dant lipid species in lung surfactant, accounting for 41-70% of phosphatidylcholine [13].

DPPC can reduce the surface tension at the air-liquid interface on its own, but it adsorbs

poorly and can collapse as it becomes rigid and brittle at low surface tension, resulting in

poor surfactant film respreadability [60]. This limitation interferes with surfactant function

because the monolayer must be respread and partially replaced after each breathing cycle.

Unsaturated lipids such as POPG, on the other hand, can fluidize the layer sufficiently for

rapid adsorption but cannot achieve low surface tension [61]. As a result, the lung sur-

factant typically contains a significant amount of unsaturated lipid, such as POPG, as well

as saturated phospholipid, DPPC, for good spreadability and, as a result, low surface ten-

sion [54] after repeated cycling of lung volume. The molecular structures of DPPC and
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POPG are shown in Figure 1.4.
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Figure 1.4 – Molecular structure of (A) 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and (B)

1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (POPG).
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In phospholipid nomenclature, sn refers to “stereospecific numbering” and the sn-1 and

sn-2 chains are the lipid acyl chains attached to the sn-1 and sn-2 carbons, respectively, of

the lipid glycerol backbone.

1.3.1 Lipid Bilayer

Biological membranes having two layers of phospholipid molecules are called lipid bi-

layers. Phospholipids are amphiphilic in nature, meaning they have both hydrophobic

and hydrophilic regions. The phosphate and choline moeities in the headgroup give the

lipids polarity, while the acyl chains are nonpolar and hydrophobic. The lipid DPPC is

zwitterionic in nature, meaning that it has charge separation but does not have a net charge.

On the other hand, POPG is negatively charged, so that it is an anionic lipid. Choosing a

combination of these two lipids provides a way to mimic the properties of lung surfactants.

The Figure 1.5 represents a bilayer composed of DPPC and POPG in the 7:3 ratio used for

our molecular dynamic simulation studies discussed later.

Depending on the temperature, a lipid can be in a liquid crystalline phase (fluid) or gel

phase (solid). The liquid crystalline phase is less ordered and hence more mobile compared

to the gel phase where the bilayer is more ordered and less mobile [62]. When the tempera-

ture increases, the bilayer undergoes a transition from the gel phase to the liquid crystalline

phase. The temperature at which this happens is called the chain melting temperature. This

is characteristic of the lipid types in the bilayer.
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Figure 1.5 – Representation of a bilayer composed of lipids DPPC and POPG in a 7:3 ratio. The grey

spheres at the top and bottom of the bilayer represents the phosphorus atoms of the lipid head groups on

each layer. The green tails represent the lipid acyl chains.

1.4 Surfactant Dynamics

For maintaining a fully functional surfactant film at the alveolar air-fluid interface, the sur-

factant film needs to be refined continuously by efficiently removing any surfactant material

that has been displaced from the surface active layer and incorporating freshly secreted sur-

factant materials. We still lack detailed understanding of the underlying processes involved

in surfactant dynamics. Enrichment of surfactant films by DPPC is thought to be required

to reduce surface tension to a minimum value during expiration. There are studies sug-

gesting that the hydrophobic proteins SP-B and SP-C can selectively promote the insertion

of DPPC into the interface [63]. During expiration, the compression of the surface film is

thought to squeeze out unsaturated species from the interface, which results in the enrich-

12



ment of DPPC in the surfactant film [64–66]. The surfactant’s ability to form a multilayered

film at the interface is also thought to be required for the surfactant to create very low sur-

face tension [67–69]. The roles thought to be played by SP-B and SP-C in the transport

of surfactants during a respiratory cycle are depicted in Figure 1.6. The surfactant film

folds in response to lateral compression to form three-dimensional structures that can help

to sustain maximal pressure. The steps illustrated are:

Figure 1.6 – The role played by SP-B and SP-C in the transport of surfactants during a respiratory

cycle. Source: Reprinted from Publication American Physiological Society, Volume 25, Perez-Gil, Jesús

and Weaver, Timothy E, Pulmonary Surfactant Pathophysiology: Current Models and Open Questions,

Pages 132-141, Copyright (2010), with permission from APS.
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1. During compression, SP-C promotes the folding of the surfactant films, removes

some lipids and complex materials of lipids and proteins from the air-liquid interface

[70] and makes 3D phases [4, 71, 72];

2. SP-B stabilizes the interfacial films;

3. SP-B facilitates the development of multilayered membrane structures [73] by pro-

moting the formation of membrane-membrane contacts [47, 74, 75]. It also seems to

give mechanical stability to the compressed films [76];

4. By inserting the protein’s palmitoylated cysteines into the interfacial films and/or

through the terminal NH2, SP-C may promote the association of the surfactant struc-

tures that are excluded, with an interface that’s compressed to the maximum. [72,77];

5. and 6. Both SP-B and SP-C appear to initiate the insertion [78] and respreading [67]

of the surface active material (phospholipids) from the surfactant reservoirs to the

interface.

Surfactant function may thus require collaboration between these two hydrophobic surfac-

tant proteins [79].

1.5 Objectives

The breathing process would be extremely difficult in the absence of a surfactant layer at

the alveolar air-fluid interface due to surface tension [80]. The surfactant proteins and lipids

discussed above collaborate to reduce the effort required for breathing by lowering surface

tension. Two hydrophobic proteins, SP-B and SP-C are thought to facilitate the respreading
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of fresh surfactant film at the interface by selectively promoting the insertion of DPPC

[67]. A proper understanding of how the structural characteristics of specific surfactant

proteins promote the recycling of surfactant material could facilitate the development of

better synthetic materials for the treatment of respiratory disorders related to surfactant

deficiency or dysfunction [81–83]. The conservation of SP-B during evolution indicates

its necessity for lung surfactant function, and this was demonstrated by Melton et al. [84].

Since the insertion sequence is thought to insert into the bilayer, whether it has the ability

to contribute to the functioning of SP-B would be beneficial to know for deciding whether

to include the insertion sequence in the synthetic surfactants.

In a previous study of model bilayer membranes containing either the SP-B fragment

SP-B (1-25, 63-78) or the fragment SP-B (8-25, 63-78), using deuterium NMR, it was

found that the SP-B (1-25, 63-78) fragment had more effect on the lipid acyl chain orienta-

tional order than SP-B (8-25, 63-78) [85]. Both of these fragments contain the first and last

helices of SP-B, but they differ in whether they have the insertion motif SP-B1−7 present

or not. In a different study of SP-B1−25 [86] on model lipid bilayer, the peptide showed ef-

fects on lipids that are not observed for the SP-B fragments SP-B8−25 [87], SP-B59−80 [88]

or SP-B63−78 [89]. There are other studies as well which show the functional importance

of the insertion sequence [53, 54]. These studies suggest the possibility that the insertion

motif might play a role in the ability of SP-B to promote the bilayer reorganization implicit

in lung surfactant function.

The insertion sequence accounts for ∼ 9 % of the SP-B residues. In a previous 2H NMR

study of natural SP-B at low concentrations in the bilayer, there was not much effect of SP-

B on bilayer order or phase behavior, although there was an effect on slow motions [90].

The insertion sequence might have a stronger local effect on the bilayer that might be hard
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to see in a study with full-length SP-B since the insertion sequence is a small fraction of the

peptide mass present. If the peptide is inhomogeneously distributed in natural surfactant,

then there could also be regions with a higher peptide-lipid ratio. In this study, we are

looking at whether higher concentrations of the insertion sequence might contribute to

bilayer perturbation.

In order to get a deeper understanding of the interaction of the insertion motif with the

surfactant lipids, the current work examines the effect of the first nine N terminal residues

of SP-B, SP-B1−9, on the acyl chain order of model lipid bilayers composed of DPPC

and POPG using deuterium NMR and GROMACS molecular dynamic simulations. Ex-

perimentally, we used deuterium NMR to study the effect of SP-B1−9 at a relatively high

peptide-lipid ratio, on DPPC chain order in DPPC-d62/POPG (7:3) model lipid bilayers.

Computationally, we used GROMACS to look at the peptide conformation, location, and

its interaction with lipids at low and high peptide-to-lipid ratios. The extent to which a

particular concentration of peptide perturbs the bilayer is studied by comparing systems at

different peptide concentrations.
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Chapter 2

Deuterium NMR Experiments

2.1 Theory

Nuclear Magnetic Resonance spectroscopy, abbreviated as NMR, is a spectroscopic tech-

nique which makes use of interactions that perturb the magnetic energies of specific nuclei

to study the chemical, physical and biological aspects of matter. It is extensively used by re-

searchers for the determination of the structure and function of macromolecules. Solid State

Nuclear Magnetic Resonance or SS-NMR is used in situations where restricted molecular

motion results in incomplete averaging of orientation-dependent interactions such as the

quadrupole interaction. In SS-NMR, useful information about molecular dynamics is ob-

tained from the residual perturbation left by such incomplete averaging. Wide line 2H SS-

NMR is a very useful technique for the characterization, in terms of dynamics and phase

behaviour, of lipid bilayers containing 2H labelled lipids.

Deuterium is a spin one nucleus. Nuclei with spin ≥1 have an electric quadrupolar

moment. The deuterium nucleus has three energy levels, in an external magnetic field,
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which correspond to the azimuthal quantum numbers m = 1, m = 0, and m = −1. Due to

the non-spherical charge distribution of the nucleus with spin ≥ 1, there is also an electro-

static interaction between the nuclear quadrupolar moment and the electric field gradient at

the position of the nucleus. For a carbon-deuterium bond with a specific orientation with

respect to an external magnetic field, the orientation-dependent electric quadrupolar mo-

ment perturbs the deuteron Zeeman energy levels. Figure 2.1 depicts the deuteron Zeeman

energy levels perturbed by this quadrupolar interaction.
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Figure 2.1 – Zeeman energy levels for a spin-1 nucleus in a magnetic field and their perturbation by the

quadrupolar interaction. The magnitude of quadrupolar interaction relative to the Zeeman interaction is

exaggerated. ν0 is the Larmor frequency and ∆νQ is the separation between the doublet peaks, called

quadrupolar splitting.

Perturbation of Zeeman levels by the quadrupolar interaction results in a doublet spec-

trum in which the splitting reflects the bond orientation relative to the magnetic field di-
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rection. Here the transition with frequency ν0 splits into two transitions with frequencies

ν0+∆νQ
2 and ν0-∆νQ

2 where ν0 is the Larmor frequency and the separation between the dou-

blet peaks (∆νQ) is called the quadrupolar splitting .

For a carbon deuterium bond, the interaction of the nuclear electric quadrupolar mo-

ment, eQ, with the electric field gradient (EFG) at the nucleus can be written in Cartesion

tensor notation [91]. Here e is the proton charge in the nucleus. The following treatments

follow Davis 1983 [92]. Here the EFG can be diagonalized by transforming to the principal

axis system (PAS), where principal axis refers to the electric field gradient tensor. Then the

elements become,

Vzz =
d2V
dz2 , Vyy =

d2V
dy2 , Vxx =

d2V
dx2 (2.1)

The principal axis component of EFG is eq = Vzz and the asymmetry parameter is η =

Vxx −Vyy. The EFG tensor can be transformed into the laboratory frame using Euler angles

(α , β , γ) [93] which specify the orientation of the PAS of the EFG tensor with respect to

the external magnetic field. Now the quadrupolar interaction Hamiltonian can be expressed

as,

HQ =
e2qQ

4I (2I −1)
[
3I2

z − I(I +1)
][1

2
(
3cos2

β −1
)
+

1
2

η sin2
β cos2α

]
. (2.2)

In the case of a deuteron, which has a spin-one nucleus (I = 1), in a carbon-deuterium bond

which has an axial symmetry, η = Vxx −Vyy = 0, the above equation becomes,

HQ =
e2qQ

4
[
3I2

z −2
][1

2
(
3cos2

β −1
)]

. (2.3)
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The corresponding eigenvalues (m = 0, ± 1) are,

Em =
e2qQ

4
[
3m2 −2

][1
2
(
3cos2

β −1
)]

. (2.4)

In 2H NMR experiments, the orientation-dependent quadrupolar interaction splits the

deuteron Zeeman energy levels. The selection rule, ∆m = ± 1, then results in a doublet

split by the quadrupolar splitting, ∆νQ, where

∆νQ =
3
2

e2qQ
h

[
1
2
(
3cos2

β −1
)]

=
3
4

e2qQ
h

(
3cos2

β −1
)
. (2.5)

For carbon-deuterium (CD) bonds, the term e2qQ/h = 167 kHz [94]. This is called the

quadrupolar coupling constant.

