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Abstract
Lung surfactant comprises lipids and proteins. They present on occasions as a monolayer. The
presence of lipids in the monolayer is to ensure the virtual elimination of surface tension; however
these surface tension reducing lipids need to be managed, organised and shepherded. Surfactant
protein B (SPB) is believed to be important in performing this function. This prevents alveolar collapse
during pulmonary gaseous exchange.
In this dissertation numerical simulations using a combination of the membrane builder CHARMM‐gui
and the numerical simulation package GROMACS to examine the behaviour of SPB (and the
corresponding behaviour of lung surfactant lipids) are carried out.
In physiological conditions the surfactant lipid proportions of the most important lipids (DPPC, DOPC,
POPG and Palymitoyl) are believed to be in the proportions 8:6:2:1.
Results have revealed a paucity of hydrogen bonding, and an attractive prevalence on the part of a
particular lipid type (DPPC) to congregate around the protein.
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1. Lung Function
The lung is a means whereby oxygen can be absorbed by the blood and carbon dioxide can
be excised from the blood. The lung comprises a tube (often and colloquially called the
windpipe or trachea) through which air is inhaled and exhaled, the process of inhalation and
exhalation being inspiration and expiration. The geometry of lungs is cone shaped. Formally
and in anatomical terms lungs form the lower respiratory tract with the trachea and sinuses
forming the upper. The healthy human will have two lungs, though they are not symmetric.
Lungs have lobes, the right having three and the left two in order to accommodate the
heart.
From the trachea stem bronchial trees, through which air and carbon dioxide flow and
which commence at the lung trachea interface progressively dividing throughout the lung
(hence tree) to end in small collections of sacs, collectively called alveoli (L. small cavity).
Alveoli (strictly speaking pulmonary alveoli as alveoli of different sorts are found throughout
the body) are found in the lung parenchyma and resemble a blackberry or a cluster of
grapes in that they are lumpy, each lump being an alveolar sac. An alveolus will comprise
many alveolar sacs. Air is routed to each alveolus via an alveolar duct which, in turn is
branched from the bronchial tree. Although many animals have lungs the alveolus is
particular to the mammalian lung. On the outside of each alveolar sac lie a series of
capillaries which deliver carbon dioxide enriched blood and carry away oxygen by means of
a complicated but well understood mechanism involving an enzyme called carbonic
anhydrase. It is through molecular diffusion that carbon dioxide is released and oxygen
absorbed, driven by appropriate concentration gradients. The tissue surface exposed to the
atmosphere is about 40 times greater than the surface area of the human body.
The physiology of alveoli are comparatively delicate. An alveolus is about .2‐.5 mm in
diameter and there are about ½ bn alveoli in the human body (though there is significant
variation – about 40% ‐ from phenotype to phenotype). Between the alveolus and the
capillary is a respiratory membrane. The membrane consists of the squamous (i.e. scale like)
alveolar cell, the squamous endothelial cell of the capillary, and the basement membrane
shared between them. These respiratory membranes are about ½ μm in size, compared to
the size of erythrocytes which pass through the capillaries which are about 7 μm in size.
Erythrocytes are comparatively huge.
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Epithelial cells (those which line the cavities and surfaces of blood vessels and organs
throughout the body) may be found in the alveolus. Epithelial cells are usually squamous
where flow resistance is likely to be an issue or factor since they are smooth. There are two
types of epithelial cells found in the alveolus, type I and type II. Type I alveolar cells are
extremely thin (in the direction of required diffusion), they mediate rapid gas diffusion and
are squamous. These cells constitute the vast majority (95%) of the surface area of the
alveolus. Despite their lesser surface area, type II alveolar cells are far more abundant in
number. Whilst type I cells mediate gas diffusion, and are specialised for that purpose, type
II cells (which are not squamous) (1) carry out repair functions when type I cells are
damaged, and importantly, for the purposes of this dissertation, (2) secrete pulmonary
surfactant. Pulmonary surfactant is composed of phospholipids and protein, and coats the
alveoli water layers and smallest bronchioles. This prevents the exogenous pressure
differential from collapsing the alveoli during expiration. Without surfactant, the walls of a
deflating alveolus would tend to cling together like sheets of wet paper. Re‐inflation during
the next inhalation would be very difficult.
Given that the lungs are, due to their surface area, far more exposed to the outside world
than the rest of the body a complex innate immune system operates to isolate and remove
foreign bodies such as dust. The principal warriors are the alveolar macrophages (often
known as dust cells). These cells permeate the alveolar lumens and also the connective
tissue between them, and they isolate and remove debris through a process known as
phagocytosis. Foreign bodes which escape mucosal trapping in the higher parts of the
respiratory tract are dealt with by alveolar macrophages. Each day the human body gets
through about 100 million alveolar macrophages.
An alveolus comprises a cell layer of type I and II cells and on top of that cell layer a water
layer. The water layer is vital to the alveolar epithelial cells because they are living cells and
as such need to be in the proximity of water in order for their membranes to function. The
water layer is also helpful as it acts as an oxygen trap as part of the diffusion process. Type I
epithelial cells may be thought of as providing the function of the alveolus and type II cells
as supporting the functioning of it.
The surfactant sits on top of that layer and eventually air.
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figure 1 – alveolus (source: Uni New South Wales)
In figure 1 a number of components have already been identified, however the tubular
myelin – TM, has not. TM is a highly organised lattice structure, found only in the alveolus. It
comprises myelin, made up from a mixture of lipids and lipoproteins. TM may be thought of
as a transport mechanism whereby lipids and lipoproteins may be transported to the
surfactant layer.
The lung tissue is an elastic tissue which is attached to a muscle called the diaphragm. That
muscle can elongate the tissue and by the compress it, the effect being that the tissue
(within which lie the alveolus) can cause the alveolus to deform. The elasticity operates in
such a way that the elastic force in the lung is counteracted by a surface tension force at the
end of expiration and is at its maximum during the end of inspiration. Since, due to
surfactant action, the smaller the radius the lower the surface tension it follows that the
force needed to inflate small alveoli during initial inspiration is small than for larger ones.
This has the effect of ensuring that all alveoli, irrespective of size, are utilised. The
breakdown of that elasticity is one of the principal causes of pulmonary emphysema (a form
of COPD).
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2. Surface tension in the lung
Taken generally from Enhorning (1996) : very early pulmonologists identified that a water
layer would very quickly form on the epithelial surface of the alveolus within seconds of
birth and that as such since the alveoli were in essence a means by which a surface area of a
liquid was increased a surface tension would exist to resist that increase in surface area
which was inversely proportional to the size of the container. Further, those physiologists
also were able to ascertain that the magnitude of that surface tension would be too large to
enable the lung to function properly and that the forces on the alveoli caused by the
diaphragm would cause them to collapse. If there was no modification in surface tension
during inspiration or expiration then two problems wold arise. The first problem wold be
that since the force + air pressure to overcome surface tension in a small alveolus would be
greater than a large one only the larger alveoli would deform or would deform
preferentially, thus yielding the smaller alveoli redundant or liable to collapse. The second is
that surface tension forces would tend to resist expansion and make the work associated
with expansion high. The pulmonary surfactant system ensures that for low surface areas
the surface tension is low.
The table below highlights the effect of surfactant on the distribution of forces in the alveoli.
Surfactant:

Absent

Present

rb

ra

radius (r)/μm

50

100

50

Surface tension (()/mN.m‐1 7200

7200

200

100

1440
14.1

2880
28.8

400
4

400
4

recoil pressure (2(/r)/Pa
recoil pressure/cm H2O

100

rb

ra

table 1 ‐ physiological consequences of surface tension
Pulmonary surfactant will tend to decrease the surface tension of the alveolar water from
approximately 70mN.m‐1 at full inflation to zero after full expiration. Hence as the
pulmonary process proceeds to full expiration the surface tension force on the inside of the
alveolus decreases and the more so for smaller alveoli. Were surface tension to be
significant then the elastic tissue would collapse the alveoli. Further the reduction of surface
4

tension during expiration and during initial inspiration causes less work to be done in the
gas respiratory process. The mechanism by which surface tension operates is best
understood by acknowledging that at liquid surfaces particles which make up the fluid are
not subjected to a zero resultant set of inter molecular forces, not least because at least half
of the molecule is not subjected to the bulk of the liquid. Hence in order to manipulate or
change the surface force a mechanism is required in order to overcome that resultant inter
molecular force.
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3. The law of Laplace
The law of Laplace is based on a very specific surface tension model. In deriving the law an
assumption is made that the model concerns examining the surface tension effects at a
maximum circumference of a sphere of water, ignoring gravity. Given that the surface
tension effect, essentially a force at an interface (and tangential to it) is given by
(where F is the surface tension force, γ is the coefficient of surface tension in kg.s‐2 or N.m‐1
and L is the length of the interface in m) then for a sphere of water the force arising by
reason of the surface tension is given by

2

(where r is the maximum radius of the

sphere). This, in turn may be equated with a pressure by taking the quotient of the force
and the area over which that force is effective, being
(1)
Type equation here.Hence whilst it is likely that for a film, the rate at which an effective
area increases is greater than the rate at which a relevant perimeter increases, in both cases
with respect to some effective and characterising dimension or dimensions, there is likely to
be in inverse relationship between pressure and size. This reasoning is evident from the fact
that the coefficient of surface tension is a constant but not dimensionless and that pressure
and surface tension are related. The law of Laplace is justified by dimensional analysis alone.
The manner in which pulmonary surfactant reaches the air water interface is of some
importance. In brief summary the type II pneumocytes produce lamellar bodies which
contain lipids and other surfactants. The lipids are then highly organised (by a mechanism
which is unclear) into a mesh called tubular myelin (basically stored fat, forming tubes)
where the integrity of the structure of that myelin is maintained by surfactant proteins in a
way that is similar to the integrity of the structure of adhesive tape being maintained by a
cardboard ring. That myelin seems to be a means of storage and transport. Once the lipids
make it to the air‐water interface then they are distributed at the interface by means of
shepherding proteins (of which SPB is a significant player, if not the only player). At that
point the air‐water interface will be populated by a wide variety of lipids with different
headgroups, of different fatty lengths and varying degrees of saturation. Amongst these will
be DPPC. As the surface become compressed during expiration most of the lipids are
squeezed out leaving DPPC as the dominant lipid in the final film. The lipids which are
squeezed out are further organised by shepherding proteins into bicelles or are recycled.
This tends to suggest that DPPC is certainly a strong candidate for investigation. However it
6