Equation 2.5 is for static CD bonds. In fluid phase lipid bilayers and biological mem-

branes, the local bilayer normal is the axis of symmetry for molecular reorientation. This

means that for lipid bilayers in the liquid crystalline state, the phospholipid molecules will

undergo fast axially symmetric reorientation about the bilayer normal. The quadrupolar in-

teraction for CD bonds attached to the lipids in such a bilayer is partially averaged by these

motions and this reduces the quadrupolar splitting for a given CD bond. In this case it is

better to transform from the PAS to a coordinate system fixed to the molecule. Doing so

introduces another factor, P2(cosθ) =
(3cos2 θ−1)

2 into the splitting. The angle β becomes

the angle between the applied magnetic field and the axis of motional symmetry (now the

bilayer normal) and θ is the angle between the CD bond and the bilayer normal. These an-

gles are illustrated in Figure 2.2. The factor P2(cosθ ) needs to be averaged if the angle θ

is modulated by a molecule’s conformational fluctuations on a timescale shorter than about

10−5 s. Now the quadrupolar splitting becomes,
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∆νQ =
3
4

e2qQ
h

(
3cos2

β −1
)

SCD (2.6)

where SCD =
〈1

2(3cos2 θ − 1)
〉

is the orientational order parameter of the chain segment

containing the CD bond. The average in SCD is over motions that occur on timescales

shorter than the characteristic time (∼ 10−5 s) for the experiment.
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Figure 2.2 – Orientation of bilayer normal and CD bond vector with respect to the applied magnetic

field. Here angle β is the angle between the applied magnetic field, B0 and the bilayer normal. Angle θ

is the angle between the CD bond vector and the bilayer normal.

2.2 Spectral Shapes

The maximum quadrupolar splitting occurs when there is no molecular reorientation with

respect to the magnetic field. This is found when the CD bond is aligned parallel to the

magnetic field (β = 0◦, in this case θ is effectively the angle between the magnetic field
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and the CD bond). In the case of a fluid lipid bilayer, the quadrupolar splittings are signifi-

cantly reduced due to molecular motions. The experimental value of quadrupolar splitting

provides valuable information about the degree of molecular motion experienced by a given

molecular segment. For oriented samples where the local bilayer normal has a single well-

defined orientation with respect to the magnetic field (single value of β ), we would observe

a simple doublet with a quadrupolar splitting given by Equation 2.6. The doublet is shown

in Figure 2.3

∆��

Figure 2.3 – 2H NMR quadrupolar doublet for oriented lipid bilayers containing lipid acyl chains deuter-

ated at a single carbon position.

For multilamellar vesicle samples, all local bilayer orientations are possible, and the

distribution of β values corresponds to a spherical distribution of direction vectors. If the

lipids in these vesicles are undergoing fast axially symmetric reorientation about the bilayer

normal, the resulting spectrum is a weighted superposition of doublets from all orientations.

This particular spectral shape is called a Pake doublet (or powder spectrum) and is shown

in Figure 2.4. Here the quadrupolar splitting is defined as the separation between the two

intense peaks corresponding to the sample regions where the bilayer normal is oriented
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perpendicular (β = 90◦) to the magnetic field. This splitting is scaled by the orientational

order parameter SCD, for that specific segment.

Information about the entire lipid chain can be obtained from a single experiment by

perdeuterating the lipid samples. In perdeuterated acyl chain samples, all the hydrogen

atoms on the lipid acyl chains are replaced by deuterium atoms.

∆��
� = �X�

� = X�

Figure 2.4 – The Pake doublet spectral shape. The spectrum is a superposition of doublets arising from

all bilayer normal orientations with respect to the magnetic field.

For lipid chains that are labelled at all positions, the variation of the CD bond order with

chain position results in the spectrum containing a superposition of quadrupolar splittings

for all the deuteron atoms along the acyl chain as shown in Figure 2.5.

The quadrupolar interaction averages out more as the amplitudes of the chain motions

increase, which reduces the splitting. The biggest quadrupolar splitting arises from the

methylene groups (CD2) towards the headgroup end of the acyl chain. The motional con-

straints of (CD2) groups increase towards the headgroups, resulting in less motional av-

eraging and, as a result, greater quadrupolar splitting. The methyl groups (CD3) at the

23



acyl chain ends, which are the least motionally constrained and which undergo an addi-

tional fast rotation about the methyl axis, display the smallest quadrupolar splitting. The

resulting spectrum reflects chain order that increases from the methyl groups (A, the two

intense peaks in the middle) to the methylene groups closest to the headgroups (B, the

larger quadrupolar splitting towards the edges).

Frequency (kHz)

A

B

Figure 2.5 – 2H NMR spectrum of a DPPC-d62/POPG sample showing the characteristic spectrum for

randomly oriented perdeuterated lipids. The spectrum is a superposition of sepctral components with

quadrupolar splittings from all the deuteron atoms along the acyl chain. (A) Smaller splitting arising

from the methyl groups at the acyl chain end and (B) the larger quadrupolar splitting of the prominent

spectral edge arising from the methylene groups near the acyl chain headgroup. The narrow single peak

at the centre of the spectrum is from natural abundance deuterons in the buffer water.
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2.3 First Moments

The first moment, M1, of the deuterium NMR spectrum lets us quantify, with a single num-

ber, the average chain orientational order for bilayers containing perdeuterated lipids [92].

M1 can also be extended to the gel phase where we cannot resolve the individual splitting

due to the overlapping of the quadrupolar splittings. Spectral moments can be useful for

comparing chain orders at different temperatures and at different bilayer compositions. 2H

NMR spectral moments are calculated in terms of angular frequencies. For a 2H NMR

spectrum, the first moment is proportional to the average quadrupolar splitting. For a spec-

trum with line shape S(ω) (which is the spectral intensity at angular frequency ω), the nth

moment is given by [95],

Mn =

∫
∞

0 ωnS(ω)d(ω)∫
∞

0 S(ω)d(ω)
(2.7)

Here, the angular frequency ω is measured from the spectral center. The zeroth moment,

M0 is given by
∫

∞

0 S(ω)d(ω) which represents half of the area under the 2H NMR spectrum.

The first spectral moment, the average quadrupolar splitting, and the average orientational

order are related by,

M1 =
4π

3
√

3
⟨∆νQ⟩=

π√
3

e2qQ
h

〈
SCD

〉
. (2.8)

Since the deuterium NMR first moment is directly proportional to
〈
SCD

〉
, it can provide

useful information about phase transitions and orientational order.
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2.4 Order Parameter

The orientational order parameter for each CD bond in each chain can be obtained from the

corresponding quadrupolar splitting. The order parameter, SCD, is mentioned in Equation

2.6. Deuterium nuclei at each carbon position of the lipid acyl chain have a distinct value

of order parameter depending on the motions of the acyl chain segment. As a result, the

spectrum is a superposition of spectra from all of these carbon positions, and assigning

splittings from the powder spectra may be difficult. Assignment is simplified by using a

technique called dePaking [96–98] to transform the powder spectrum into the spectrum that

would be obtained if the sample were oriented. For this thesis, dePaking is done using a

fast Fourier transform weighted to put the spectral intensity at the splittings corresponding

to the 90◦ bilayer normal orientation [98]. An illustrative example of a dePaked 2H NMR

spectrum for a DPPC-d62/POPG(7:3) sample is given in Figure 2.6 B.
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Figure 2.6 – Illustrative example of (A) 2H NMR spectrum of chain perdeuterated DPPC-

d62/POPG(7:3) multilamellar vesicle at 40 ◦C and (B) corresponding dePaked spectrum and with spec-

tral assignments. How these peak assignments are used for order parameter calculation is shown in

Table 2.1.

The vertical lines with labeling correspond to each resolved peak in the dePaked spectrum.

The assignment of peaks to sn-1 and sn-2 chains are given in Table 2.1 based on the

assignment methods presented in Petrache et al. [99]. The doublets associated with the

unresolved peak are given the value of the splitting for the prominent peak having the

greatest quadrupolar splitting. The portion of the order parameter profile coming from this

spectral feature is called the plateau region [92] and is shown in Figure 2.7.
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Table 2.1 – Table showing the peak assignments of sn− 1 and sn− 2 chains of lipids based on the

assignment method presented in Petrache et al. [99]. Peak labelling is given in Figure 2.6 B.

Carbon Position sn-1 Peak Assignment sn-2 Peak Assignment

16 N N

15 M L

14 K J

13 I H

12 H G

11 G F

10 F E

9 D D

8 C C

7 B B

6 A A

5 A A

4 A A

3 A A

2 A A
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Plateau region

Figure 2.7 – Order parameter profile vs carbon position of sn-1 and sn-2 chains of a DPPC-

d62/POPG(7:3) sample at T = 40 ◦C showing the plateau region done according to the assignment scheme

shown in Table 2.1.

As noted above, different regions of the lipid molecule undergo different degrees of

reorientations. The degree of reorientation depends on the position of the CD bonds along

the lipid acyl chain and hence the orientational order parameters vary depending on posi-

tion along the chain. For lipid acyl chains, the methyl groups (CD3) at the tail end of the

chain are less motionally constrained compared to the methylene groups towards the head-

group (CD2). The more free segments are to move, the more the quadrupolar interaction is

averaged, resulting in smaller quadrupolar splitting and, as a result, a smaller orientational

order parameter value.
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2.5 Quadrupolar Echo and Echo Decay

There is an instrumental issue with 2H NMR experiments that needs to be addressed in

order to be able to observe the spectra. A 2H NMR spectrum spans a frequency range in

the tens of kHz. In an RF (Radio Frequency) pulse, the range of frequencies contained is

inversely proportional to its length. To excite spins over such frequency ranges, we need

to use very short RF pulses, in the range of ∼ 5-10 µs, in order to rotate the full range of

deuteron magnetization from the magnetic field direction to the plane perpendicular to that

direction. Such pulses are called π

2 pulses. To get these very short π

2 pulses, the magnitude

of radio frequency field (ω1) needs to be very large, requiring the use of a pulse amplifier

having an output power of ∼ 1 kW. The free induction decay will be short (because of the

wide range of frequencies in the spectrum), of the order of ∼ 10-20 µs, and thus comparable

to the recovery time of the preamplifier from the residual effects of the large RF pulse. This

necessitates moving the period of signal acquisition away from the RF pulse. This can be

done by using a quadrupolar echo pulse sequence [100]. It consists of two π

2 pulses with a

phase difference of 90◦ and separated by a time interval, τ as shown in Figure 2.8.

In a static magnetic field, the magnetic moments of each nucleus in a sample interact

with the magnetic field. The density of the magnetic moments in the sample is called

magnetization. The average of the magnetization of all the spins in the sample is called net

magnetization, M. M is aligned parallel to the magnetic field at thermal equilibrium. The

net magnetization can be tipped to the transverse plane by a π

2 pulse . It will then precess

around the applied magnetic field. The first π

2 pulse of the quadrupolar echo sequence

tips the net magnetization of the sample from the z axis to the xy plane and generates

transverse magnetization. After this first π

2 pulse, the spins evolve under the influence of the
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Figure 2.8 – Quadrupolar echo pulse sequence showing two π

2 pulses, phase-shifted by 90◦, and echo

formation at t = 2τ .

quadrupolar Hamiltonian. Different spins evolve differently due to the range of quadrupole

interaction strengths and thus get out of phase. The second π

2 pulse is applied in order to

refocus the dephasing spins. Between these two π

2 pulses, after the first π

2 pulse, the spin

system evolves freely and dephases for a time t = τ . The second π

2 pulse inverts the phase

acquired during the first period τ so that further evolution under the quadrupole interaction

reverses the phase accumulation and nuclear spin refocusing takes place. Thus, the effect

of a quadrupolar echo pulse sequence is an echo at time t = 2τ following the initial π

2 pulse.