cannot be the only one since it is the relationship between the shepherding proteins and the
lipids which is of importance. That shepherding would include study of the interactions
which would surround squeeze out.
Lung surfactant lipids immersed in a polar liquid such as water are not lyophilic as such but,
rather, will align in classic form at a polar liquid surface. The polar and charged head group
(if charged) will have a Van der Waals affinity for the polar liquid – water being a paradigm,
and will tend to exhibit hydrophilicity. However the non‐polar tail group will tend to exhibit
a hydrophobic effect. The hydrophobic effect is not completely understood and our current
knowledge is incomplete, hence the use of the word “effect”. It is most likely that a number
of physical and chemical interactions are at play. Currently it is believed that a non polar tail
group immersed in a polar liquid will tend to form entropic cages or solvation shells from
which the polar liquid is excluded since the polar liquid has a far greater affinity (and hence
lower energy) for itself than it does for the non‐polar lipid tails. Hence although the effect
appears to be that the polar liquid is excluded (and hence the expression ‘phobic’ is
apposite), in fact it is a question of energetic preference and not columbic affinity as is the
case for the headgroups.
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4. Historical Overview
a. Introduction
Taken generally from Creuwels et al (1997): in their review article the authors identify the
time line concerning lung surfactant research. Areas of uncertainty include identification,
structure, mechanism and isolation. It was as long ago as 1929 that it was realised that
without some mechanism to reduce surface tension in the water layer of the deforming
alveolus the pressure build up (being believed at that time to be inversely proportional to
radius and a linear function of the coefficient of surface tension) would, at worst, literally
blow the lung tissue apart and at best render the great majority of the lung to be ineffective.
However although the theoretical problem had been identified and the fact that there had
to be a physiological solution, since it could be supposed that lung tissues did not blow apart
or just do nothing, at least not in the healthy body, no proposals existed at that time. It may
be divined however that since surface tension was alterable by various means including
temperature and, importantly, the inclusion of surfactants that some unknown but possibly
surfactant related mechanism was in play. Physiological temperatures, including those in
the lung, were fairly constant and so the temperature effect on the coefficient of surface
tension could be neglected.
It was not until 1946 that lung tissue was found to have “a remarkably high content of the
lipid dipalmitoyl lecithin (current name, dipalmitoyl phosphatidylcholine [or DPPC])” though
even at that stage cautious biochemists had no evidence upon which to make the link
between alveolus pressure build up and reduced surface tension. That step had to wait until
1955. The 1955 research group (known as the Clements group and identified by Greuwels et
al, p2) investigated for the first time the surface tension‐lowering properties of what had by
now been identified as “several lipid fractions.” Hawgood (1997) (and references cited
therein) suggests that the composition of human pulmonary surfactant is in the following
approximate proportions
Lipid
Phospholipid
Saturated phosphatidylcholine
Unsaturated phosphatidylcholine
Phosphatidylglycerol
Other phospholipids
Neutral lipids
Other lipids
Protein
8

90‐95%
78%
45%
20%
8%
5%
10%
2%
5‐10%

Loosely associated, mainly serum
0‐5%
Apoproteins (a protein which together with a prosthetic group forms 5‐10%
a particular biochemical molecule)
table 2 ‐ lipid abundance in lung surfactant
Lang et al (2005) carried out a more comprehensive survey (relying principally upon
research by Daniels and Orgeig (2001)) as follows:‐
Sample size
Temperature
phospholipid
Phosphatidylcholine
Phosphatidylglycerol
Phosphatidylethanolamine
Phosphatidylserine
Phosphatidylinositol
sphingomyelin
Lysophospatidylcholine
Cholesterol
Cholesterol/phospholipid
*ND: not determined

°C
mg/g wet lung

% of total
phospholipid

mg/g wet lung

14
37
ND*
72.8
9.5
5.3
1.3
11.1
11.1
ND
1.54
0.071

6
37
ND
80.5
9.1
2.3
8.1
8.1
8.1
8.1
ND
ND

Average
37
ND
75.11
9.38
4.4
3.34
10.2
10.2
8.1
1.54
.071

table 3 ‐ summary of research by lang et al (2005) into lung surfactant composition
The composition of lung surfactant may be summarised as follows:‐

figure 2 ‐ graphical depiction of lung surfactant abundance (source: Lopez‐Rodriguez and
Pérez‐Gil (2014))
As can be seen the principal components of the lipid portion of lung surfactant are DPPC,
POPG, DOPC and palmitic acid in the approximate proportions 8:6:2:1.
Those lipids and fatty acids generally comprise a carbon chain or two which may be partially
unsaturated and which comprise choline and glycerol headgroups.
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DPPC (1,2‐dipalmitoyl‐
sn‐glycero‐3‐
phosphocholine)

POPG (1‐palmitoyl‐2‐
oleoyl‐sn‐glycero‐3‐
phosphoglycerol)

DOPC (1,2‐dioleoyl‐sn‐
glycero‐3‐
phosphocholine)

Palmitic Acid

table 4 ‐ chemical structures of principal lung surfactant lipids
Dealing first with palmitic acid. As can be seen this comprises an acidic group and a
palmitoyl group. It is believed that any palmitic acid is a precursor whose presence in the
surfactant soup is residual, though its efficacy cannot be discounted. Indeed Bringezu et al
(2001) support – strongly ‐ the contention that palmitic acid is of considerable influence
and, importantly, that excessive amounts in any simulation can lead to some physiological
artificiality.
b. Surfactant (surface active agent)
A surfactant is any molecule which lowers the tension at the surface of a liquid, or, the
tension at a notional interface of two liquids. A surfactant molecule must have in its
structure both a polar (hydrophilic or lipophobic) region, which need not necessarily be
large, and a nonpolar (hydrophobic or lipophilic) region (which must be large) in its
structure.

10

Pulmonary surfactant contains phospholipids whose fatty acid chains are mostly derived
from palmitic acid. The pulmonary surfactant molecule lowers the surface tension of
alveolar water.
Concentrating on the remaining lipids there are three groups which are of interest, the
phosphate (‐PO4‐‐) group, the glycerol (‐C‐(COH)2) group and the choline (‐(CH2)2‐N+Me3)
group. Further in relation to the quaternary ammonium group, this is permanently positively
charged independent of pH. The phosphate group has a pKa of close to zero which tends to
suggest that the phosphate group is permanently deprotonated at physiological pH. Glycerol
has a pKa of about 14 – hence the protonated from dominates.
Importantly and concentrating on the acyl part of the lipid what is presented are (1) a single
acyl chain in the form of palmitic acid and a double acyl chain – (2) each chain saturated
(DPPC), (3) one chain unsaturated (POPG) and (3) both chains unsaturated (DOPC).
The Clements group found that phospholipids reduced alveolar liquid surface tension but
that other lipid fractions present in the alveolus such as cholesterol, triacyclglycerols and
fatty acids could attenuate or enhance this effect, in other words that there was an elegant
and complicated regulatory mechanism in play. At about that time other clues were starting
to emerge such as the correlation between infant respiratory distress syndrome and lack of
lung surfactant and the similarity of action between experiments carried out using synthetic
DPPC and naturally occurring DPPC. After the work by the Clements group, understanding
continued to increase. By the late 1980s it was recognised that the effect of lipids upon
alveolar surface tension was not the only factor to contribute to the process and that three
other proteins known as surfactant proteins A‐C (or SPA, SPB and SPC) were also important
regulators. Further research identified a further protein, SPD, which also played a part.
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5. Lung function ‐ detail
Plenty of texts (“The Lung – development, aging and the environment”, Harding and
Pinkerton eds, 2nd ed (2015), Academic Press and “The Pulmonary Epithelium in Health and
Disease”, Proud ed (2008), Wiley are examples) exist which set out the functioning of the
lung and so this description will be brief. The pulmonary system operates to enable oxygen
to be exposed to and absorbed by blood (or, more properly, by hæmoglobin contained
within the blood and myoglobin contained in the muscle) and for carbon dioxide to be
withdrawn from blood. The precise means of interchange is unimportant for current
purposes but it involves a combination of haemoglobin and the catalytic action of an
enzyme known as carbonic anhydrase. Gasses are presented to and removed from blood by
means of diffusive action from elasticated air sacs or alveoli through the water layer in those
air sacks to veins (known as pulmonary veins), which then carry oxygenated blood (though
which have now become pulmonary arteries) to the left ventricle for distribution around the
body. Blood is pumped to the lungs via the right ventricle. In essence the pulmonary system
has its own pumping system (known as the pulmonary circuit), though it is not wholly
independent from the systemic circuit.
Due to surface tension the water layer performs an important function being, in conjunction
with elastic alveolar tissue properties, to stop the alveoli from bursting by means of
supplying a counteracting force during inhalation, expansion or distention and exhalation.
The Law of Laplace preaches that surface tension forces are inversely proportional to an
effective size related dimension (which, in a droplet, would be its radius). Hence as the size
of the alveolus decreases the force due to surface tension increases and therefore the
pressure needed to expand the alveolus increases which could lead to smaller alveolus
being under utilised. Conversely during expiration the size of a distended alveolus decreases
and hence the pressure of the water layer increases, again giving rise to a possibility of
collapse. This effect if left unchecked would lead at best to small alveoli being under utilised
and at worst to them collapsing since the pressure in the lung would not be sufficient to
overcome the surface tension effects. Evolution has managed to find a means whereby the
law of Laplace is overcome so that the reciprocal reliance on size dimension is counteracted
by an additional effect so that the surface tension is proportional to the surface area to such
an extent that the law of Laplace in pure form is eliminated or substantially overcome.
Hence low surface area (as would be the case in smaller alveoli) implies low surface tension
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effects and vice versa for larger alveoli. It is an examination of how some of those seeding
substances work that forms the focus of this dissertation.
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6. Status of current research into lung surfactant
Pérez‐Gil (2008) provides a gallant overview of surfactant and surface molecules, though he
bases his review on the processes whereby those molecules and proteins develop from their
nascent form to maturity. Pérez‐Gil suggests that there are a multitude of reports where
computational models, with a rich range of variable parameters (lipid and protein
composition, compression–expansion rates, temperature, ionic environment of the
subphase, and so on) have been studied.
Once developed and unpacked from membranes there is adsorption of lipid/protein
complexes into the air–water pulmonary interface. In relation to that adsorption Pérez‐Gil
(2008) makes the following observations (in no particular order of relevance or importance):


If a reduction in surface tension is to be achieved then surface water molecules must
be excluded at least from interacting with one another.



There is mounting evidence that in vivo surfactant films “are probably much more
complex than the simple monolayers studied during the last 30 years as fundamental
models of surfactant films.”



Caution must be exercised when comparing models to reality.



In order to avoid alveolar collapse surface tension effects must be reduced on full
deflation or expiration.



DPPC is the major component of pulmonary surfactant in mammals because it is
capable of achieving extremely low surface tensions when compressed at
physiological temperatures.



The inevitable conclusion to be reached is that if DPPC is responsible for reduction in
surface tension when compressed then there can be no interactions or increasingly
fewer interactions at the surface between molecules at the surface.