By choosing a τ value longer than the recovery time of the preamplifier, it is possible to

obtain an undistorted free induction decay (FID).

Motions such as chain fluctuations, lipid acyl chain rotations, lateral diffusion of lipid

molecules etc., which alter the quadrupolar interaction during the 2τ interval contribute to
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echo decay. The amplitude of the echo decreases when the pulse separation τ is increased.

The quadrupolar echo decay of a sample is characterised by the average echo decay rate of

all the deuterons in that sample. Average echo decay rate is the weighted average of echo

decay rates from all deuteron populations. For shorter pulse separation, the quadrupolar

echo decay time, T2e, is inversely related to the average decay rate by

1
T2e

= ⟨R⟩ . (2.9)

Here the average term in Equation 2.9 is over the deuterons at different acyl chain seg-

ments. Echo decay time can be measured by collecting spectra with different pulse sepa-

rations and recording the amplitudes of the echoes corresponding to each τ . Then T2e can

be calculated by taking the negative inverse of a plot of the initial slope of ln(A(2τ)
A(0) ) vs 2τ

plot, where A(2τ) is the amplitude of the echo corresponding to each τ and A(0) is the echo

amplitude at the smallest possible pulse separation.

2.6 Phase Behaviour of Binary Lipids

In this project we use a model lipid bilayer consisting of two lipids, DPPC-d62 and POPG.

For a membrane composed of single lipid, the phase transition from liquid crystalline phase

to gel phase, is discontinuous. For binary lipid mixtures, the transition occurs over a range

of temperatures for which the liquid crystalline and gel phases coexist. Spectral changes

over this range can appear continuous. For comparison purposes, Figures 2.9 and 2.10

represent the phase behaviour for a single lipid, DPPC-d62, and a binary lipid combination,

DPPC-d62/POPG(7:3), respectively. In both figures, the top figure shows the 2H NMR

spectra and the bottom figure represents the 2H NMR first moments.
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In Figure 2.9, for 38 ◦C and above, spectra are characteristic of the chain-perdeuterated

phospholipid liquid crystalline phase, while the spectra for 37 ◦C and below are char-

acteristic of the gel phase. The chain melting transition temperature of DPPC is about

41 ◦C. Chain perdeuteration reduces the transition temperature of DPPC-d62 to about 37 ◦C

[101, 102]. The discontinuous transition from one phase to another is reflected in the first

moment plot. The step up at 28 ◦C is a pretransition [92, 102] before the main gel-liquid

crystal transition. In Figure 2.10, the phase transition from liquid crystalline to gel phase

appears continuous as it is a mixture of two lipids with very different phase transition tem-

peratures [103]. The chain melting temperature of POPG is about -4 ◦C.

Below the chain melting temperature, the motions of acyl chains are more constrained,

and the time scales for such motions are significantly longer. This results in bigger split-

tings (less motional averaging) and broader individual peaks in the spectrum (due to slower

motions).
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Figure 2.9 – Deuterium NMR spectra of DPPC-d62 (top) and the corresponding first moment plot (bot-

tom). The transition from liquid crystalline to gel phase is observed as a discontinuous transition from

38 ◦C to 37 ◦C. The uncertainties in M1 are comparable to the size of the symbol.
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Figure 2.10 – Deuterium NMR spectra of DPPC-d62/POPG(7:3) (top) and the corresponding first mo-

ment plot (bottom). The phase transition from liquid crystalline phase to gel phase is continuous. The

uncertainties in M1 are comparable to the size of the symbol.
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2.7 Materials and Methods

The lipids we used in our experiments, DPPC-d62 and POPG, were purchased from Avanti

Polar Lipids (Alabaster, USA) and were used without further purification. The peptide, SP-

B1−9 was purchased from Genscript Inc. (New Jersey, USA) and was desalted in Dr. Va-

lerie Booth’s lab (Biochemistry, Memorial University of Newfoundland) with the help of

Mrs. Sarika Kumari (Biochemistry PhD student, Memorial University of Newfoundland).

For purification, the peptide was dissolved in acetic acid solution before being transferred

to a dialysis bag having a cut off of 100-500 Da. This dialysis bag was placed in a beaker

containing dilute acetic acid and kept in a cold room at −4 ◦C with constant stirring. After

24 hours, the dilute acetic acid in the beaker was replaced by distilled water and the dialy-

sis was continued for an additional 24 hours. The idea is to remove the salts in the peptide

sample via osmosis. On the third day, the sample was transferred from the dialysis bag to a

Falcon tube and freeze dried for 24 hours. The sample in powder form was obtained after

this and it was weighed. This process was done two times starting with 20 mg peptide each

time. The two dialysis runs yielded 19 mg and 15 mg of purified peptide, respectively.

Three multilamellar vesicle NMR samples were made: one with lipids alone and two

samples with lipids and two different concentrations of peptide. Initially, CHCl3/CH3OH

(2:1) solvent was used to dissolve the lipids and peptides because this is a commonly used

solvent for lipid-peptide systems. This solvent mixture, however, did not fully dissolve the

peptides at higher concentrations. At higher concentrations, the peptides appeared to form

undissolved film-like structures. Hence, the solvent used to mix lipids and peptides was

changed to hexafluoroisopropanol (HFIP). The peptide dissolved in the HFIP completely.

HFIP has been used for dissolving different SP-B fragments in previous studies [104,105].
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The lipids and protein were weighed and dissolved in HFIP in a round bottom flask (RBF).

The solvent was then removed using a rotary evaporator and water bath at about 50 ◦C.

Initial lipid samples prepared in this way showed some evidence of residual solvent in

the bilayer. To obtain more complete removal of HFIP solvent, CHCl3 was added during

evaporation. For further removal of solvent, the samples were vacuum pumped using a

liquid nitrogen trap overnight. Samples were then hydrated by adding about 400 to 500

µLs of 0.7 M phosphate buffer at pH 7.0 to the RBF containing the dried sample film.

The flask was then rotated in a water bath at about 40-45 ◦C for about 45 minutes. The

well-hydrated sample suspension was then transferred to a 400 µL NMR tube. In all of the

experiments in this thesis, we used a DPPC-d62/POPG ratio of 7:3 w/w and peptide-to-lipid

ratios of 0, 0.066 and 0.098. While these are not physiological peptide-to-lipid ratios, they

were chosen to amplify any bilayer perturbation by the peptide.

All of the 2H NMR experiments were performed on a locally assembled 9.4 T wide-

line NMR spectrometer operating at a 2H NMR resonance frequency of 61 MHz using

a transverse coil. A quadrupolar pulse sequence with
π

2
pulses separated by 35 µs was

used throughout the study. The NMR tube was placed inside the NMR probe, which was

then placed inside the NMR machine. The temperature of the probe was maintained by

a LakeShore proportional-integral-differential (PID) temperature controller (model 325,

Lake Shore Cryotronics, USA). All of the experiments were carried out over a series of

temperatures ranging from 46 ◦C to 10 ◦C in 2 ◦C steps, with the exception of the phase

transition region, where the temperature was reduced in 1 ◦C steps. After each cooling

step, the sample was allowed to equilibrate at that temperature step for about 20 minutes

before the recording the spectrum.
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2.8 Results

2.8.1 Deuterium NMR Spectra

Information about the phase behaviour and chain order can be obtained from the 2H NMR

spectra. We studied three samples, one with only the model lipid bilayer consisting of

DPPC-d62/POPG (7:3) w/w and two samples with specific concentrations of SP-B1−9. In

natural surfactants, SP-B is about 1 wt% of dry weight. Previous model systems have used

about 10 wt% of SP-B, which corresponds to a mole fraction of 0.011. This is approx-

imately ten times the mole fraction of SP-B in natural surfactants. The peptide-to-lipid

ratio of SP-B1−9 used in the multiple peptide computer simulation (discussed in the next

chapter) is 0.031, which is three times the the peptide-to-lipid ratio of SP-B used in an

earlier study [106] We ended up using SP-B1−9 concentrations corresponding to two times

and three times the mole fraction of multiple peptide system respectively in the two sam-

ples with peptides having peptide-to-lipid ratios of 0.066 and 0.098. The deuterium NMR

spectra for these samples are shown in Figure 2.11.

Figure 2.11a depicts the temperature dependence of the spectra for DPPC-d62/POPG

(7:3) w/w reconstituted in HFIP solvent. This sample shows a continuous transition as it is

a mixture of two lipids.

For a binary lipid mixture, there is a range of temperatures where liquid crystal and gel

domains coexist. At the upper limit of the two phase coexistence range, most of the lipid

is in liquid crystalline domains and the gel domains are enriched in the lipid with a higher

melting temperature. As the temperature is lowered through the two-phase coexistence

range, the fraction of the sample in gel phase domains increases and the compositions

of the coexisting domains change as the gel domains become progressively enriched in
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Figure 2.11 – 2H NMR spectra of (a) DPPC-d62/POPG (b) DPPC-d62/POPG plus SP-B1−9 with a pep-

tide lipid ratio of 0.066 and (c) DPPC-d62/POPG plus SP-B1−9 with a peptide lipid ratio of 0.098.
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the lower melting lipid and the liquid crystalline domains become depleted of the higher

melting lipid [103]. The spectra above 27 ◦C are characteristic of a liquid crystalline state

having axially symmetric reorientation of the acyl chains. Below 27 ◦C, a superposition

of gel and liquid crystal phase features is observed. The sample enters completely into

the gel phase below about 20 ◦C. Here the quadrupolar splittings are larger owing to less

motional averaging and, because of the slower motions, the individual peaks in the spectra

are broader. The chain melting transition temperature of DPPC is about 41 ◦C. As noted

above chain perdeuteration reduces the transition temperature of DPPC-d62, to about 37 ◦C.

The transition in samples having a combination of DPPC-d62 and POPG occurs over a

lower range of temperatures.

Figures 2.11b and 2.11c show the spectra of samples with SP-B1−9 at peptide-to-lipid

ratios of 0.066 and 0.098, respectively. These spectra show transitions that are similar to

those seen in the absence of peptide. The presence of these two SP-B1−9 concentrations

appears to have little effect on the spectra. A closer examination of the liquid crystalline

spectra of all three samples reveal some spectral broadening. This relates to slow motion.

Slow motions may depend on the size of the vesicles, which is determined by the way the

sample is hydrated. As mentioned in the methods section, we initially reconstituted the

samples with CHCl3/CH3OH (2:1). The three samples depicted in the figure are dissolved

using HFIP solvent. Because HFIP was difficult to remove, it is possible that some of the

spectral broadening might be due to the solvent’s residual effects.
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Figure 2.12 – Quadrupolar echo amplitude decay for DPPC-d62/POPG(7:3) samples made using

CHCl3/CH3OH (2:1) and HFIP solvents. The negative inverse of the initial slope gives T2e. The blue

and orange lines show linear fits to the initial regions of the corresponding curves.

Quadrupolar echo decay, which affects spectral broadening, is related to slow motions.

In order to gain some insights into how preparation using HFIP might affect spectral broad-

ening, echo decay times were measured for lipid-only samples prepared with and without

HFIP. The effective transverse relaxation time, T2e, of lipid-only samples prepared in two

different solvents was calculated. Figure 2.12 depicts the quadrupolar echo amplitude de-

cay as a function of pulse separation, 2τ . The inverse initial slope of this plot gives T2e.

The smaller value of T2e for the sample prepared with HFIP is consistent with some spec-

tral broadening. We do not know why the solvent affects slow motions but one possibility

might be an effect on interactions between adjacent bilayers that affect bilayer undulations.
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2.8.2 Deuterium NMR First Moments

Deuterium NMR first moment (M1) is proportional to average quadrupolar splitting. It is

also proportional to the average orientational order parameter.
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DPPC/POPG(7:3)+ SP-B1 9(P:L 0.066)
DPPC/POPG(7:3)+ SP-B1 9(P:L 0.098)

Figure 2.13 – 2H NMR first moment as a function of temperature for (green circles) lipid only system

composed of DPPC-d62/POPG(7:3), (red squares) DPPC-d62/POPG(7:3) with SP-B1−9 (P:L 0.066), and

(black stars) DPPC-d62/POPG(7:3) with SP-B1−9 (P:L 0.098). The uncertainties in M1 are comparable

to the size of the symbol.

First moments were calculated to study the effect of SP-B1−9 on the average acyl chain

orientational order of DPPC-d62/POPG model lipid bilayers. The first moments (M1) ob-

tained for the 2H NMR spectra of the three samples in Figure 2.11, plotted as a function of

temperature, are shown in Figure 2.13.
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The red curve (squares) represents a sample with SP-B1−9 having a peptide-to-lipid

ratio of 0.066, the black curve (stars) is the sample having 0.098 peptide-to-lipid ratio, and

the green curve (circles) corresponds to the sample containing no peptide. The presence

of SP-B1−9 has only a small effect on the acyl chain orientational order of the bilayer in

the liquid crystalline region, but this effect does not appear to depend monotonically on the

peptide concentration. There is a small shift in the first moment curves at the center of the

transition, but further work is needed to determine if it is due to peptide-lipid interaction

or due to some other difference between the samples. For example, if the ratios of the two

lipids are even slightly different between the samples, that could also shift the center of

transition. The peptide shows no effect at all in the gel phase.

2.8.3 Order Parameter Profile

To investigate the effect of SP-B1−9 on the lipid bilayer, we calculated the order parameters

directly from the dePaked spectra. Figure 2.14 compares the dePaked spectra of samples

containing a DPPC-d62/POPG lipid bilayer and bilayer samples containing lipid plus two

concentrations of SP-B1−9. The dePaked spectra of a lipid-only sample prepared with 2:1

CHCl3/CH3OH solvent are shown in Figure 2.14 (A), while the lipid-only system prepared

with HFIP solvent is shown in Figure 2.14 (B). Figures 2.14 C and D are the samples with

peptide-to-lipid ratios 0.066 and 0.098 respectively. The broadening of individual peaks in

the spectrum of HFIP-treated samples might be due to the effects of residual HFIP.
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Figure 2.14 – Depaked Spectra of samples (A) DPPC-d62/POPG(7:3) made using 2:1 CHCl3/CH3OH

solvent, (B) DPPC-d62/POPG(7:3), (C) DPPC-d62/POPG(7:3) with SP-B1−9 (P:L 0.066), and (D)

DPPC-d62/POPG(7:3) with SP-B1−9 (P:L 0.098) at T = 40 ◦C. Samples (B), (C) and (D) are made

using HFIP solvent. The dashed lines show plateau region splitting for spectrum A.

.
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In Figure 2.14 D, any residual effect of HFIP seems to be smaller compared to that in

the samples represented by Figure 2.14 B and C. For this sample, we performed several

cycles of rotovaping with a total of about 40 ml of chloroform over the course of an hour.

Then, for about an hour of rotovaping, we used a 2:1 CHCl3/CH3OH solution, about 20 ml

in total, to remove any remaining HFIP from the sample. Other than this residual effect,

SP-B1−9 concentrations do not have a noticeable effect on the spectra. We calculated the

order parameter directly from the quadrupolar splittings to investigate the effect of SP-

B1−9 concentrations on the lipid bilayer. The carbon atoms are assigned to the peaks in the

manner described in Section 2.4. This method follows the assignment scheme presented

by Petrache et al. [99] and distinguishes doublets from the sn-1 and sn-2 chains. Figure

2.15 shows the order parameter profiles of three samples made using HFIP solvent.
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Figure 2.15 – 2H NMR order parameter profiles of sn-1 (A) and sn-2 (B) chains of samples (Green)

Lipid only system composed of DPPC-d62/POPG(7:3), (Red) sample DPPC-d62/POPG(7:3) with SP-

B1−9 (P:L 0.066) and (Black) DPPC-d62/POPG(7:3) with SP-B1−9 (P:L 0.098) at T = 40 ◦C.
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These three samples have almost identical order parameter profiles, indicating that in-

creasing the SP-B concentration has little effect on DPPC-d62 acyl chain order in the liquid

crystalline phase of the bilayer.

2.8.4 Freeze-Thaw Cycling

One reason considered for why SP-B1−9 might have little effect on lipid acyl chain order

was the possibility that the peptide might be clustered in the lipid bilayer in such a way

as to leave most of the lipids unperturbed. In an attempt to test for this possibility, freeze-

thaw cycling was carried out on the peptide-containing samples to see if freeze-thaw might

affect the dispersion of peptides in the sample in a way that might reveal some effect of the

peptide on lipid acyl chain order. We began by warming the sample with peptide to lipid

ratio of 0.066 in a water bath at 50 ◦C. The sample was then carefully immersed in liquid

nitrogen until it became totally frozen, and then thawed back to its fluid condition using the

water bath. This procedure was repeated about a dozen times for each sample. By doing

so, we anticipated that the peptide might be distributed into the bilayer more uniformly and

thereby demonstrate its effects on the bilayer. Additionally, we performed this procedure on

a sample containing just lipids to determine the impact of freeze-thaw cycling on the lipid

bilayer. After freeze-thaw cycling, NMR experiments were performed on both samples at

50 ◦C, three times, and then at 44 ◦C, 40 ◦C, and 36 ◦C, repeating the experiment at least

twice at each temperature. To determine the impact of freeze-thaw cycling, we computed

the order parameter profile for each sample and compared it to the order parameter profile

acquired before. These comparisons are shown in Figure 2.16. The data clearly show that

freeze-thaw cycling has no noticeable effect on the order parameter profiles for either the
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lipid-only sample or the peptide-containing sample.

A B

sn-1 chain sn-2 chain

C D

Figure 2.16 – Order parameter comparison for spectra obtained before and after freeze thaw cycling for

a lipid only sample and for a sample containing SP-B1−9 at a peptide-to-lipid ratio of 0.066 at T = 44 ◦C.

Top panels show the order parameter profiles of lipid only sample, while bottom panels show the same

for the sample with peptide. Panels A and C show the order parameter profiles of sn-1 chains and panels

B and D show the order parameter profiles sn-2 chains.

The fact that the first moments and the order parameter profiles did not show any effect

in the presence of higher concentrations of the peptide is remarkable. It is worth noting

that one of the previous studies with full-length SP-B also did not find a considerable effect

on the first moments in the presence of low concentrations of SP-B [90]. The peptide-to-
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lipid ratio of the two samples (0.066 and 0.098) is very high compared to the peptide-to-

lipid ratio of natural surfactants. Still, we got very close quadrupolar splitting and thereby

nearly identical order parameter profiles for the sample with only lipids and the samples

with two high concentrations of peptide. The lack of any effect due to high concentrations

of peptide indicates either that the peptide does not have any effect on the phase behavior

of lipid bilayer or that the peptide is aggregated in the 2H NMR samples. We propose the

latter over the former as the molecular dynamic simulation studies have shown effects on

the lipid acyl chain order, which will be discussed in the next chapter.
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Chapter 3

Computer Simulations

Molecular dynamics simulation is used for studying motion, deformation, and interac-

tion of molecules over time. The prediction or interpretation of these changes is essen-

tial in many scientific fields. Most of the models used for studying N-body systems like

biomolecules depend on assumptions that allow using Newton’s equation for the motion of

the atom [107]. Newton’s equation of motion is given by,

Fi = miai. (3.1)

Here Fi is the net force on the ith particle and, mi and ai are the mass and acceleration of

particle i, respectively. This force can be expressed as the gradient of the potential energy

so that,

Fi =−∇iV . (3.2)

Combining equations 3.1 and 3.2, we obtain,

−dV
dri

= mi
d2ri

dt2 , i = 1,2, ....,N (3.3)
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where V is the potential energy of the system, ri is a Cartesian component of the position

of the particle i, and N is the total number of particles in the system.

The acceleration of each atom in the system can be determined by knowing the force

on that atom. The equations of motion can be integrated to get the trajectory of the system.

The trajectory contains information about the position, velocity and acceleration of the

particles in the system that varies over time. The average values of properties of the system

can be calculated using these trajectories.

The potential energy of the system is a function of the atomic positions of all the atoms

in the system. This function is very complicated, and hence Equation 3.3 can not be solved

analytically. Therefore, a numerical solution is needed. Several numerical algorithms were

developed for the purpose of integrating the equations of motion. While selecting the algo-

rithm for this purpose, we should consider the following criteria: (a) the algorithm should

conserve energy and momentum, (b) it should be computationally efficient, and (c) it should

permit a long time step for integration. One of the most commonly used ones is the Verlet

algorithm [108, 109], as it conserves energy for longer times, and it produces reasonably

accurate trajectories for shorter times.

Force fields are collections of potential functions and parameterized interactions that

may be used for calculating forces between atoms within molecules and between molecules

in a system. By using all-atom force fields, the parameters of all atom types in the system

are specified. In the case of united-atom interatomic potentials, the carbon and hydrogen

atoms in the methyl groups and the methylene groups are treated as a single site of inter-

action [110]. Choosing the best force field for our simulation depends on the properties

of interest. If we are interested in the interaction of ions and ligands and in hydration free

energies, OPLS [111–113] force fields are commonly used. If our interest is in secondary
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structure, improved versions of AMBER [114–116] and CHARMM [117–119] are widely

used. It has been shown that using the CHARMM36 force field, the latest version fine-

tuned for lipids and proteins, gives a better correlation with experimental data, including

2H NMR order parameters than the force field CHARMM22/CMAP [120] which leads to

CHARMM36 being recommended for protein simulations [121]. In this study, we use the

CHARMM36 all-atom force field for all our simulations.

Functional and structural investigations of biomolecules using modern simulations de-

pend on different water models to approximate the solvent influence. In biomolecular simu-

lations, there are two principal approaches for representing aqueous solvation: explicit and

implicit solvation. In explicit solvation, the biomolecule is embedded in a box consisting of

solute molecules. In implicit solvation, the solvent is considered as a structureless contin-

uum capturing the properties of water particularly the dielectric constant [122]. Rigid fixed

charged water models are considered the simplest water models and rely on non-bonded in-

teractions. They use a simple, computationally efficient pairwise energy function proposed

by Bernal and Fowler [123] in 1933. The pairwise energy function is given by

E = ∑
pairs

(ALJ

r12
oo

− BLJ

r6
oo

+ k
qiq j

ri j

)
. (3.4)

Here roo are oxygen-oxygen distances, ALJ and BLJ are Lennard-Jones parameters, k is the

electrostatic constant and ri j are distances between charged sites (on different molecules)

with charges qi and q j. Models such as TIP3P [124] (Transfereable Intermolecular Poten-

tial with 3 Points) are three-site models having three points of interaction which correspond

to the three atoms of water. Since they are computationally efficient, they are very com-
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monly used in biomolecular simulations [122]. We use the TIP3P water model for all of

our simulations, as appropriate for CHARMM36 [121, 125].

Initial simulation system equilibration is usually conducted in two steps: NVT (isothermal-

isochoric or canonical) ensemble and NPT (isothermal-isobaric) ensemble. In the NVT

ensemble, the number of particles, volume, and temperature are kept constant, while the

number of particles, pressure, and temperature are constant in NPT equilibration. NVT

equilibration stabilizes the temperature of the system, while pressure and thereby density

of the system are stabilized in NPT equilibration. The temperature and pressure of the

simulated systems are maintained by thermostats and barostats, respectively. We employ a

Nose-Hoover [126,127] thermostat and a Parinello-Rahman [128] barostat respectively for

keeping the temperature and pressure constant in our simulation production runs.