The alveolar liquid phase is sandwiched between alveolar epithelial tissue and pulmonary
surfactant in a mixture of lipids and proteins which forms a lipid monolayer (together known
as the surface film). Veldhuizen and Haagsman (2000) suggest that bilayer lipid structures
are attached to the lipid monolayer in the surface film to form a complex mixture.
a. What is known about DPPC and SPA, SPB and SPC (the SPs)?
General teaching may be derived from Nag (2005) and Hawgood (1997); the following
commentary is derived from those two works. The four surfactant proteins form two
distinct groups SPA & SPD and SPB & SPC. SPB & SPC have a close relationship with pulmonary
14

lipids, have a high degree of hydrophobicity (though regions are hydrophilic), are
comparatively small and as a result, whilst their primary structures are well known for most
biological subjects, their secondary structures are harder to resolve. SPA & SPD on the other
hand are larger by an order of magnitude and are both different oligomers of a 228aa
monomer. They can be isolated and as a result their secondary and more detailed structures
are easier to resolve or are completely resolved. SPA & SPD’s rôles are more concerned with
innate immunological functions, are hydrophilic and relate to the creation and (possibly)
regulation of tubular myelin1. They play little part in lipid behaviour at the interface –
though that is not to underestimate the part they play in the management, transport and
regulation of lipids. The case for SPA & SPD being directly concerned with surface tension
investigations is tenuous. SPB & SPC on the other hand are markedly smaller and are both
seriously hydrophobic (though, as said above, have some hydrophilic regions), thus making a
strong case for residing in regions with little water, such as in lipid bilayers or monolayers.
SPC is has a palmitoylated form and a strong affinity to react with phospholipid interfaces.
Depictions of each protein (along with their PDB accession identifiers) are shown below
(source: PDB database and Uniprot).

1R132 – SPA
Lung Collectin

2DWF – SPB
small hydrophobic
protein

2ESY – SPC
small hydrophobic
protein

1

The current belief is that SPA is a former around which the tubular myelin is spun. The tubular myelin in turn
is simply threads of lipid bilayers.
2
The four letter codes in this table are RCSB PDP asccession numbers
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3DPZ – SPD
Lung Collectin

table 5 ‐ depiction of surfactant proteins
Uniprot id: Q8IWL2 ‐ SPA
Human Lung Collectin – -38 – 36 KDa
MWLCPLALNL ILMAASGAVC EVKDVCVGSP GIPGTPGSHG LPGRDGRDGL
KGDPGPPGPM GPPGEMPCPP GNDGLPGAPG IPGECGEKGE PGERGPPGLP
AHLDEELQAT LHDFRHQILQ TRGALSLQGS IMTVGEKVFS SNGQSITFDA
IQEACARAGG RIAVPRNPEE NEAIASFVKK YNTYAYVGLT EGPSPGDFRY
SDGTPVNYTN WYRGEPAGRG KEQCVEMYTD GQWNDRNCLY SRLTICEF
Uniprot id: P07988 – SPB
Human hydrophobic protein (underlined portion believed to be the active
portion : SPB 1‐25) – - 8 KDa
FPIPLPYCWL CRALIKRIQA MIPKGALAVA VAQVCRVVPL VAGGICQCLA
ERYSVILLDT LLGRMLPQLV CRLVLRCSM
Uniprot id : P11686 – SPC
Human small hydrophobic protein – -4 KDa
FGIPCCPVHL KRLLIVVVVV VLIVVVIVGA LLMGL
Uniprot id P35247 : – SPD
Human Lung Collectin – - 520 KDa
MLLFLLSALV LLTQPLGYLE AEMKTYSHRT MPSACTLVMC SSVESGLPGR
DGRDGREGPR GEKGDPGLPG AAGQAGMPGQ AGPVGPKGDN GSVGEPGPKG
DTGPSGPPGP PGVPGPAGRE GPLGKQGNIG PQGKPGPKGE AGPKGEVGAP
GMQGSAGARG LAGPKGERGV PGERGVPGNT GAAGSAGAMG PQGSPGARGP
PGLKGDKGIP GDKGAKGESG LPDVASLRQQ VEALQGQVQH LQAAFSQYKK
VELFPNGQSV GEKIFKTAGF VKPFTEAQLL CTQAGGQLAS PRSAAENAAL
QQLVVAKNEA AFLSMTDSKT EGKFTYPTGE SLVYSNWAPG EPNDDGGSED
CVEIFTNGKW NDRACGEKRL VVCEF
table 6 ‐ amino acid sequences of surfactant proteins
Veldhuizen and Haagsman (2000) also go on to state that SPB is now known to have a major
rôle in the adsorption of new material into the water‐film boundary during expansion. They
claim that the main function of SPC is to exclude lipids other than DPPC lipids from the
interface during expiration and to attach the bilayer structures to the lipid monolayer. SPA
appears to promote most of the functions of SPB. In other words SPB supported by SPA is
permissive in a wider sense than SPC is limiting of lipids in the monolayer though their
regimes and areas of influence and control are not congruent. However, as will become
clear, to describe SPA as servient in some way is to do it an injustice.
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As Walther at al (2007) explain SPB controls the biophysical activities of two of the principal
lipid components of the interface being DPPC and phosphatidylglycerol, though he does not
discount the possibility of other interactions.
The surfactant proteins and lipids are known to emerge from type II pulmonary epithelial
cells. The development and maturation process are also well documented and studied, as is
the manner and means of migration to the surfactant layer in the alveolus water layer. Less
well understood is, so far as concerns the surfactant proteins, is the secondary or greater
structures of the SPs and so far as concerns SPB and SPC the more precise means of their
interaction with pulmonary lipids.
b. Structure and properties of SPA
SPA is a water soluble protein which is important for host defence (Walther at al (2007)).
Taken principally from Kishore et al (2006): SPA is a collagen containing C‐type (meaning that
it is calcium dependent for binding) lectin (carbohydrate binding proteins – highly specific –
hence L. legere “to select” – for sugar moieties) and is a member of the collectin ‐ collagen
containing Ca+ dependent lectins ‐ family. It plays a significant part in the innate immune
system of the lung. Collectins are soluble pattern recognition receptors (usually specific to
typical pathogens), which bind to olligoscharides or, importantly, lipids on the surface of
micro‐organisms . Collectins can identify and mediate the disposal or clearance of a variety
of pathogens which present to the pulmonary system. Their rôle in pulmonary immunity
cannot be underestimated or overstated.
Extensive studies were carried out by McCormack (1998), who was able through research
and review to establish that SPA was a sextamer of trimers with an over presentation similar
to a bunch of flowers with heads in the bunch and liner and thin tails. Extensive cross‐
species homology has been identified. McCormack summarises the structure as follows
(formatting imposed for ease of differentiation between regions):‐


Short N‐terminal domain with disulphide bonds



collagen‐like region – proline rich,



‘neck’ domain – hydrophobic and



carbohydrate recognition domain (CRD) which resembles, schematically at
least, a pac‐man

The CRD bears a high degree of homology to a C‐type mammalian lectin especially mannose
binding protein A and that a collagen‐like region in combination with a C‐type lectin domain
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are the defining structural features of SPA and other collectins. However what McCormack
does not reveal is that despite the fact that SPA is an abundant lung protein, the complete
structure of the mature SPA protein is not completely resolved at least in other than the CRD
region. Goh et al (2016) conducted experimental resolution studies and molecular dynamic
simulation studies on SPA. Their analysis revealed some interesting insight. First the region
of interest and which interacts with the DPPC layer is the CRD region which is well resolved,
even though the remainder of the protein might not be and secondly, though SPA binds to
DPPC it binds preferentially to bacterial pathogens. What appears to happen is that the SPA
binds to DPPC and is specific for pathogens with appropriate sugar patterns which the CRD
can recognise and secure, leading to immunological clearing.
c. Structure and properties of SPD
SPA and SPD are very similar in a number of respects. Like SPA SPD has a proline rich, collogen
like region with triple coil associated with the N—region and a carbohydrate recognition
domain. It is, like SPA a large hydrophilic protein which is water soluable. That is where the
differences stop since whilst the structure of SPA might look like a bunch of tulips SPD is
flatter and is more akin to the southern cross. Whilst the monomers bear great similarity,
the oligomisation of those monomers are in stark contrast. However that said both SPA and
SPD are both very active when it comes to immunological reactions and in isolating foreign
bodies.
d. Structure and properties of SPB
Whitsett et al (1995) suggest that SPB determines the structure of tubular myelin, its
stability and the rapidity of its spreading. SPB is determined for humans, is small (79 aa), its
absence is lethal (Walther at al (2007)), it is hydrophobic and highly conserved. This
hydrophobicity tends to suggest burying behaviour in lipid bilayers. It is found in humans as
a homodimer:‐
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figure 3 ‐ dimeric form of SPB (from Bringezu et al (2002))
Further Olmeda et al (2015) have suggested that for porcine SPB at least the protein may
present in dimeric or supradimeric form and this has been supported in relation to human
SPB by Beck et al (2000). However the construct remains elusive and Olmeda et al relied
heavily upon predictive methods as well as making an assumption, unsupported by
evidence, that the dimeric form was saposin like. Although this assumption is not
unreasonable its viability remains to be established.
Whitsett et al go on to state that generally pulmonary surfactant lowers surface tension and
promotes a rapid spreading of a lipid film at the air‐water interface. SPB “combined with
lipid mixtures reconstitutes most of the surface activity of natural surfactant in vitro and
increases lung compliance in vivo” (12, 40). Finally SPB is said by Whitsett et al to comprise
three regions which have been predicted to exist as amphipathic α‐helices (Trp9‐Pro23) and
(Ile56‐Pro67) and (Val31‐Val38); almost 50% of the protein is in an α‐helical conformation.
These observations have been confirmed over the years (see, for instance, Weaver and
Conkright (2001)).
As Waring et al (2005) make clear, whilst the amino acid sequence for SPB is resolved it
structure remains unsolved for regions distant from both the N‐‐ and C‐‐ terminal regions
(known as SPB 8 ‐ 253 + SP B 63 ‐ 784), not least because SPB dwells in the membrane and as such
is difficult to isolate in such a way as to enable examination for folding studies. Whilst this is
disappointing it might not matter since those in the Waring (op cit) research team carried
out respiration studies with an artificial version of SPB where the terminal domains were

3
4

PDB: 1DFW.
PDB: 1RG4.
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preserved whilst linking proteins were added between the terminal domains. The result
attained was that lipid involvement was observed and lung compliance and oxygenation was
improved. The Waring research team also identified the N—terminal analogue as being
particularly important in this regard.
Many studies suggest that SPB ensures that bilayer reservoirs are associated (possibly
attached) to the monolayer, it is disruptive to lipid packing, which leads to lipid transfer, and
it encourages bilayer reservoir formation. The precise means of action at a molecular level is
ambiguous.
e. Structure and properties of SPC
Taken generally from Nag (2005, §12, “structure and function of the molecular film of
pulmonary surfactant at the air‐alveolar interface: the role of SP‐C”, Amrein, M., Knebel, D.
and Haufs, M.G.): like SPB SPC is hydrophobic and surfactant associated. It is small (35 aa)
and comprises two palmitoyl groups covalently linked to two cysteine residues located on
the N‐terminus region whilst the C‐terminus region is helical and is hydrophobic. Evidence
of physiological dysfunction arising from the absence of SPC in knockout mice is limited or
non‐existent, the evidence being that a lack SPC can be functionally replaced by SPB.
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7. Lipids
a. DPPC
DPPC is, as its name implies, a phosphatidylcholine which has been palmitoylated twice. The
palmitate molecule is a saturated 16 molecule aliphatic alkane. A phosphatidylcholine is
simply a choline molecule to which a phosphate group is attached and which phosphate‐
choline group forms one of the substituents to tri‐substituted glycerol, the palmitoyl chains
forming the other two. The nitrogen in the choline group has a strong positive charge, giving
it an affinity for the oxygen double lone pair of water, thus making it hydrophilic. The
palmitate (or, more generally, acyl) groups on the other hand are non‐polar and do not
interact with water and so tend to bunch together in an energetically favourable way,
making them, in effect, hydrophobic.
b. POPC
Phosphotadylcholine resembles DPPC in many respects save that one of the lipid chains is
an oleoyl‐ group with an unsaturated moiety in the central portion of the oleoyl‐ chain, the
other chain being a saturated palmitoyl‐ chain. The head group is a fully substituted glycerol
with a phosphocholine group attached on one of the tines, like DPPC.
c. Palmitic acid
Palmitic acid, often abbreviated to PA is simply an 15 carbon aliphatic chain with a
carboxylic acid group at on end.
d. DOPC
DOPC is similar to POPC save that the chains are now both oleoyl‐ chains and both with an
unsaturated moiety about half way down the chain.
e. POPG
POPG is very similar to POPC but with the unsaturation at a slightly different place in the
oleoyl‐chain, a second and substituted glycerol instead of the choline group and a negatively
charged headgroup.
f. Comments concerning lung surfactant lipids generally
DPPC is the predominant but not only surfactant in the lung at the air‐water interface
however its behaviour and distribution are not uniform. Pérez‐Gil and Weaver (2010)
describe the interactions as follows (superscripted reference numerals in parentheses are to
the following figure):
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“During [expiration], the surfactant surface film folds through three‐dimensional
transitions, forming a complex structure that sustains maximal pressures.
Protein SPC facilitates:‐
[1] compression‐driven folding of surfactant interfacial films (1),
[2] expulsion of lipids and lipid … [+] protein complexes from the interface,
and
[3] formation of three‐dimensional phases.
[Protein] SPB
[1] stabilizes the interfacial film (2) and
[2] promotes establishment of membrane‐membrane contacts, leading to
formation of multilayered membrane arrays (3).
[Protein] SPB seems to provide mechanical stability to compressed films, possibly
through increasing cohesivity between surfactant layers during maximal
compression of the surface film. [Protein] SPC could promote association of excluded
surfactant structures with the maximally compressed interface, likely through
[either] its NH2‐terminal segment…, [or by] insertion of palmitoylated cysteines of
the protein into tightly packed interfacial films (4) [or both]. Finally, both [Proteins]
SPB and SPC seem to promote insertion (5) and re‐spreading (6) of phospholipids
from subsurface compartments into the interface during expansion.”
In order to investigate the surface Nag et al (1998) performed an in vitro experiment by
isolating porcine lung surfactant (termed, by them, “Lung Surfactant Extract” or LSE) and
mixing it with SPA which had been tagged with a fluorescent marker such that if anything
other than SPA was viewable then the homogenous fluorescent surface would be
compromised in some way. The point of using SPA was because it being a larger protein not
involved in folding or association would therefore remain ubiquitous but not a part of the
interactions being investigated. The mixture was then formed into a film, which was the
subject of further testing using Langmuir – Blodgett apparatus. As a result it was supposed
that if LSE was to play a part in reducing surface tension and as a result appeared at the
surface of the film whilst undergoing process akin to inspiration and exhalation then the
fluorescing SPA surface would be mottled in some way. At the same time as changing the
surface area of the film the surface pressure (a proxy for surface tension, though one is the
linear inverse of the other) was also measured. The hypothesis to be proved was whether
decreasing surface area had the effect of reducing surface tension. The results confirmed
this and, at the same time, established that for the in vitro case anyways the relationship
using surface pressure as the y axis was not linear but mildly parabolic and downward
sloping with a kink at lower surface areas. However it is important when reading Nag et al to
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recall that they measured a surface area per phospholipid. A larger surface area per
phospholipid would therefore imply a lower area based density of phospholipids.
What is important is that during expiration (or compression) certain amounts of lipid are
squeezed out and can sometimes form bilayer lamellar like bodies in the water phase. SPB
and SPC mediate these processes. Clearly the presence of SPB and SPC are crucial when it
comes to understanding the dynamics of the monolayer during inspiration and expiration. If
the experimental results of Nag et al (1998) are correct then that would suggest that the
figure below (from Nag et al (1998)) does not accurately describe the proper interactions
during the final stages of expiration since it is clear from those results that surface pressure
increases at that stage implying a greater surface surfactant concentration whereas the
figure below would imply that the monolayer is constant.

figure 4 ‐ SPb shepherding function (source: Pérez‐Gil and Weaver (2010))
As a project it is clear that in order to gain understanding of the relationship between area
per lipid molecule and surface pressure it is essential to examine how the two hydrophobic
surfactant proteins interact with mono‐ and bi‐ layers of pulmonary lipid mixture or indeed
DPPC. Each of the lipids has slightly differing properties to bring to the party.
Lipid

Charge

Headgroup
(phosphatidyl linking

Chains (usually 16‐20 C bonds long)
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DPPC
POPC

Zwit
Zwit

to glycerol unless
otherwise stated)
+ choline
+ choline

Palmitic N
Acid
DOPC
Zwit

COOH

POPG

+glycerol

‐

+choline

Two saturated chains.
One saturated chain and one unsaturated
chain with cis double bond.
Unsaturated chain.
Two unsaturated chains, both with cis double
bond.
One saturated chain and one unsaturated
chain with cis double bond.

table 7 ‐ summary and comparison of charged groups in surfactant lipids
The behaviour of lipids in various situations is by no means straightforward and can be
acutely temperature dependent giving rise to a variety of phases (so called, the term
“conformations” might be more apposite) from a gas like phase, to a liquid gel type phase,
to a liquid expanded phase and finally to a solid phase. A transition temperature may be
defined as being that where a change in the lipid’s physical state from one status of order to
another, e.g. where the acyl chains are in a fully extended state, closely packed, to a more
disordered phase (often termed liquid crystalline), where the acyl chains are oriented more
randomly and whose behaviour may be described as fluid. Several factors may influence:
acyl chain length, saturation, charge and the type of headgroup. As the chain length
increases then van der Waals interactions will become stronger, thus requiring more energy
to disrupt that (more) ordered chain packing; this results in a greater phase transition
temperature to induce more disruption. The introduction of a cis double bond into the acyl
group means that ordered packing is harder to achieve (and so temperatures must be even
lower to achieve this).
In one sense these phases do not need to be characterised in any numerical simulation
because the simulation will sell characterise. It is beyond the scope of this dissertation to
review this aspect of lipid behaviour, though it is to be observed that given the order
parameters of proximate DPPC molecules (see the discussion and conclusions chapter
herein) it is highly likely that the lipids in question can be characterised as liquid expanded.
Finally with ordering comes entropy and the beautiful but complicated world it presents –
both Ludwig Boltzmann and Paul Eherenfest (both fathers of statistical mechanics) took
their own lives. Entropy should be treated with respect and care.
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8. Energy based dynamics
The key to energy based dynamics5 – being the means whereby the forces on a body and its
energy are related to one another ‐ is to consider the relationship between potential energy
and force in a conservative field. Arguably a conservative force field exists whenever the
classic force – potential energy equation ( Φ

0)6 is satisfiable or that the change in

potential energy in moving between two points is path independent. To pose that argument
ignores the significance of potential energy. If it is accepted that energy is ultimately related
to movement at whatever scale then potential energy is an expression which describes a
system which when triggered or, more properly, released a constraint in a particular way
will gain energy. It is simply convenient to characterise potential energy therefore as
corresponding to the energy which will be created once the constraint is removed or
overcome or the gateway to a particular freedom opened. The importance of considering
potential energy is because in any free system of masses those masses will arrange
themselves so as to be in a position of minimum potential energy at the equilibrium. There
may be argument about the level of freedom or the degrees of freedom but the
experimental evidence is consistent, long‐lived and compelling – all systems in conservative
force fields re‐arrange themselves, subject to their constraints, so that the potential energy
is at its minimum7. To be sure, in doing so kinetic energy may result but the potential to
create further energy is reduced. The mechanism is irrelevant (but will be there to support
the “conservative” nature of the system). Hence it follows that if an investigator is
examining how a series of masses will behave in a certain force field then the investigator
simply has to try various combinations of positions of the various masses until the potential
energy is minimised, though he may only do so without releasing constraints or must at
least justify why. With two or possibly three mass systems this is possibly achievable
(though mathematically three body problems are a nightmare, are always non‐linear and

5

By dynamics is meant the relations between things as opposed to the properties of the thing itself –
kinematics.
6
The (or a) negative sign is a mathematical convenience and acknowledges the reaction to an applied force is
usually what is considered. However there is no reason, other than to educate or perhaps (and more likely)
confuse the less astute that this should be so. Provided the correct direction of application is considered then
signification can be left out of the reckoning.
7
Strictly speaking this is not quite accurate – many minima may exist, all but one being local. An abutment
from a cliff may be regarded as a local minima whereas the ground is the absolute minimum.
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lead to strange attractors8). However not to try progressing molecular modelling for this
reason is a counsel of despair.
The foregoing reasoning gives rise to a strategy which is this: provided that a mathematical
model can be created which is not too expensive in terms of time (i.e. is reasonable to
implement given available resources) then a system of molecules may be created and
altered so as to achieve a status of minimum potential energy.
What then are the factors giving rise to a conservative force field in a molecular situation?
These factors are highly likely to be electronic, protonic or both. For convenience these
interactions shall be called electronic interactions though the words if not used as a label
are liable to be a misnomer. Magnetic and gravitational interactions can be ignored. Of the
electronic interactions two species are of interest, the non‐bonded interactions which are
the interactions between bodies having heterogeneous charge composition9 and bonded
interactions, which are the interactions between bodies which share electrons in the sense
of molecular orbitals.
Considering bonded interactions first of all. The potential energy between two particles
which are bonded can be thought of as the same as between two macro particles bound by
an elastic spring with a constant modulus of elasticity. The potential energy in such
circumstances is given by the well‐known spring potential energy equation, where V is the
potential energy (in Joules), 8 is a suitably evaluated spring constant (N m‐1) and x is a
displacement (m).
2

8

(2)

In addition that potential has analogues in relation to torsion and bending although the
mathematical ethos is the same for bending being that the potential energy is proportional
to the product of a suitable modulus and the square of a distance or a torsional angle or a
bending angle whereas for the torsional case the basis for the calculation of potential stems
from the use of a circular function of twist.