GROMACS (GROningen MAchine for Chemical Simulations) is the most popular and

one of the fastest open source molecular dynamics simulation software package available

[129, 130]. It is a molecular dynamics package designed for biological systems like lipids,

proteins, nucleic acids etc. We use GROMACS version 2020.2 for our simulations.

3.1 CHARMM36 Force Field

The structural and dynamic information about the lipid-lipid, lipid-protein or lipid-solvent

interactions are investigated by classical molecular dynamics simulations using different

models. These models are constructed around force fields, which include information on

how the particles in the system interact. MD simulations based on all-atom force fields

offer atomic-level information about the system’s conformation and are considered com-

plementary to experiments.
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The evolution of the CHARMM additive all-atom force field (FF) [118, 131] can be

traced from the early 1990s to the most current version (C36) [120]. A force field consists

of two parts: potential energy function and parameter set. The potential energy function

for CHARMM36 force field is given by,

E = ∑
bonds

Kb(b−b0)
2 + ∑

angles
Kθ (θ −θ0)

2 + ∑
improper
dihedrals

Kϕ(ϕ −ϕ0)
2 +

∑
dihedrals

6

∑
n=1

Kφ ,n [(1+ cos(nφ −δn)] + ∑
nonbonded

pairs i, j

εi j

[(
Rmin,i j

ri j

)12

−2
(

Rmin,i j

ri j

)6
]
+

∑
nonbonded

pairs i, j

qiq j

4πDri j
(3.5)

In Equation 3.5 the parameters b, θ , ϕ and φ represents the bond lengths, valence

angles, improper dihedral angles and dihedral angles respectively. The potential energy

terms for bonds, angles and improper dihedrals are harmonic, with force constants, Kb,

Kθ and Kϕ , and with the parameters having respective equilibrium values of b0, θ0 and

ϕ0. The dihedral potential is a sum of sinusoids with force constants Kφ , j, multiplicity n,

and offset δ . The van der Waal’s interactions are given by Lennard-Jones (LJ) potential.

The parameter εi j is the minimum potential energy between two particles separated by a

distance ri j. The distance Rmin,i j represents the separation of atoms i and j at the minimum

in the LJ potential. Finally, qi and q j are the partial atomic charges for the Coulombic term

in the equation.

The water model is, in fact, a component of the force field, because force fields are

designed to balance the solute-solute, solvent-solvent and solute-solvent interactions, com-

monly referred as the interaction triad [132].
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3.2 Methods

3.2.1 System Setup

In order to investigate the effect of the lung surfactant peptide fragment SP-B1−9 in a model

lipid bilayer, we created three simulation systems consisting of model lipid bilayers con-

taining lipids DPPC and POPG (7:3 ratio) plus no peptide, two peptides, and multiple

peptides. In our simulations, DPPC is not deuterated. As noted above, chain perdeuter-

ation lowers the transition temperature of DPPC by approximately 4 ◦C [101]. Refer to

Appendix A for more details about system setup. The first step was to create the pdb file

of the peptide’s amino-acid sequence, FPIPLPYCW. A pdb file describes the three dimen-

sional structure of proteins. It has information such as connectivity of atoms, the atomic

coordinates and, if available, secondary structure assignment. For that, a text file was cre-

ated with the peptide sequence. This text file was opened in SWISS PDB viewer [133]

and saved as a pdb [134] file. Swiss PDB viewer constructed the peptide with an initial

CCHHHHHHC conformation. This pdb file was then used as the peptide structure file for

the simulation systems with peptide. The system with two peptides (one in each bilayer

leaflet), having a peptide-to-lipid ratio of 2/518 = 0.0038, was created first. A no-peptide

system was then created by removing the peptides from the two-peptide system. The third

system generated was the multiple-peptide system with 36 peptides (18 in each bilayer

leaflet) giving a peptide-to-lipid ratio of 36/1160 = 0.031. A summary of the contents of

each simulation system is shown in Table 3.1.
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Table 3.1 – Table showing the components of each simulation system and the peptide-to-lipid ratio of

the two-peptide and multiple peptide systems.

Components No Peptide Two Peptide Multiple Peptide

Peptide - 2 36

DPPC 364 362 812

POPG 156 156 348

Potassium 156 156 348

Peptide:Lipid - 0.0038 0.031

We use the CHARMM36 all-atom force field and TIP3P water model for our simulations.

The N and C ends of the peptide are terminated with NH+
3 and COO− groups, respectively.

In the simulation systems with peptides, the peptides were initially placed, with random

orientations, in a staggered two-layer grid. After inserting the peptides in a cubic box, we

used the CHARMM GUI [135] membrane builder to insert the lipids DPPC and POPG at

a 7:3 ratio and to solvate the system with water and ions. The box dimensions of the two-

peptide and no peptide systems were almost the same at the beginning, about 12 nm × 12

nm × 8 nm (x y z), while the box dimensions of the multiple-peptide system at the begining

were about 20 nm × 20 nm × 8 nm. After energy minimization of the structures, short

NV T and NPT simulations were carried out to allow the nominal equilibration of water and

lipid molecules at T = 310 K and P = 1 kbar, while the peptides were restrained in place.

The box dimensions slightly changed after the NPT equilibration. The three simulation

systems, after these initial equilibration steps are shown in Figure 3.1 and Figure 3.2. The
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production runs for the three systems, for which the peptides were no longer restrained,

were done on the Compute Canada [136] Graham HPC cluster.
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A

B

N

C

Figure 3.1 – Simulation systems after initial equilibration prior to production runs for (A) no peptide

system and (B) two peptide system with a peptide-to-lipid ratio of 0.0038 at T = 310 K. The cyan layer

indicates water molecules, grey spheres are phosphorus head groups, green indicates the lipid acyl chains

and the red shows the peptide.
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B

Figure 3.2 – Multiple peptide simulation system with 36 peptides having a peptide-to-lipid ratio of 0.031

after initial equilibration and prior to the production run: (A) side view and (B) top view at T = 310 K.
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After about 150 ns of simulation, the two-peptide system appeared to settle into an

ordered lipid phase, presumably the gel phase. To deal with this, the temperatures of all

three systems were raised to 323 K. Energy minimization and energy equilibration steps

on these three systems were carried out at 323 K before their production runs were started

at 323 K. We kept running the multiple peptide system at 310 K to study the effects of

temperature, since this system showed no signs of freezing. The simulation systems at T =

323 K at the ends of the production runs are shown in Figure 3.3.
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Figure 3.3 – Simulation systems (A) no peptide system after 1050 ns, (B) two peptide system after 1150

ns and (C) multiple peptide system after 450 ns, all at T = 323 K.
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3.2.2 Extraction of Order Parameter Profiles Using Membrainy Soft-

ware

Membrainy is an easy-to-use Java software package, mainly developed for membrane anal-

ysis in conjunction with GROMACS [137]. It recognizes different input formats and force

fields and efficiently executes multithreaded codes. Membrainy can read the GROMACS

file formats tpr, trr, xtc, gro etc. and produces text files formatted for the Grace graphics

software package [138]. Membrainy calculates the acyl chain CH2 segment order param-

eters of both saturated and unsaturated lipids using the equation SCD =
〈1

2(3cos2 θ − 1)
〉

presented in the second chapter. Membrainy utilizes each C-H bond vector along the lipid

acyl chain for order parameter calculations. It produces the order parameters of both sn-1

and sn-2 chains of each lipid in each leaflet. Membrainy plots |SCD| of each carbon atom

along the lipid acyl chain for both all-atom and united-atom forcefields. By utilizing the

C-H bond vectors, Membrainy obtains more accurate order parameter values compared to

the GROMACS module gmx order. The gmx order module does not consider the C-H bond

vector for calculating the order parameter, but rather reconstructs the order parameter from

the C j−1 −C j+1 vector. The order parameters of saturated chains calculated using Mem-

brainy are comparable to those of gmx order. The two approaches are also comparable

for unsaturated chains except around double bonds. This is the main reason why we use

Membrainy for calculating order parameters, as POPG, one of the lipids in our bilayer, has

an unsaturated chain.
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3.2.3 Helicity Calculation

The assignment of secondary structural elements is a critical step in determining the three-

dimensional structure of proteins. Numerous of these secondary structure assignment tech-

niques include pattern identification of inter-Cα lengths, and analysis of bond angle, bond

distances between successive Cα atoms, hydrogen bonding patterns, and backbone curva-

ture [139]. Different approaches to identification of helicity provide results that can vary

by up to 25% [140].

The assignments by crystallographers are based on consideration of hydrogen bonding

using the Baker and Hubbard [141] definitions, based on the patterns of hydrogen bonding

in combination with main-chain dihedral angles. Although there are various approaches,

there are two very important properties of protein structure that play a major role in the

structural element definition. They are patterns of hydrogen bonding and the backbone

geometry expressed as main chain dihedral angles.

DSSP (Define Secondary Structure of Protein) by Kabsch and Sander [142] is a very

commonly used automatic secondary structure assignment method. VMD (Visual Molecu-

lar Dynamics) [143] software uses the STRIDE algorithm [139] where the acronym stands

for for secondary SRTuctural IDEntification.

We use the STRIDE plugin of VMD for helicity calculations. For secondary structure

calculation, STRIDE relies on hydrogen bond energy and the dihedral angles associated

with the peptide. φ and ψ are the angles of rotation around N-Cα and C-Cα bonds in a

peptide. STRIDE applies a condition which depends on the hydrogen bond energy and

the φ and ψ angles which needs to be satisfied for a residue to be considered as part of a

helical structure [139]. If two consecutive hydrogen bonds between residue pairs ( j, j+4)
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and ( j+1, j+5) satisfy the STRIDE conditions, then the residues, j+1, j+2, j+3 and j+4

are identified as being in an α-helical structure. Additionally, helices are extended to edge

residues j and j+5 if they have φ and ψ values consistent with helical structure. Likewise,

if φ -ψ values are not favorable, a short segment can be identified as non-helical. This

means that if the values of φ and ψ are not in the acceptable range, hydrogen bonding

patterns are insufficient to label residues as part of helical segment.

3.3 Results

3.3.1 Energy Time Series

Time series of the potential energy for the three systems at 323 K, shown in the Figure

3.4, indicate that the three systems are equilibrated. The blue lines indicate the time range

used for analysis for each system. For the no-peptide system, it is 50 ns to 1050 ns. For

the two-peptide system, it is 250 ns to 1150ns. For the multiple peptide system it is 75 ns

to 450 ns. We have calculated average order parameter profiles for these systems over their

respective time ranges. The calculations of helicity, density and residue location from the

multiple peptide system were done over the time range of 75 ns to 450 ns.
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250ns to 1150ns 75ns to 450ns

  Time Range Analysed

50ns to 1050ns

No Peptide Two Peptide Multiple Peptide

Time Range Analysed Time Range Analysed

Figure 3.4 – Time evolution of potential energy of the no-peptide system (left), the two peptide system

(middle) and the multiple-peptide system (right) at T = 323 K. The constant nature of the energy-time

series to the right of blue bars shows that the systems have attained equilibrium. The black data points

represent the complete data, while the red curve represents the running average over 1000 ps.

The initial rise in the energy seen in the time series for the two-peptide system (T <200

ns) reflects thawing of the partially frozen starting configuration, which was taken from a

simulation at 310 K, as noted above. The other two systems showed little (no-peptide) or

no (multiple-peptide) freezing during simulations at 310 K. We note that the no-peptide

system would be expected to freeze if the system were allowed to run longer. Refer to

Appendix B.1 for details about calculating the energy-time series.

3.3.2 Order Parameter Profile

Order parameter profiles are obtained using Membrainy over the steady-state time range

and used for analysis of the equilibrium state. Using Membrainy we obtain the order pa-
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rameter profile of each chain of each lipid component in the lipid bilayer. Refer to Ap-

pendix B.2 for details. The order parameter profiles obtained for the three samples over

the time range analysed is shown in Figure 3.5

DP
PC

PO
PG

No Peptide

Two Peptide

Multiple Peptide

sn-2 chainsn-1 chain

Figure 3.5 – Order parameter comparison of No peptide (olive), Two peptide (brown) and Multiple

peptide (blue) systems. Order parameters of sn-1 and sn-2 chains of DPPC and POPG of the three

systems at T =323K are shown in figure. The uncertainties in order parameters are estimated to be ±

0.001 and that is comparable to the symbol size.