8

An attractor is a graph of the motion of a particle in space. Most second order linear differential equations
lead to perfectly periodic and repeatable paths or attractors. In some non‐linear cases this does not happen
and hence the attractors are termed “strange.” A classic three body problem can lead to strange attractors.
9
What is meant by this? Heterogeneous charge distribution refers to bodies, such as atoms, where particles of
differing charges congregate or exist in certain domains but where those different charged are spatially
differentiated from one another. An atom is a classic example of a neutral particle overall but which carries a
central core of positive charge carriers (protons) and outer orbitals of negative charge carriers (electrons).
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Considering non‐bonded interactions, this is more complicated since the precise nature of
the interactions depends also on certain constants. An exact mathematical model seems
beyond current understanding; indeed empirical formulae, derived, to some extent, from
experimental observations are the order of the day. (Part of) this potential, expressed in
empirical terms, is known as the Lennard‐Jones potential and is given by the following
equation (where x is the distance (m) and α and β are dimensional constants):‐
(3)
Finally and also in relation to non‐bonded interactions it is necessary to deal with charged
atomic species or Columbic interactions. This may be written as follows, where Qi is the
charge of one of the species (Qj being the charge of the other) and C is a suitable
dimensional constant; x being the distance of separation (m):‐
(4)
This overall the potential may then be written
(5)

E

The first and last terms may be regarded as non‐bonding terms and the middle a bonding
term. With that in mind the potential functions may be viewed in the following way
(6)

E

Which gives rise to the “four component” basis for modelling.
If

then

E =0

(the potential differential equation) where X is a position

vector, m is a mass and L, the Lapacian, is a vectorised single differential operator L
̂

+̂

+

. It should be noted that V here is a generalised potential function which may

vary with position but it is not a vector. It becomes vectorised by the application of the
single differential operator. Hence kinematics leads to knowledge of potentials (or vice
versa) provided that the potential differential equation can be solved. In the absence of
vibrational degrees, the potential can thus be thought of as a surface in k‐dimensional space
where k, the number of degrees of freedom, can take a value dependent upon certain
assumptions about whether there is vibrational kinetic energy or torsional kinetic energy.
This is however a distraction since what is important is that a potential energy space can be
constructed (but not visualised) with saddle points and wells, to enable identification of
barriers to a reaction or stable conformations.
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Key to any modelling system for more than mere simplicity is to be able to make
assumptions which simplify matters and which produce tolerable uncertainties. Key to any
molecular model is the Born‐Oppenheimer assumption, a notion of quantum mechanics,
which states that the motion of nucleic particles may be separated from orbiting ones or
that the overall atomic wave function is separable (i.e.
) . The corollary of this is that it is justifiable to treat energy
components separately and that nuclei, because they are comparatively massive, do not
move like electrons do10 and, in the obverse, the nuclei just sees smeared negative
potential. That being so, the nuclei of atoms can be thought of as slow moving local origins.
This brings in the notion of a force field. For a physicist a force field is any vector field of
interaction such as gravity or electrostatic potential which causes an appropriate body to
experience a force upon it without there being any macroscopic contact upon it. However,
and confusingly, in the context of molecular modelling a force field is somewhat different. It
is an expression used to describe, in functional terms, the totally of kinds of forces and
related parameters used to calculate an overall potential energy for a given mass. In this
context a force field is simply a very large matrix. It may, perhaps, be regarded as a
euphemism for the set of assumptions and related constants giving rise to the existence of
equations, the totality of which define or provide the basis of a potential energy for a given
system to be described as a force field but the expression has stuck and your author (and
you too humble reader) are probably too unimportant to do anything about it.
The basic modelling ethos is that force fields may comprise different functional forms so
that, for instance the non‐bonded interactions potential might not take the 12‐6 form but
might comprise some other form (and thus be called something else: 12‐6 is the Lennard‐
Jones potential) and the non‐bonded potential function might also involve the use of other
parameters. Neither can matters be left to things like functional form. Hybridisation may be
relevant, as well as known characteristics of carbonyl carbons just to mention two; there are
plenty of others. These parameters are known as “atom type” and been shown to be
particularly relevant when modelling small molecules (see, for example, Allinger (1977)).

10

Whether (or not) electrons exist in the context of any of the present models concerning their definition
necessarily involves a debate about the quality of experimental evidence, the accuracy and perspicacity of any
experimental apparatus (and their experimentalists) and the assumptions made concerning the rationale for
the construction of the experiment. That debate is complicated by the fact that whilst it is universally
acknowledged that electrons have properties consistent with both wave and particle behaviour (and goodness
knows what else) there are aspects of their behaviour which, though undoubtedly present, defy explanation.
That said, the descriptive mathematics is rich and beautiful.
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There are a number of force fields which have stood the test of time. For instance Allinger’s
Molecular Modelling or MM force fields are almost routine for small molecules such as
butane.
How then does one set about on a modelling strategy? In the case of a single atom this is
trivial – do nothing. An atom sitting alone in space without influence is already at its
minimum energy. Then increment the number of atoms by one. Now one notionally
decreases or increases a bond length and calculates the potential. A minimum will arise ‐ a
lower point determined adjacent to two higher points. A parabola can be constructed and a
minimum calculated. This process may be refined so that the two adjacent points can be
recalculated but this time nearer the central one until an arbitrarily imposed cut‐off is
encountered. What about a polyatomic case? One strategy might be to carry out a
minimisation process iteratively, bond by bond and angle by angle. So, for example, for LiOH
one might look at the LI‐O bond, then the O‐H bond and finally the Li‐O‐H bending angle,
minimising each in turn. There may be strong coupling between the degrees of freedom of
course so convergence may be affected by that. However a better strategy is to consider a
vector of potential gradient functions where the energy of O is measured against not only Li
but also H. Further the parabolic modelling strategy might not be apposite or correct – there
may be many minima.
A mathematical model based upon a numerical technique always involve a degree of
approximation and simplification. Generally the usual strategy is to assume that the
particles in question are governed by Newton’s laws of motion without regard to any
chemical reactions which might take place. The most used strategy is to set up a molecule
and then relax the system by minimising initial forces and thence proceed by imposing
restraints. An initial condition starts with a box size – the box being the simulation unit of
account. The position and velocity of each particle is then determined along with binding.
Initial velocities of all relevant particles must be assigned. The relevant molecules,
comprising, for instance, lipids, proteins, carbohydrates and nucleic acids and any solvent
are put into our notional box. Initial velocities of atoms at initialisation may be generated
from the Maxwell‐Boltzmann distribution at T:
mi  p (vi ) 2  K BTe

 mi vi2 


 k BT 
 k BT 





 mi
mi
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2
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(7) & (8)

where p(vi) is the probability density with respect to speed for particle i, mi is the mass of
the particle, KB is Boltzmann's constant, and T is the temperature (K). In the calculation of
the distribution both a and b are mass and temperature dependent but determinable
constants.
A molecular description of the particles to be modelled is called a topology; the topology of
the model is the set of parameters which describe the physical properties of all of the
masses and their interactions with one another. Each mass will have an associated local set
of properties such as atom type, charge, mass and so on. There are also properties
concerning the relations between messes such as bonds, angles and dihedrals. A topology is
fixed where properties are defined at the start and remain unchanged. Consequently bonds
cannot be made or broken, no chemical reaction can take place. Furthermore in
physiological situations the pH is also a relevant factor, though it is kept constant during
analysis.
Atomic coordinates can be acquired from x‐ray crystallographic studies or from other
models. Often these coordinates do not represent a minimum potential and so,
consequently, minimisation is always a first step.
In molecular dynamics it is often useful to have a definition of the size of an atom in terms
of its ability to interact with other atoms. Although there are no sharp edges it is sometimes
helpful to say that beyond certain limits repulsion dominates so that atoms may come no
closer that a particular limit. Covalent bond distance, covalent radius, and van der Waals
radius (half the van der Waals diameter) are expressions which are used to describe the
distance between atoms and also to give some meaning of their size in terms of a sphere of
a particular radius. In that context a covalent bond distance is the distance between the
nuclei of two bonded atoms. On the other hand a covalent radius is half of the separation
between the nuclei of two single‐bonded atoms of the same species. While in the same
context but different circumstances the expression van der Waals radius is used to define
half of the distance between the closest approach of two non‐bonded atoms of the same
species. Hence, and for instance, hydrogen, when bonded has an interatomic distance of
.74Å – that is the covalent bond distance whereas in the non bonded state the closest that
two hydrogen atoms may come is 2.4Å – that is the van der Waals diameter or twice the van
der Waals radius.
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9. Methodology and prior research
There is a paucity of literature available on the modelling of SPB in the monolayer. This is
perhaps unsurprising for two related reasons being (1) that research into the secondary (or
higher) structure of SPB has failed to reveal the structure of the medial part of the protein
and (2) experimental methods and evidence determining the functioning of SPB is still
emerging. It is known, for instance that SPB influences the populating of the monolayer and
mediates the entry and “saving” of lipids to and from the monolayer. It is also unsurprising
that the structure of medial portion of the protein remains unresolved. It is that portion
which resides and functions in or with the monolayer. To these two reasons there might be
a third which is that whilst computation resources are comparatively inexpensive, run times
can be long and the longer a run time the more likely a physical error such as a power
outage occurring. To be sure there are managed servers available but these are likely to add
to the reluctance to carry out massive computing projects since their price per CP second is
likely to be higher.
Notwithstanding that, attempts have been made. So far as researches can reveal there are
only five research papers currently in existence which specifically concern modelling of SPB
charting a bleak and sparse history from 2002 to 2011. Each will be considered in turn.
A simulation is a computer programme which takes known interaction data, a topology or a
position chart of initial conditions and molecular positions and then seeks to perform energy
minimisations when things are left free to achieve an equilibrium. Usually in lipid modelling,
that is modelling how lipids interact either with one another or with other components in
the system to be simulated, a homogeneous or heterogeneous collection of lipids will be
placed parallel to one another with a slab of water, into which other molecules of interest
will be placed. Sometimes this slab of water is confined by other water molecules which are
“kept” stationary (a numerical wall of sorts) or the slab will be fastened on both sides by
two lipid monolayers. The molecule of interest will then be placed in the slab at pre‐
determined starting points and energy minimisations progressively carried out to see how
the molecule (of interest) best moves to equilibrium. Estimates vary but these sorts of
interactions take place in physiological conditions within a few nanoseconds (1ns = 10‐9s), if
the researchers below cited are to be believed.
a. Kaznessis at al (2002)
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Kaznessis at al carried out an atomistic simulation for two nanoseconds using an N terminus
SPB 1‐2511 (based upon the human protein) in DPPC and DPPG monolayers with varying
monolayer surface densities but not opposing monolayers as was used by Freites et al
below. Findings included a preferential affinity for anionic phospholipids. Specifically arg12
and lys24 interacted strongly with the DPPG phosphate group. This had the effect of
“stabilising the position, the orientation, and the secondary structure of the … [SPB 1‐25] in
the monolayer.” DPPC affinity on the other hand was driven largely by hydrophobic
interactions. It was suggested that this gave some flexibility to the residence of SPB 1‐25 in the
lipid matrix. The simulation package was CHARMM, using a PARAM26b2 forcefield and a
TIP3P water model.
The work by Kaznessis at al represented an early and very real advance on previous models
but it was restricted in three respects being (1) that a partial peptide was used, (2) a limited
number of lipids was employed and (3) the simulation time of two nanoseconds is regarded
as short.
Kaznessis also publicised further work of his team (Kaznessis and Larson (2005)) wherein
they performed simulations of single monolayers and SPB1‐25, notionally above a water slab
whilst subjecting the opposite end of that slab to a potential in order to keep it fast. Whilst
this was somewhat artificial it is, to be fair, no more artificial than any other of the
numerical compromises used to enable modelling. Their work concentrated on DPPC and
DPPG monolayers as well as mixed monolayers of DPPC and DPPG (7:3 m/mE). They used a
CHARMM package with the PARAM26b2 parameter set. Water was simulated using the
TIP3P model. Simulations were run for a total of 1.4 ns comprising a minimisation step using
a Newton‐Raphson method of finding roots, a 100ps heating period, a 300ps equilibration
period and finally a 1000ps simulation. The results revealed an expected surface tension and
area density relationship (lipid density inversely correlates with surface tension), though
DPPG on its own exhibited very different surface tension values than DPPC or DPPC/G). The
DPPG exhibited considerable alignment, whatever the lipid densities whereas for DPPC
there was considerable misalignment, tending to suggest that the charge characteristics of
DPPC are more influenced by other molecules. The higher the density of the DPPC the more
it tends to protrude from the water. Although alignment in the lipid chains was calculated,
considerable alignment variation was noticed and was very density dependent.