It is clear from the figure that the large concentration of peptide in the multiple-peptide

system has an effect on the order parameter profile compared to the other two systems. It is

also noticeable that the order parameter profile of the two-peptide system is below that of

the no-peptide system, indicating that the presence of the peptide has an effect of reducing
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the acyl chain orientational order of the lipid bilayer. This is contrary to what we obtained

from the experimental order parameter profile, where we did not see any effect of peptide

on the lipid bilayer.

In Figure 3.6, we plot DPPC order parameter profiles from simulations at 323 K (50 ◦C)

and experiments at 319 K (46 ◦C), the closest point of comparison in terms of temperature.

Figure 3.6 A and 3.6 B show profiles for sn-1 and sn-2 chains, respectively, where peptide

is absent. Figure 3.6 C and 3.6 D likewise show separate chain comparisons, but for the

case when peptide is present; for experiments, the peptide-to-lipid ratio (P:L) is 0.066, and

for simulations P:L = 0.031, which is the closest point of comparison in terms of peptide

concentration. The comparisons show that the experimental order parameter profiles at 46

◦C are close to the simulated order parameter at 50 ◦C (323 K). The agreement between

experimental and simulation data is remarkable in the case of systems with peptide (panels

C and D). Although the agreement is not as close in the case of systems where the peptide

is not present, they are still reasonably close.
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C D
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Figure 3.6 – Comparison of simulation SCD at 323 K (50 ◦C) with experimental SCD at 319 K (46 ◦C )

for DPPC for (top) a lipid-only sample and for the no-peptide simulation system and (bottom) and for

the sample with SP-B1−9 having a peptide-to-lipid ratio of 0.066 and for the multiple peptide system

with a peptide-to-lipid ratio of 0.031. Panels A and C show the order parameter profiles of sn-1 chains

and panel B and D show that of sn-2 chain.

We also wanted to compare results from the multiple-peptide system that was left run-

ning at 310 K with the closest corresponding experimental observations. The multiple-

peptide system that we kept running at lower temperature (310 K/ 37 ◦C) did not reach full

equilibrium. The energy-time series for that system is shown in Figure 3.7.
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Time Range Analysed
400ns to 650ns

Figure 3.7 – Time evolution of the potential energy for the multiple peptide system at T=310K. The

system is not yet equilibrated.

We compared the SCD of the multiple peptide simulation system at the lower tempera-

ture (310 K/37 ◦C) with the experimental sample containing SP-B1−9 (P:L 0.066) at 37 ◦C.

That comparison is shown in Figure 3.8. We used the time range of 400-650 ns in the sim-

ulation for the order parameter calculation. The energy time series is not yet equilibrated

during this interval but the simulated SCD profile is close to the experimental profile, indi-

cating that the simulation agrees reasonably well with the experiments. The experiment-

simulation agreement at lower temperature is closer to agreement at higher temperature

shown in the bottom panels of the Figure 3.6. As it is hard to resolve the 2H NMR spectral

splittings closer to the headgroup, few carbon positions are assigned the same quadrupole
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splitting and hence the same SCD as mentioned in Section 2.4, resulting in a “plateau” in

the SCD curve. The straight line region at the beginning of the experimental SCD represents

this plateau region.

sn-1 chain

A

sn-2 chain

B

Figure 3.8 – Comparison of order parameter profiles of DPPC of multiple-peptide system having a

peptide-to-lipid ratio of 0.031 at 310 K (37 ◦ C) with experimental SCD at 310 K (37 ◦ C) of sample with

SP-B1−9 having a peptide-to-lipid ratio of 0.066. Panel A and B show the order parameter profile of

sn-1 and sn-2 chains respectively.

3.3.3 Average Helicity of the Peptide

The average helicity of the peptides in the multiple-peptide system was computed to get

information about their structure. We calculated the secondary structure using the STRIDE

plugin of VMD. Then, we utilised Python to manipulate the secondary structure file ex-

tracted from VMD in order to calculate the helicity percentage. See Appendix B.3 for

details. Helicity percentage is the percentage of the helical structures over the time range

analyzed.

We examined secondary structure labels that STRIDE uses to calculate secondary struc-
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tures. They are C (coil), T (turn), G (3-10 helix), and H (α-helix). We have included

both α-helix and 3-10 helix as helical in our calculations. The helicity percentage of each

residue in each peptide in the multiple-peptide system was determined over the 3750 time

frames of the equilibrated portion of the trajectory plotted as a function of residue in Fig-

ure 3.9. The helicity percentage of each residue varies with each peptide. For each residue,

a range of helicity percentage value is observed. It is noticeable that calculated helicities

for the first two residues (F and P) and the last residue (W) for all the peptides are zero,

as we discuss below. The trend in variation of helicity percentage value for each residue

seems to be similar for each individual peptide.

We took the average of helicity over the 36 peptides in the system to get the average

helicity of each residue and plotted it as a function of time frame in Figure 3.10. Then

we took the average of these over the time frame analysed and plotted it as a function of

residue in Figure 3.11
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Figure 3.9 – Helicity of each residues of each peptide in the multiple peptide system averaged over 3750

time frames. The 36 peptides in the multiple peptide system are labelled as PROA, PROB, etc. so that

each point is the average of 3750 helicities determined for that residue in a specific peptide.
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Figure 3.10 – Time evolution of percentage helicity of the six residues of the peptide with some helicity.

The first, second and last residues (Phe 1, Pro 2 and Trp 9) were found to be always zero from Figure

3.9. Each point is an average over the 36 helicities for the indicated residue at a single time.

The helicity percentages calculated for residues Phe 1, Pro 2 and Trp 9 were found

to be consistently zero for all the 36 peptides over the time range analysed. This is in

account of how STRIDE works. For example, the proline is considered as a helix breaker

since it cannot form a hydrogen bond [144]. In the amino-acid sequence of the peptide,

FPIPLPYCW, the proline at position two cannot have a hydrogen bond with the proline at
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position five. Hence, according to the condition for α-helical structure mentioned in the

Section 3.2.3, both F and P at the beginning of the sequence cannot be considered as being

part of the helical region. In the case of tryptophan (W) at position nine, it is not bonded

with another residue at the end.
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Figure 3.11 – Helicity of each residues of each peptide in the multiple peptide system averaged over 36

peptides and each time frame. The time series shown in Figure 3.10 is averaged over each residue. The

vertical green lines indicate the standard deviation obtained from 36 peptides in Figure 3.9 and the red

lines indicate the same obtained from the time-series shown in Figure 3.10 . The residues at position 5,

6 and 7 have the potential for being part of a helical segment.

These figures show that the residues leucine, proline and tyrosine at peptide positions 5,

6, and 7 respectively have the potential of being helical. This is consistent with the helicity
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calculated for the “open-in” configuration of full-length SP-B calculated using STRIDE by

M.H. Khatami et al [145], even though their calculation used a different potential. These

residues being helical is significant. If a peptide is not helical, its conformational flexibility

might be better able to accommodate the packing of lipid chains around it. But the helical

regions are compact and may create a volume from which the acyl chains are excluded.

Due to this excluded volume helical regions might be more disruptive of the chain packing

which could affect lipid chain orientational order.

3.3.4 Average Orientation of the Peptide

3.3.4.1 Average Density Profile

In order to get information about the average orientation of the peptide in the multiple pep-

tide simulation bilayer, average density profiles of the Cα for each residue were calculated

over the time range analysed. Details about this calculation can be found in Appendix B.4.

Densities were calculated as a function of z, the coordinate normal to the bilayer. Cα is

the central backbone atom of an amino acid. The hydrogen(-H), amino group (-NH2), car-

boxylic acid (-COOH) and side chain (-R) specific to each amino acid are attached to this

Cα . We averaged density as a function of the z coordinate for each residue over all the 36

peptides and plotted the result for each residue in Figure 3.12. The purple curve (highest

peaks) represents the average density of phosphorus atoms on the lipid head groups. It is

scaled a factor of 1/1000. Here each peak of each component corresponds to the upper and

lower bilayer leaflets respectively.

The density profile shows that the peptide resides near the phospholipid head groups

rather than near the bilayer center. The tryptophan residue of the peptide seems to be
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Figure 3.12 – Average density profile of Cα of each residues of the peptide averaged over the 36 peptides

in the multiple peptide simulation. The purple curve represents the phosphorus of the lipid head groups

and the remaining curves represent the nine residues of the peptide. The plot of phosphorus atoms of

lipids is scaled by 1000.

closer to the bilayer surface compared to other residues. This is the expected behaviour as

tryptophan is thought to anchor the peptide near the bilayer surface.

3.3.4.2 Average Depth of Peptide Residues

To get an estimate of the peptide’s average orientation in the lipid bilayer, we computed the

average depth of each peptide residue within the bilayer. We obtained the peak locations

by fitting the Cα density curves with a double Gaussian function. Refer to Appendix B.5.

Similarly, we determined the peak locations of the density profiles of each residue’s Cα .
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These are plotted against residue number in Figure 3.13.

Bilayer Centre

Figure 3.13 – Average distance of Cα in the upper (open red circle) and lower (closed blue circle), center

of mass of side chains of Cα in the upper (open magenta square) and lower (closed green square) leaflet

and the average position of phosphorus atoms from the bilayer center. Here zero on the y axis indicates

the bilayer center. The peptide initially slopes into the bilayer and then lies almost parallel to the bilayer

plane. The inset shows the orientation of a peptide in the bilayer. The red beads indicate the Cα of each

residue. The Cα end-to-end distance of the peptide was found to be 1.35 nm.

The position of Cα indicates the position of the backbone at that residue. Residues with

larger sidechains, like tryptophan (W), will have centres of mass substantially further from

the corresponding Cα position, than smaller residues like proline (P). This difference is

evident from the figure.

The tryptophan residues stay close to the bilayer surface. The peptide slopes into the
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bilayer and last few residues are almost horizontal. This orientation of the peptide has

significance as the peptide being aligned horizontal to the lipid bilayer occupies space near

the headgroup of ends of lipid acyl chains which perturbs lipid packing. This reduces the

average acyl chain orientational order of the lipid bilayer. The peptide orientation in the

bilayer is showed as an inset in the figure.

In order to obtain information about more local interactions of peptides with the bilayer,

we also calculated the average shortest distance from residue Cαs to the nearest phosphorus

atoms. Details can be found in Appendix B.6. These averages over the time range analysed

are shown in Figure 3.14.
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Figure 3.14 – Average shortest distance of Cα s of peptide residues from a P atom in the lipid bilayer.

The residue phenlyalanine at one end is closer to the phosphorus atoms compared to the tryptophan at

the other end. Standard deviation is used for plotting the error bars.