11
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b. Freites et al (2003)
Freites at al carried out an atomistic DPPC only simulation for 2.9 nanoseconds using N
terminus SPB 1‐25 (though it is not clear upon which being the protein is based – it is likely
human) in fully ionised palmitic acid opposing monolayers with a water slab between but
with varying monolayer surface densities. Findings included a preferential affinity for anionic
headgroups. Specifically arg12 and lys24 were also found to interact strongly with the anionic
headgroup. Another phenomenon which was noticed was tilting, where the peptide was
more markedly tilted at low lipid densities when compared to the lower degree of tilting for
higher lipid densities. The simulation package was CHARMM, using a CHARMM22 forcefield
and a TIP3P water model.
The work by Freites at al represented an improvement on the work of Kaznessis at al
especially so far as concerned ionic headgroup interactions but it was also restricted in
relation to (1) the use of a partial peptide and (2) the simulation time of two nanoseconds.
Further the lipid molecule type used in the simulation is not completely representative of
pulmonary lipids. Whether this is important remains to be seen.
This research group also examined order parameters in a near and far sense observing that
order parameters were markedly lower for proximate DPPC especially towards high
numbered carbons (i.e. those at the end of the acyl chain away from the headgroup).
However it is important to observe that the packing was dense (of the order of 25 Å2 lipid‐1)
which seem not to accord with recent results – see Rose et al (2008) which suggest greater
areas) and that there was no complimentary presence of palmitic acid, DOPC or POPG.
c. Kandasamy and Larson (2005)
Kandasamy and Larson carried out GROMACS atomistic simulations using only DPPC of 2‐2.5
microseconds at a single lipid density using a number of N terminus SPB 1‐25 proteins of their
own devise but based upon PDB:1DFW. It was not clear upon which being the protein was
based – it is likely human. The simulations were carried out in a DPPC monolayer with a
water slab and an immobile water section on the opposing face. The initial placement of the
peptide was such that the Cα of the tyr9 residue was placed proximate to the average
position of the lipid P atoms. Findings included detecting that the peptide found its resting
place substantially parallel to the interface. The project was limited by the fact that the
endpoint for the research was only to examine what the overall orientation of the peptide
was. However, and despite that limitation, these researchers carried out an extensive
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amount of work on hydrogen binding between peptide residues and resident water and the
lipid. Specifically it was suggested that hydrogen bonding between peptide and headgroup
was persistent and increasing and, further, that determined the confirmation of the peptide
leading to a statement that once within reach the peptide will unite with the headgroups in
a hydrogen boding sense leading to a stable configuration whilst resident in the lipid
headgroup cluster. The simulation package was GROMAX, using an OPLS‐AA forcefield and a
TIP4P water model.
Kandasamy and Larson’s work was the more interesting because they also attempted
simulations using mutated peptides, as follows (mutations highlighted in red, arg and ala):‐
Mutation №
MUT1
MUT2
MUT3
MUT4
MUT5

WLCRALIKRI
FPIPLPYCWL
WLCAALIAAI
FPIPLPYCWL
LPYCWLCRAL

Sequence
QAMIPKG
CAALIAAIQA MIPAG
QAMIPAG
CAALIKRIQA MIPAG
IKRIQAMIPK G

table 8 ‐ summary of point or double point mutations
MUT1 and MUT3 were of the same length but differing in three residues. MUT2 and MUT4
were also of the same length but differing in two residues. MUT1 and MUT5 were of differing
lengths but MUT5 could be regarded as a four residue an extension of MUT1. The rationale
for this set of mutations was that the mutation MUT1 entailed a removal of the insertion
sequence, MUT2 was mutated so that lys and arg residues were replaced to give a neutral
peptide. MUT3 was a combination of MUT1 and MUT2 – insertion sequence removed and
made neutral. The idea (say the researchers) was to provide understanding about the
insertion sequence and the cationic amino acid residues (hereinafter the mutations will
simply be referred to by number). The simulations revealed that mutations 2 and 3 had
fewer hydrogen bonds (owing to neutrality – no charged residues but there was some
donation from the backbone and polar side chains). Mutation 5 has the most (as would be
expected). Mutations 1 and 5 would have the cationic residues intact, thus engendering a
comparatively better interaction with the headgroup. So far as concerned the insertion
sequence the behaviour was widely varying.
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figure 5 ‐ summary of helix tilt angles from figure 11 Kandasamy and Larson (2005) – as
numerical iterations progress the protein orientation, tilt angle, changes. This figure
illustrates the changes for different sets of mutations.
Figure 11 (from Kandasamy and Larson (2005) – acknowledgment to the authors and the
Biophysical Society) – tilt angle with respect to the z axis of the α helix of mutated peptides
(MUT1 – MUT5). 0° represents a vertical orientation and 90° represents a horizontal
orientation.
The key to understanding figure 11 of Kandasamy and Larson is that without an insertion
sequence the peptide can bob like a boat without an anchor with varying tilt angles as the
simulation progresses whereas with an insertion sequence the orientation converges and is
substantially parallel to the layer of headgroups (see the PER1 simulation as an exemplar).
The clear implication is that the insertion sequence is an anchor, to anchor the peptide at
the interface.
The work by Kandasamy and Larson makes richer and is consistent with the work carried out
by Freites at al especially concerning the importance of the insertion sequence and the
establishment of tilt as a relevant phenomenon.
d. Lee et al (2005)
Lee at al carried out an atomistic simulation at various starting tilt angles, for 30
nanoseconds using 6 N terminus SPB 1‐25 peptides (though it is not clear upon which being
the protein is based – it is likely human) in palmitic acid in opposing monolayers with a
water slab between but with varying monolayer surface densities. Because of the longer
simulation time it was possible to gain more insight into settling behaviour and final tilt
positions. It was also observed that some palmitic acid headgroups were displaced out of
the monolayer (and away from the water slab) by reason of the presence of the peptide
suggesting that the peptide could influence fluidisation of the monolayer. Final tilt angles of
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52°‐64° were observed, consistent with experiment and anchoring was observed at residues
arg12 and arg17. The simulation package was GROMACS, using a GROMACS forcefield.
The work by Lee at al appears to be an improvement on the work of Kandasamy and Larson
and Freites at al in relation to tilt angles and settling behaviour, though, again (like in Freites
at al) the model was based upon a lipid molecule type which was not completely
representative of pulmonary lipids.
e. Rose et al (2008)
Rose et al carried out an atomistic simulation for 10ns for a number of combinations of lipid
mixes (DPPC, POPC, POPG, POPA) but without any protein present. The results of this
research group are of limited assistance save as to provide a benchmark concerning lipid
behaviour when uninfluenced by protein presence.
f. Baoukina and Tieleman (2011)
Baoukina and Tieleman carried out a coarse‐grain simulation for five and 10 microseconds
using N terminus SPB 1‐25 in a combination of DPPC and POPG and a rich combination of
DPPC, DOPC, POPG and palmitic acid (in certain proportions – see below). There was a wide
variety of variation in the parameters and the total CP load must have been colossal.
Importantly for this simulation some of the experiments were conducted in situations
where bicelles with proximate SPB 1‐25 proteins were examined so as to simulate the
formation of bubbles under the primary monolayer.
The work by Baoukina and Tieleman appears to illustrate the payoff between simulation
precision and the richness of the lipids used in the simulation. It would be fruitful to
replicate the work of Baoukina and Tieleman on an atomistic basis. However Baoukina and
Tieleman’s methodology could be described as fraught since (1) it is unclear why they chose
the lipid mixture compositions which they did and (2) secondary structure transformations
are not amenable to the coarse grained MARTINI system (see Monticelli et al (2008)). Both
these points are critical since there appears to be a lack of precise information concerning
the composition of human pulmonary lipids especially during squeeze out (and whether
stress history is important) and small changes in secondary structure of both the surfactant
protein and the lipid may be important.
g. Khatami et al (2016)
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Khatami et al carried out a 2‐2.5 microsecond atomistic simulation. They do point out that
(in their view) things have moved on from SPB 1‐25 to a better SPB construct called mini‐B,
which they used to form the basis of a full size SPB protein for analysis. They did this by
taking mini‐B and then extending it to full size by using an NK‐lysin construct as the starting
point for those parts of the peptide whose secondary structure was experimentally
unresolved in the median part and did not appear in mini‐B. The authors justify the use of
an NK‐lysin construct on the basis that it “produced a better match to the overall secondary
structure of SPB.” This is, with respect, a mysterious statement and not justified in the text.
The lipid was POPC which, again, appears to have been used without any justification other
than POPC is a constituent of the lung surfactant lipid mix. The simulation package was
GROMACS, using a OPLS‐AA forcefield.
h. Numerical simulation – conclusions
Important factors tend to be tilt, relaxation time (the time it takes to “find” and embed in
the headgroup layer) and hydrogen bonding. Variables include simulation time, i.e. the time
that the reaction being modelled would take place in vivo – this is to be distinguished from
the CP time which is the actual processing time to model the reaction being modelled. CP
times can be many orders of magnitude greater than simulation times. Importantly three
important methodologies appear to pervade the research:‐
(1) The decision as to whether to carry out an atomistic simulation as opposed to a more
coarse‐grained model – atomistic simulations are possible but it is apparent that CP time is
far far greater than simulation time. Sometimes a compromise may need to made, such as
making assumptions about groups of atoms.
(2) The choice of lipid or lipid mix – the more diverse the lipid mix the greater the CP time
and so coarse grained models may be a way of attempting to solve this problem.
(3) The choice of SPB peptide and whether to carry out the simulation of the whole peptide
– this is difficult since its higher order structures are not known ‐ or on a partial peptide
(usually SPB 1‐25).
The three problems highlighted above can be thought of as problems concerned with
atomistic precision, lipid diversity and peptide modelling.
These three issues problems present a number of ideas and areas for further research.
i.