We can see that the phenylalanine (F) at the N terminal end of the peptide is closer to its

nearest phosphorus atom compared to the tryptophan (W) residue at the end. This distance

can be compared to the average depth of the residues in the bilayer from the average phos-

phorus distance from Figure 3.13, according to which, for F, the average distance of Cα

from the average level of of phosphorus atoms is about 0.65 nm (1.9 nm-1.25nm), while

that for W is about 0.15 nm (1.9 nm-1.75nm). The average shortest distance of F from the

P atoms (0.49 nm) is smaller than the average depth of the Cα of the phenylalanine residues

from the average P atom depth (0.65 nm). Since F is at the N-terminus of the protein, it’s
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backbone amide group carries a positive charge, and hence the residue must be pulling the

phosphorus atoms and some water towards it, causing a dip on the leaflet surface. In the

case of W, the average shortest distance from phosphorus atoms (0.75 nm) is bigger com-

pared to the depth of the Cα of the residue (0.15 nm) from the P atoms. Hence, W must

be pushing the phosphorus atoms away, presumably within the plane of headgroups. On

one end (the W end), the peptide is pushing away the lipids, while on the other end (F end)

the peptide is pulling the lipids towards it. This behavior might be pertinent to the lipid

organization disruption that may be an aspect of SP-B function [146].
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Chapter 4

Discussion

Surfactant replacement therapy using bovine or porcine lung extracts is being widely adopted

and has shown improvements in the treatment of NRDS [147]. It is also used for acute lung

injury (ALI) and ARDS [148]. The COVID-19 pandemic, which began in 2019, has re-

sulted in widespread death around the world [149–151]. The majority of patients admitted

to the hospitals are diagnosed with pneumonia, and many develop ARDS [152]. Many

COVID clinical trials are evaluating surfactant replacement therapy for the treatment of

ARDS [153–155]. The motive of lung surfactant studies is to reduce the use of surfactants

derived from animals for surfactant therapies and to contribute to the development of fully

functional synthetic surfactants. A proper understanding of the interactions of different

components in lung surfactants is necessary for this purpose.

In this study, we explore how the insertion sequence of surfactant protein B (SP-B)

interacts with models of lipid components. Hydrophobic lung surfactant protein, SP-B,

plays a major role in decreasing the effort of breathing by lowering the surface tension, at

the alveolar air-liquid interface, to a minimum [156]. SP-B, along with SP-C, is thought
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to be involved in the replacement of the spent surfactant with recycled surface-active ma-

terial from bilayer reservoirs [157]. For the surface-active material to be transferred from

the bilayer reservoirs to the interface, there has to be some reorganization of the bilayer

taking place. Many studies have been conducted over the years to investigate the effect of

hydrophobic surfactant protein on the lipid bilayer [85–90,158]. These studies were aimed

at contributing to understanding of the interaction between SP-B and lung surfactant lipids,

that facilitates the function of SP-B. A study by Sharifahmadian et al. [85] using different

fragments of SP-B showed that a SP-B fragment with the insertion sequence showed more

effect on the 2H NMR splittings of deuterated lipid components, and thus more effect on

acyl chain order of the lipid bilayer (composed of a combination of zwitterionic and anionic

lipid) than that of the SP-B fragment without the insertion sequence. Farver et al. [86] in a

different study found that low concentrations of SP-B fragment 1-25 (SP-B1−25) had signif-

icant effect on the 2H NMR spectra and hence on the order parameter profile of deuterated

lipids in the model lipid mixtures. In previous studies involving 2H NMR experiments with

SP-B8−25 [87] and both SP-B59−80 [88] and SP-B63−78 [89] (the SP-B C-terminus), the

peptides were found to have little effect on lipid chain order in the model bilayers. These

apparent differences between the effects of SP-B with and without the insertion sequence

motivated us to look at the insertion sequence more closely, and at interactions with lipids

that might contribute to a possible role in bilayer reorganization.

To explore the interaction between SP-B insertion sequence that might contribute to

the bilayer reorganization of the lipid bilayer that is expected to be required for the re-

spreading of the surfactant materials, we first used solid-state 2H NMR for investigating

the effect of the SP-B fragment, SP-B1−9 on model lipid bilayer composed of a combina-

tion of zwitterionic and anionic lipid in a 7:3 ratio: DPPC-d62/POPG (7:3). We examined
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the effect of SP-B1−9 concentration on the model lipid bilayers, primarily focussing on

the acyl chain orientational order. Secondly, we used the GROMACS molecular dynamics

simulation package to explore the conformation, location, and the interaction of the peptide

in a simulated lipid bilayer composed of DPPC and POPG in a 7:3 ratio.

The first moment and order parameter profiles obtained (Figure 2.13 and 2.15 respec-

tively) from the 2H NMR experiments did not show a significant effect on DPPC-d62 acyl

chain order at higher concentrations of peptide compared to a sample with only lipids.

Figure 4.1 shows a superposition of the dePaked spectra first presented in Figure 2.14.

Figure 4.1 – Overlap of dePaked spectra of the samples (Green) DPPC-d62/POPG, (Red) DPPC-

d62/POPG + SP-B1−9 (P:L 0.066) and (Black) DPPC-d62/POPG + SP-B1−9 (P:L 0.098) at T = 40 ◦C.

The doublets almost align for the three samples, indicating that there is not much difference in the

quadrupolar splitting and thereby the acyl chain orientational order.
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The comparison at T = 40 ◦C clearly shows that the peptide is not inducing any effect

on the acyl chain orientational order. This may indicate that the peptide interacts with the

bilayer in a way that does not significantly perturb lipid orientational order or it may indi-

cate that the peptide is not uniformly distributed through the bilayer. Peptide aggregation

might result in a peptide lipid interaction being independent of concentration. Given these

possibilities it is difficult to draw any conclusion from the NMR experiments. Separating

these possibilities is something that might require further investigation, possibly using a

modified peptide with a lesser tendency to aggregate.

The order parameter profile comparison from the GROMACS molecular dynamic sim-

ulations of model lipid bilayers with and without the insertion sequence peptide present,

shown in Figure 3.5, suggests a slightly different interpretation. We found that the lipid

acyl chain orientational order in the simulated bilayer decreases slightly with increasing

peptide concentration. The peptide-to-lipid ratios of the two peptide-containing samples

used for 2H NMR studies were about two times (0.066) and three times (0.098) the peptide-

to-lipid ratio of the multiple peptide system (0.031) in the simulations. Hence as noted

above the finding of a peptide-concentration-dependent effect on lipid acyl chain order in

simulations and the absence of this effect in the experiment raises the possibility of peptide

aggregation in the NMR samples which needs to be investigated further.

From the simulations, we also looked at the conformation and location of the peptide

in the bilayer. The helicity plots in Figures 3.9, 3.10, and 3.11 were obtained from the sec-

ondary structure calculated using the STRIDE plugin of VMD. From these calculations,

we found that the residues at peptide positions 5, 6, and 7 (i.e. proline, leucine, and ty-

rosine) have the highest average probability of being part of a helical region, about 45%

compared to other residues. The first two residues (F and P) and the last residue (W) were
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found to be consistently zero over the time range analyzed. The residues L, P and Y at

positions 5, 6, and 7 respectively thus have the potential for being in a helical structure.

Helical peptide regions that do not extend to the bilayer center might have some potential

to disrupt the bilayer more than flexible non-helical sections since they can result in lipid

chains being excluded from a compact volume at a specific depth in the bilayer. The need

for lipid chains to pack differently at depths in the bilayer with and without peptide present

could affect the acyl chain orientational order of the membrane. In a different simulation

study of full length SP-B, by M.H. Khatami et al. [145], the helicity calculation for the

open-in configuration of SP-B, done using STRIDE, also showed that residues L, P and Y

at positions 5, 6 and 7 respectively tended to be helical even though this study was done

with a different force field.

The plots of the average Cα depth and the average shortest distance from a Cα to the

nearest neighboring phosphorus atoms can tell us about the orientation of the peptide and

this can give insight into how it might contribute to disrupting the bilayer. The average

end-to-end distance of the peptide was found to be 1.35 nm, from which the angle at which

the peptide slopes into the bilayer was calculated. The peptide slopes into the bilayer at an

angle of about 22◦ measured from the bilayer surface. Instead of going vertically down into

the bilayer, the peptide slopes in and takes an almost horizontal orientation in the bilayer.

This behavior may, in part, reflect positive charge on the phenylalanine at the N-terminus.

A vertical orientation of the peptide in the bilayer might be expected to perturb the bilayer

less, but a more horizontal orientation can take up space near the headgroup ends of the

acyl chains and increase lipid separation. This can cause a lowering of the acyl chain order.

It is also noticeable from Figures 3.12 and 3.13 that the peptide is lying in the bilayer near

the headgroups, and not penetrating closer to the bilayer center. The lowering of the lipid
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acyl chain order near to the bilayer surface by the insertion sequence might contribute to

the role of SP-B in the recruitment and respreading of the surfactant layer as some some

reorganization of the lipid bilayer has to happen for surface active material to be transferred

from surfactant reservoirs to the interface.

Many previous works have done comparisons of experimental order parameter profiles

with simulation order parameter profiles. The assignment scheme introduced in Petrache

et al [99] is the best scheme available at the moment assigning order parameters to the sn-1

and sn-2 chains of a disaturated phospholipid like DPPC-d62. A few studies have compared

their experimental order parameter profiles obtained using the assignment scheme from Pe-

trache et al. to simulation results, and they are in very good agreement [159–162]. In our

work, we have used the CHARMM36 force field and TIP3P water model for our simula-

tion and used a binary lipid mixture for the model lipid bilayer. The comparison of order

parameter profiles from experiment and simulation at temperatures 319 K (46◦ C) and 323

K(50◦ C) (Figure 3.6) showed good agreement. The comparison at the lower temperatures

(310 K/37 ◦C) is also very close, given that the simulation at that temperature was still not

quite equilibrated.
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Chapter 5

Conclusion

In summary, solid-state deuterium NMR spectroscopy and GROMACS molecular dynam-

ics simulations have been employed for investigating how high concentrations of the inser-

tion sequence of the lung surfactant protein B perturbs the dynamics and phase behavior

of model lipid bilayer comprising a mixture of zwitterionic (DPPC) and anionic (POPG)

lipids in a 7:3 ratio. From the 2H NMR experiments, the peptide does not seem to perturb

the acyl chain order of the lipid bilayer, while the order parameter profiles from the molec-

ular dynamics simulations showed a lowering of the acyl chain order with high peptide

concentrations. Peptide aggregation in the 2H NMR samples could be the reason for the

lack of effect in the experiments, which needs to be explored further in the future.

Average conformation of the peptide showed the helicity probability of the three amino

acids residues at peptide positions 5, 6, 7 to be about 45%. Since helical regions on a mostly

horizontal peptide might disrupt the bilayer more as they take up space non-uniformly as a

function of depth in the bilayer, the observation that a portion of the peptide has a tendency

to form small helical structures might account for its ability to perturb bilayer orientational
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order. The average location and orientation of the peptide in the bilayer showed that the

peptide stays closer to the bilayer surface, taking up a nearly horizontal orientation in the

lipid bilayer. This observation indicates that the insertion sequence does not penetrate

deep into the bilayer, but instead, stays and perturbs the bilayer near the bilayer surface.

This behavior of the insertion sequence may be important to the role of full-length SP-

B in the adsorption and respreading of the phospholipids from the surfactant reservoir,

necessary for the surface tension reduction at the alveolar air-liquid interface. Experimental

and simulated order parameter profiles were found to be in good agreement.

The absence of peptide-induced bilayer perturbation shown by the 2H NMR results

suggests the possibility of peptide aggregation in the NMR samples. This is evident from

the remarkably close 2H NMR order parameter profiles of samples with only lipids and the

samples with two different concentrations of peptide. Aggregation might have limited the

ability of the peptide to perturb a significant fraction of lipids in the NMR sample model

lipid bilayers. On the other hand, the simulation results provide some encouragement to

further explore the role of the insertion sequence in bilayer reorganization. The lowering

of the acyl chain orientation order with increasing peptide concentration indicates that the

insertion sequence does have a concentration-dependent effect on the lipid bilayer, and

hence might need to be retained in synthetic surfactants.
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Appendix A

System Setup

A.1 Making a PDB File From the Amino Acid Sequence

of the Peptide.

To make a PDB file from the Amino acid sequence of the peptide, make a text document

using the text editor and enter the following:

> Peptide

FPIPLPYCW and saved this file as txt file. Here FPIPLPYCW is the amino acid

sequence of the peptide. Open this txt file using Swiss PDB viewer and save it as a pdb file.

Now we have the PDB file of the peptide.

I followed the steps in GROMACS Tutorial for much of the computational part. The

tutorial can be found here: http://www.mdtutorials.com/gmx/ . Refer to GROMACS Com-

mands to see how to execute them.

To generate the topology from the PDB file executed pdb2gmx.