Atomistic Precision
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The difficulty with non‐atomistic precision, i.e. carrying out simulations which do not
concentrate to a level of the atom is that small displacements of atoms matter, especially
when it comes to proteins which have an enzymatic function. It should be remembered that
in the only well reported atomistic simulation, Baoukina and Tieleman (2011) used a coarse‐
grained model because they were simulating not only a protein‐monolayer interaction but
also a specific bicelle structure distinct from the monolayer. It might be that such coarse
precision is not a concern if bicelle structures are not to be considered.
j.

Lipid Diversity

Only one simulation concerning a very diverse range of lipids has been carried out ‐
Baoukina and Tieleman (2011) ‐ in combinations of DPPC and POPG or DPPC, DOPC, POPG
and palmitic acid. The work of Baoukina and Tieleman resulted in a substantial use of
computing resources in 2011. However it should not be neglected that both software and
hardware improvements have made their mark since then. This however highlights a
different problem: although lung surfactant is known to comprise various elements by
generic class the precise lipid mix is still uncertain and even then the relative combination of
species in the film during expiration is also likely to be variable. The work by Daniels and
Orgeig (2001) is of some assistance in enabling generic lipid identification, as indeed is the
work of Hawgood (1997) but their work only describes the existence of classes and indeed
justification for the choices made by Baoukina and Tieleman (2011) is hard to find. To be
sure the relative compositions are accurate to a certain level of abstraction so that, as an
example, if n% of DPPC was selected for modelling that would be because experimental
studies suggested that n% of phosphatidylcholine existed in extracted lung fluid. It hardly
needs pointing out that DPPC is only one member of the class of lipids which are
phosphatidylcholines. The choice of DPPC is, perhaps, a bad example but the point is sound,
that decisions concerning lipid mixtures are to a certain extent shots in the dark. In addition
is the fact that certain lipids may be included because of a lack of evolutionary pressure for
them not to be there even though they may well perform no useful function.
The justification for concentrating to some extent on DPPC has its roots in the fact that
DPPC is almost all that is left during squeeze out. However as has been said elsewhere
squeeze out is not necessarily very interesting when the focus of study is how the surfactant
proteins engage in shepherding activities. Baoukina and Tieleman (2011) claim that their
choice of a combination of DPPC, DOPC and POPG is driven by the fact that POPG is a
prevalent anionic species, and that DOPC (as well as POPG) properly represents the
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unsaturated fraction. However they provide no evidence to justify this choice nor the
concentrations of DPPC, DOPC or POPG; even less do they justify the inclusion of palmitic
acid. The conclusion to be drawn is hardly an attractive one – the paucity of information on
lipid concentrations in the film and the variations of those concentrations during expiration
makes the decision making concerning building a more than elementary numerical lipid
model daunting.
k. Peptide Modelling
There seems to be a consensus that the use of SPB 1‐25 makes no odds, that this is the active
or effective part of the peptide and that modelling using this fragment is to all intents and
purposes the same as the whole.
l.

Conclusions on modelling strategy

An area for research would be to understand what the influence would be of a mixture of
lipids as in Baoukina and Tieleman (2011) but without the introduction of a bicelle structure
using only the SPB 1‐25 structure. Measurement of tilt angle, hydrogen bonding and
positioning within the monolayer would be of comparative interest.
The choice of peptide is obviously important. Because it is hydrophobic and polar it is likely
that it will embed in headgroups. Hence it is difficult to resolve completely since it structure
is likely variable dependent upon its environment. Thus whilst the sequence formula is now
well known its structural formula is likely to vary. Recent attention has shifted away from
the SPB 1‐25 as a candidate towards mini‐B12, which is a 34‐residue construct based on the
sequence of the N‐ and C‐terminal predicted helices of SPB. Like full‐length SPB, mini‐B
possesses a net charge of +7. Mini‐B also possesses four of the six conserved cysteines that
define the saposin fold and thus, in its oxidized form, has two disulfide bridges linking the
two helices. Surfactant deficient rats treated with model surfactant preparations containing
Mini‐B attain oxygenation and lung compliance values as good as or better than those
achieved in the presence of native SPB. Sarker et al (2007) show that mini‐B has a
therapeutic effect in physiological systems which lack wild type SPB both in vivo and in vitro.
As such the conclusion to be drawn is that mini‐B is a therapeutic substitute for SPB.
However it is not as clear that mini‐B is a functional substitute for SPB. Indeed the evidence
that it may not be is far from ambiguous. After all Sarker et al reported that in SPB deficient
rats mini‐B performed better than or at least as well as SPB (though the base reference said
12
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to support this ‐ Waring et al (2005) – is not as optimistic and, further, makes a firm case for
mini‐b being a good candidate model for SPB). Nevertheless the choice of mini‐b or SPB 1‐25 is
a difficult one. Ultimately the decision will have to rest upon which choice of model peptide
can be compared with experimental results. SPB 1‐25 in that respect comes out the winner.
So far as concerns lipids the currently reported strategies have involved a number of lipid
combinations, as follows (other information has been inserted for ease of comparison):‐
Researchers
(all op cit)
Kaznessis et
al
Kaznessis
and Larson

Lipids

Simulation

Box construct

Protein

DPPC and
DPPG
DPPC,
DPPG &
7:3 m/mE
mixture of
the two
Palmitic
acid

Atomistic ‐
CHARMM
Ditto

monolayer with
water sub‐phase
monolayer with
water sub‐phase

SPB 1‐25

Ditto

SPB 1‐25

Kandasamy
and Larson

DPPC

Atomistic ‐
GROMACS

Lee et al

Palmitic
acid

Ditto

Baoukina
and
Tieleman

DPPC &
POPG
DPPC,
POPG and
DOPC &
Palmitic
acid

Coarse‐
Grained
(MARTINI
force field)

monolayer –
water slab –
monolayer
monolayer –
water –
restraining water
wall
monolayer ‐
water slab –
monolayer
monolayer –
water slab –
monolayer but
with bicelles in
the water slab

Freites et al

Khatami et
al

POPC

Coarse‐
Grained
Atomistic ‐
GROMACS

monolayer –
water slab –
monolayer

SPB 1‐25

PDB
accession
Various
animal
1DFW

SPB 1‐25

Based on
Gordon et
al (1996)
1DFW

SPB 1‐25

1DFW

SPB

Full length

SPB 1‐25
mini‐B

Specifically
constructed
and 2DWF

table 9 ‐ summary of numerical modelling involving SPb
As can be seen there is a paucity of data (i.e. none) concerning the more esoteric lipid
mixtures in atomistic simulations in a manner which can be compared with the majority of
the simulations. It is therefore proposed to carry out an atomistic simulation using a richer
lipid mix but without bicelles using 1DFW SPB 1‐25 as the candidate protein.
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10. Research Strategy
It being established that (1) a mixture of lipids is a more likely realistic model for surfactant
lipid research, (2) SPB is most likely the operative protein when it comes to surfactant lipid
shepherding and (3) numerical atomistic based research in this area is confined to more
simplistic models which comprise a single surfactant lipid. Hence exploratory research in
surfactant lipid mixtures would be an advance. To that end it is proposed that four research
ideals be pursued on a fragment of the SPB protein, being an atomistic model comprising:‐
(a) a single surfactant lipid bilayer of the most prominent surfactant lipid (DPPC) and SPB
where the SPB protein is orientated in a manner
a. parallel and
b. perpendicular
to the lipid chains (the 1:0:0:0/0°and 1:0:0:0/90° models respectively) and
(b) a multiple surfactant lipid bilayer of four of the most prominent surfactant lipids
(DPPC, DOPC, POPG and Palmitic Acid in molar proportions 8:6:2:1) and SPB where
the SPB protein is orientated in a manner
a. parallel and
b. perpendicular
to the lipid chains (the 8:6:2:1/0° and 8:6:2:1/90° models respectively).
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11. Analysis theory
a. Protein starting position and displacement
In principle the interaction between SPB and the surfactant lipids must involve proximity and
possibly propinquity. Hence the protein starting position might be of some relevance. In this
case it is proposed that two simulations were carried out, a first set, with the protein aligned
at 0°to the xy plane normal (i.e parallel to the z axis) and a second set with the protein
aligned at 90°to the xy plane normal (i.e perpendicular to the z axis)13. In each case protein
position can be ascertained by measuring rms of the top and tail of the SPB protein, tracked
2

over the last few iterations. The methodology is explained in more detail under “Head group
displacement” below.
b. Head group displacement
Bearing in mind that the purpose of this project is to see if there is any influence of SPB on
lipids then head group movement is of importance. Because net movement en masse is not
possible the average movements of all atoms is zero. However where it is desired to
ascertain the movement of molecules then the movement of a characteristic part (such as
head group – in this case characterised by the movement of a P atom) can be derived by
considering the average movement of the square of the distance between an atom and
some comparator such as a starting position. The result is rendered dimensionally
consistent by means of taking the square root of the result:
∑

∆

(9)

Likewise protein movement and its interaction with the lipid is of importance. Similar
reasoning applies to the movement of the protein.
c. Order Parameter
A lipid may be said to be ordered if it is aligned with some pre determined datum. The more
ordered the lipid the lower the entropy. Different levels of order can be achieved by
different levels of liquidity which, in turn, are dictated by, amongst other things,
environment and macro properties such as temperature and pressure. A lipid in a different
organisational form may influence its ability to signal and to transport or be transported.
Hence the order parameter is means of gaining insights into the state of a lipid system and
its function. An order parameter is defined in a number of ways but the usual method for
13