-ignh flag ignores the H atoms in the PDB file.

114

http://www.mdtutorials.com/gmx/
https://manual.gromacs.org/documentation/5.1/user-guide/cmdline.html
https://manual.gromacs.org/documentation/5.1/user-guide/cmdline.html
https://manual.gromacs.org/documentation/5.1/onlinehelp/gmx-pdb2gmx.html


-ter flag assigns charge states to both N and C termini

In this step select the desired force field and water model. Here we can also select the

termination of the peptide.

For adjusting the peptide orientation, use gmx editconf

If the system contains multiple peptides, make sure to label each of them differently. This

can be done by editing the PDB file.

A.1.1 Building Membrane-Lipid Bilayer System Using CHARMM

GUI Membrane Builder

Opened the CHARMM GUI membrane builder. I used the membrane with a protein

option. Imported the pdb file with properly oriented peptide (need to convert the gro file to

pdb file as CHARMM GUI only take pdb file as input file).

In the orientation option, I used PDB orientation and Translate molecule along the Z-axis

option for positioning option. I had to translate -32 angstroms to align the peptides on the

leaflets. In the System size determination option, I chose Heterogeneous lipids,

Rectangular box type, Length of Z based on water thickness, Length of XY based on

Ratio of lipid components. Chose length of X and Y initial guess as 128

DPPC 7:7 and POPG 3:3 (Ratio- upper leaflet to lower leaflet)

I chose the Replacement method in the system building option, Include ions (add

neutralizing ions) in the component building option, and chose Distance in the Ion

replacement method.

I used the charmm36 force field.

Input generation option: Gromacs
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Equilibration options: Generate grid information for PME FFT automatically. NPT

ensemble. Temperature: 310.15K

A.1.2 Energy Minimization, Energy Equilibration and Production

Run

For energy minimization and equilibration steps, we need to use the commands gmx

grompp and gmx mdrun.

The necessary files needed for these steps can be found in the output folder from

CHARMM GUI.

The ’topol.top’ file contains the information of the system such as force field and

components. An example is shown below:

;;

;; Generated by CHARMM-GUI FF-Converter

;;

;; Correspondance:

;; jul316@lehigh.edu or wonpil@lehigh.edu

;;

;; The main GROMACS topology file

;;

; Include forcefield parameters

#include "toppar/forcefield.itp"

#include "toppar/PROA.itp"
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#include "toppar/POPG.itp"

#include "toppar/DPPC.itp"

#include "toppar/POT.itp"

#include "toppar/TIP3.itp"

[ system ]

; Name

Title

[ molecules ]

; Compound #mols

PROA 36

POPG 348

DPPC 812

POT 348

TIP3 54519

An example of the .mdp file used for the production run after the energy minimization and

equilibration steps is shown below:

integrator = md

dt = 0.002

nsteps = 5000000000

nstxout = 500000

nstvout = 0
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nstfout = 0

nstcalcenergy = 1000

nstenergy = 1000

nstlog = 1000

nstxout-compressed = 50000

compressed-x-precision = 10000

compressed-x-grps = Protein POPG DPPC

energygrps = Protein POPG DPPC POT TIP3

;

cutoff-scheme = Verlet

nstlist = 20

rlist = 1.2

coulombtype = pme

rcoulomb = 1.2

vdwtype = Cut-off

vdw-modifier = Force-switch

rvdw_switch = 1.0

rvdw = 1.2

;

tcoupl = Nose-Hoover

tc_grps = SYSTEM

tau_t = 1.0

ref_t = 323

;
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pcoupl = Parrinello-Rahman

pcoupltype = semiisotropic

tau_p = 5.0

compressibility = 4.5e-5 4.5e-5

ref_p = 1.0 1.0

;

constraints = h-bonds

constraint_algorithm = LINCS

continuation = yes

;

nstcomm = 100

comm_mode = linear

comm_grps = SYSTEM

;

refcoord_scaling = com

A.1.3 Running in the Clustor

We ran our production runs in the Compute Canada Graham HPC clustor. The

information abour job scheduling can be found in Compute Canada documentation.

An example of the job script file (.sh) we used for production run is shown below.

#!/bin/bash

#SBATCH --nodes=1 # number of nodes

#SBATCH --gres=gpu:2 # request 2 GPUs per node (Graham)
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#SBATCH --ntasks-per-node=4 # request 4 MPI tasks per node

#SBATCH --cpus-per-task=8 # 8 OpenMP threads per MPI process

#SBATCH --mem-per-cpu=1024M

#SBATCH --time=0-24:00 # time limit (D-HH:MM)

#SBATCH --mail-user=giveyouremailid@mun.ca

#SBATCH --mail-type=BEGIN

#SBATCH --mail-type=END

#SBATCH --mail-type=FAIL

module purge

module load gcc/7.3.0 cuda/10.0.130 openmpi/3.1.2 gromacs/2020.2

export OMP_NUM_THREADS="${SLURM_CPUS_PER_TASK:-1}"

# Production run using GPU

mpiexec gmx_mpi mdrun -v -deffnm step7_1 -maxh 23.5 -cpt 60
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Appendix B

Trajectory Analysis

B.1 Energy-Time Series

Energy-time series can be obtained using gmx energy command. Need to supply the .edr

file from the production run. The output file can be opened using Grace software.

Example:

gmx energy -f step_7_1.edr -o energy.xvg

B.2 Order Parameter Profiles

The order parameter profiles were calculated using Membrainy software as gmx order has

some issues in calculating the order parameters of saturated lipids. First need to make a .gro

file using .trr and .tpr files from the production run. I used gmx trjconv for this conversion.

An example of calling these commands is given below:
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gmx trjconv -f step7_1.trr -s step7_1.tpr -pbc mol -b 1000 -e 450000

-o 1-450ns.gro

For obtaining order parameter using membrainy:

java -jar Membrainy.jar -f 1-450ns.gro -s 1-450ns.gro -order

B.3 Helicity Calculation

For calculating the secondary structure of a peptide, we need to make a .gro file of that

peptide and load it in VMD software. Then Extensions −→ Analysis −→ Timeline −→

Calculate −→ Cal.Sec.Struct The structure codes can be found in the Help tab in the

same window. If the system has multiple peptides we can load the .gro files of each.

For isolating each peptide, we need to make the index files of each peptide. The com-

mand gmx make ndx can be used for making the index files. Note: There’s another way of

automating this using VMD scripting. I haven’t explored it very much.

Calculating the Helicity percentage from the secondary structure file over the time range

analysed can get tedious. An example of the python script I used for calculating helicity

percentage at a single time frame for two peptides is given below. Might be helpful in the

calculation of helicity percentage over multiple time frames.

T1=0

T2=338

import pandas as pd

import numpy as np
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import matplotlib.pyplot as plt

import itertools

from itertools import count

pd.set_option('mode.chained_assignment', None)

pd.set_option('chained_assignment',None)

data = pd.read_csv("secondary.txt", header = None)

headerName=["Sec_structure"]

headerName=["Sec_structure"]

data.columns=headerName

A=data[9:]

A['Residue_Number']=A['Sec_structure'].str.split().str[-5]

A['Time_frame']=A['Sec_structure'].str.split().str[-2]

A['Secondary_structure']=A['Sec_structure'].str.split().str[-1]

A['Peptide_label']=A['Sec_structure'].str.split().str[-4]

B= A.drop(columns='Sec_structure')

Aa = B[B['Peptide_label'] == 'A' ].reset_index()

Aa1=Aa.drop(columns='index')

Bb = B[B['Peptide_label'] == 'B' ].reset_index()

Bb1=Bb.drop(columns='index')
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# Processing PROA

Aa1.loc[Aa1['Secondary_structure'] == 'C', 'value'] = '0'

Aa1.loc[Aa1['Secondary_structure'] == 'T', 'value'] = '0'

Aa1.loc[Aa1['Secondary_structure'] == 'G', 'value'] = '1'

Aa1.loc[Aa1['Secondary_structure'] == 'H', 'value'] = '1'

#Processing of PROB

Bb1.loc[Bb1['Secondary_structure'] == 'C', 'value'] = '0'

Bb1.loc[Bb1['Secondary_structure'] == 'T', 'value'] = '0'

Bb1.loc[Bb1['Secondary_structure'] == 'G', 'value'] = '1'

Bb1.loc[Bb1['Secondary_structure'] == 'H', 'value'] = '1'

#PROA

resnm = 10

rdata=[]

for i in itertools.count(1,1):

if i == resnm:

break

Ree1 = Aa1[Aa1['Residue_Number'] == str(i)].iloc[T1:T2].reset_index()['value'].astype(float).mean()*100

rdata.append((i, Ree1))

proa=pd.DataFrame(rdata, columns=('resnm', 'val'))

124



#PROB

resnm1 = 10

rdata1=[]

for i in itertools.count(1,1):

if i == resnm:

break

Ree2 = Bb1[Bb1['Residue_Number'] == str(i)].iloc[T1:T2].reset_index()['value'].astype(float).mean()*100

rdata1.append((i, Ree2))

prob=pd.DataFrame(rdata1, columns=('resnm', 'val'))

prob

#Plotting

plt.figure(figsize=(12,8))

x1=proa['resnm']

y1=proa['val']

x2=prob['resnm']

y2=prob['val']

plt.plot(x1,y1,color='red')

plt.plot(x2,y2,color='green')

plt.title('Helicity of Peptides')

plt.xlabel('Time(ns)')

plt.ylabel('Helicity Percentage')

plt.legend(['PROA','PROB'])
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plt.savefig('helicity.png')

B.4 Density Profile

The Gromacs module gmx density can calculate the density. An example of executing the

command is shown below:

gmx density -s step7_1.tpr -f step7_1.trr -n proa_density.ndx

-b 75000 -e 450000 -o density_proa.xvg -d Z

where proa density.ndx is the index file of the peptide.

B.5 Depth Profile

For calculating orientation of the peptide in the bilayer, we used a double Gaussian func-

tion on the density profile curves of each peptide and obtained the peaks. An example

of calculation for one residue is shown below (got the double guassian part from Stack

Overflow):

import numpy as np

import pandas as pd

import itertools

from itertools import count

from pylab import *

from scipy.optimize import curve_fit

pd.set_option('mode.chained_assignment', None)
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pd.set_option('chained_assignment',None)

data1 = pd.read_csv('phe_allframes.csv')

headerName=["z"]

data1.columns=headerName

a=data1['z']

#phe plot

data=a

y,x,_=hist(data,50,alpha=.3,label='data')

x=(x[1:]+x[:-1])/2 # for len(x)==len(y)

def gauss(x,mu,sigma,A):

return A*exp(-(x-mu)**2/2/sigma**2)

def bimodal(x,mu1,sigma1,A1,mu2,sigma2,A2):

return gauss(x,mu1,sigma1,A1)+gauss(x,mu2,sigma2,A2)

expected=(2.8,.2,2000,4.9,.2,2000)

params,cov=curve_fit(bimodal,x,y,expected)

sigma=sqrt(diag(cov))

plot(x,bimodal(x,*params),color='red',lw=3,label='model')

legend()
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print(params,'\n',sigma)

params_b=pd.DataFrame(data={'params':params,'sigma':sigma},

index=bimodal.__code__.co_varnames[1:])

params_b

B.6 Shortest Distance Calculation

For calculating the shortest distance of each residue of each peptide from the phosphorus

atoms, we can use gmx rdf. We need to make the index files of each peptide with the index

of phosphorus atoms in it. The following bash script is for calculating the rdf over the time

range passed for one peptide.

>rdf_a.txt

for ((i=75000;i<450000;i+=100))

do

a=$(($i))

b=$(($i+1))

gmx rdf -f step7_1.xtc -s step7_1.tpr -o proa_rdf.xvg -b $a -e $b ...

-ref c_alpha -sel P -n proa_c_alpha_lipid.ndx

awk '{if (NR>25&& $2>0){print $1;exit}}' proa_rdf.xvg >> rdf_a.txt

rm proa_rdf.xvg

done
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