The computer storage references were 1:0:0:0/zero, 1:0:0:0/ninety, 8:6:2:1/zero and 8:6:2:1/ninety.
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lipids is to define a plane comprising three points defined by a carbon in the lipid chain and
its two corresponding hydrogens (the definition does not apply to unsaturated carbons in
the lipid chain but does apply up the that point) – the CH2 plane. Once the CH2 plane is
defined then a normal to that plane can be defined. For a “straight” – usually low
temperature ‐ lipid in a wholly linear configuration, though whose carbons are in a
tetrahedral configuration, the plane will be horizontal and the normal will be parallel to the
macro linear configuration of the lipid (also known as the membrane normal); the angle
between these two normal will be zero and the system can be said to be well ordered.
Conversely in cases of disorder the C‐C bonds will be deflected, bent or otherwise disturbed
and the angle between the normal to the CH2 plane and the lipid normal will have a positive
value. Despite some complicated mathematics an order parameter can be defined as
follows:
(10)
Where angled parenthesis indicates averaging for every relevant lipid for a corresponding
carbon in the lipid chain, S is the order parameter and θ is the angular displacement
between the CH2 and membrane normal. From an analysis of the mathematical form S may
be any positive value less than unity. Where S is zero then the phase is completely
disordered and where it is unity then the phase is completely ordered in the sense that
successive CH2 planes in the lipid chain are parallel.
d. Area per lipid
The area per lipid is a macro property and is measured by the surface area of interest
divided by the number of lipids.
e. Monolayer Thickness
Lipid headgroups may be identified and isolated, as may terminal aliphatic carbons. The z‐
component distance between the headgroup carbons and the terminal carbon may thus be
a guide to monolayer thickness. Another strategy, adopted here, is to measure the distance
between headgroups in the bilayer lipids and thus calculate the monolayer distance as half
the distance between headgroups.
f. Surface tension
The use of this expression in a modelling sense is potentially misleading in terms of what a
modelling experiment described herein is attempting to achieve unless accompanied by
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some explanation. Surface tension (or the net resultant force per molecule or distance) is a
measure of the ability to create or increase the size of a surface. This is so since a force is
needed to overcome the non‐zero resultant force on a surface molecule which is subject to
inter molecular forces. Thus surface tension or pressure may be thought of as being
represented by a situation where the forces which are parallel to the tangential plane at a
surface are completely resolved to zero net contribution and those which are normal to it
(all other forces in all other directions being resolved either in the plane, normal to it or
both) are not. That would be measured as zero or near zero for a set of lipids whose head
groups are at the water surface and whose tails point away from the liquid surface since the
tails are not polarised and neither columbic nor Van der Waals forces are likely to be
present. However whilst that mechanism is simplistic enough to understand it is the effect
of burrowing headgroups (i.e. headgroups which are engaged in the polar water) on that
water which is of interest. If the surface of the water is disrupted sufficiently so that there
are no net forces on any water molecule then the surface tension of the water has been
extinguished. However for that to happen no two surface water molecules can be adjacent
or (more likely) the headgroups have the effect of creating a net zero resultant force field
for the surface water molecules.
g. Distribution of potential and Hydrogen Bonding
The existence of electronic fields caused by the presence of charged particles whose
positions are changing is not easy to ascertain theoretically. A potential will exist if any
charged particle in the field experiences a force arising by reason of that field and there is an
associated energy required to remove the particle from that position to a remote position
where field effects are negligible or non‐existent. Although field effects diminish as the
reciprocal of the square of the distance from the field generating charge14 because the
distances involved are atomic and there are many point charges, the field pattern can be
both complicated and complex. In numerical chemistry tools only exist to enable the
evaluation of a net potential across a box and not 3D distributions or 2D slice based
distributions.
h. Tilt angle

14

The field generating force being denoted by

Fr2  Eeaeb , where F is the resultant force, r is the distance

separating the charged particles and ea and eb are the particulate charges. E is a constant.
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The tilt angle is the angle which an alpha helix makes with a datum, usually the xy plane. In
reality the alpha helix is dynamic and the residues in the helix can vary with respect to each
other. This is true both physiologically and numerically. The tilt angle is a measure of how
constrained the protein is by its environment. It follows that if in any simulation the tilt
angle converges to a particular value then that would imply that the protein is in an
equilibrium position.
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12. Experimental Setup and Results
The object of the experiment is to perform GROMACS simulations on a SPB 1‐25 protein in (i)
a pure DPPC environment and (ii) in a mixture of lipids of DPPC, DOPC, POPG, and PAL in the
molar proportions (8:6:2:1). Each experiment is sub‐divided by starting conditions with the
initial orientation of the protein varied by 90°so as to be parallel or perpendicular with a
notional plane of lipid headgroups. The 1DFW form of the SPB 1‐25 protein was used as the
starting point:

figure 6 ‐ spb
With the following sequence chain view, derived from RSCB PDB

figure 7‐ SPb RCSB PDB entry and sequence listing
SPB 1‐25 has hydrophobic, cationic, and other hydrophilic regions. The first eight residues are
highly hydrophobic. Then residues 9–22 form an amphipathic α‐helix, and residues 23–25
form a coil.
GROMACS software was used in conjunction with the Charmm‐gui membrane builder15 to
create a basis for simulations. The membrane Builder takes a system size (in this case a box
of XY area 4900 Å2) and thence generates and assembles a lipid bilayer and associated pore

15

For a comprehensive explanation of the Charmm‐gui system including the lipiud packing methodology see
Wu et al (2014): Wu, E.L., Cheng, X., Jo, S., Rui, H., Song, K.C., Dávila‐Contreras, E.M., Qi, Y., Lee, J., Monje‐
Galvan, V., Venable, R.M., Klauda, J.B. and Im, W. “CHARMM‐GUI Membrane Builder Toward Realistic
Biological Membrane Simulations” J. Comput Chem. 35(27): 1997–2004.

46

and bulk water and ions. The bilayer may be specified by the user. In this experiment the
four experiments resulted in the following parameters:‐
Single lipid
box type: Rectangle

DPPC only (70 H 70 Å2)

crystal type tetragonal
charmm‐gui production number (this
denotes a stored system which is publicly
accessible for all time)
Leaflet
calculated Number of Lipids:
calculated XY System Size:
protein Area, Å2
number of lipids
total area, Å2
area per lipid Å2 (calc)
protein extent:

0°
1534097595

X, Å
Y, Å
average area, Å2(calc)
dimension along x axis, Å
dimension along y axis, Å
dimension along z axis, Å
Z centre – centre of system along Z axis, Å
crystal angle, α
crystal angle, β
crystal angle, γ
neutralising ions
terminal group patching: NH2
terminal group patching: COOH

6.6
12.30
4921.5
70.2
70.23
74.33
‐2.67
90°
90°
90°
4+
Acetylated (‐COCH3)
C‐terminal
methylamine (‐NH‐
CH3)
33897
4694
4

Atoms
water molecules
Cl‐ ions

90°
1534096683

upper
74

lower
75

upper
78

lower
78

278.55
74
4941
66.77

177.22
75
4902
65.36

278.55
78
4914
63

177.22
78
4914
63

4914
70.1
70.1
69
0
90°
90°
90°
4+
Ditto
Ditto

32026
3767
4

table 10 ‐ DPPC only 0° and 90° ‐ experimental parameters
Lipid Mixture
DPPC (8), DOPC (6), POPG (2),PAL (1) (70 H
70 Å2)
0°
90°
1534095580
1534094464
upper
lower
upper
lower

Box type: Rectangle
crystal type : tetragonal
charmm‐gui production number
Leaflet
calculated Number of Lipids:
DPPC
DOPC
POPG

40
30
10
47

40
30
10

40
30
10

40
30
10

Palmitic acid
calculated XY System Size:
protein Area, Å2
number of lipids
total area, Å2
area per lipid, Å2 (calc)
area per lipid (excluding Palmitic acid), Å2
(calc)
protein extent:
X, Å
Y, Å
average area, Å2
dimension along x axis, Å
dimension along y axis, Å
dimension along z axis, Å
Z centre – centre of system along Z axis, Å
crystal angle, α
crystal angle, β
crystal angle, γ
neutralising ions (K)
terminal group patching: NH2
terminal group patching: COOH

5

5

5

5

278.55
85
5659.5
66.58
70.74

177.22
85
5558.21
65.39
69.48

278.55
85
5381
63.31
67.26

177.22
85
5381
63.31
67.26

6.64
12.30
5524.66
74.89
74.89
74.33
‐2.67
90°
90°
90°
26+
Acetylated (‐COCH3)
C‐terminal
methylamine (‐NH‐
CH3)
38350
5391
26

Atoms
Water
K+ ions

22.33
12.30
5381
73.36
73.36
69
0
90°
90°
90°
26+
ditto
Ditto

34753
4192
26

table 11‐ DPPC, DOPC, POPG and PAL 0° and 90° ‐ experimental parameters
Equilibration notes
Setup Restraints for Protein and Lipids. Suggested Equilibration Scheme [Reducing Force
Constants for 5 Cycles], 1 cycle = 50 ‐ 100 x 10‐12 (ps).
Cycle
1
BB
10
SC
5
tforce
2.5
mforcce 2.5
Ion
10

2
5
2.5
1
0
0

3
2.5
1
.5
0
0

4
1
.5
0
0
0

5
.5
.1
0
0
0

In the 0° experiment the following cross sectional profile was derived:‐
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6
.1
0
0
0
0

Protein cross sectional area ‐ 0° (substantially vertical)
20

extra cellular
Top area = 278.55 Å2

15

10

z axis position/Å

5

0

‐5

‐10

‐15

Bottom area = 177.22 Å2
intra cellular

‐20

‐25
0

50

100

150

Cross sectional

200

area/Å2

figure 8 ‐ SPb cross sectional area ‐ substantially vertical form
The following profile was derived for the 90° orientation
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300

Protein cross sectional area ‐ 90° (substantially horizontal)
20

extra cellular
Top area = 0 Å2

15

10

z axis position/Å

5

0

‐5

‐10

‐15

Bottom area = 0 Å2
intra cellular

‐20

‐25
0

100

200

300

400

Cross sectional

500

600

700

area/Å2

figure 9 ‐ SPb cross sectional area ‐ substantially horizontal form
As can be seen the 90° orientation results in a protein which is substantially flat in relation
to the lipid headgroups. Once the lipids were assembled then they presented as follows:‐

DPPC only ‐ 0°

DPPC only ‐ 90°
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DPPC + DOPC + POPG + PAL ‐ 0°

DPPC + DOPC + POPG + PAL ‐ 90°

table 12 ‐ starting positions of proteins in lipid bilayer
In the production simulations carried out the total number of iterations was 500000 where
each iteration represented .002 pS (H10‐12 s or 2fs) in real time. The overall programme
comprised a construction step, followed by minimisation equilibration and production steps.
The construction step is comparatively simple and involves immersing the protein in a
bilayer which is buffered by two water layers, as follows:‐

table 13 ‐ depiction of solvation process – note the water is low density as this is a depiction
before any energy reduction process has taken place.
The periodicity is ironed out during the equilibration process. However it should be noted
that the protein is now immersed in the headgroup of one of the bilayer leaves.
The minimisation step is a process intended to minimize the potential energy of the system
to the lowest possible point. There may be many issues concerned with this approach since
the potential energy surface, whilst undoubtedly having a global minimum may have local
minima. The minimization algorithms employed by GROMACS analyse first and sometimes
second derivatives to determine minima and overcome local minima problems.
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Initial minimisation is necessary because often there will be discontinuities or inappropriate
contact between some of the atoms. There may be overlaps or overstretched bonds – these
cause instabilities; hence the initial minimisation step. Although this is an admittedly
abusive use of the expression, minimisation at this stage is a quick and dirty process of
achieving an approximately realistic model. It is not CP intensive and usually the modelling
in real time is comparatively small; in this case 5000 steps of .001 pS per increment in real
time.
Also at this point the many structures in the model are stationary and as such might be
thought of as being at the numerical equivalent of absolute zero. At that point therefore
(and after the initial minimisation) the model has to be heated up in the sense of allocating
velocities to the various atoms to achieve a mean kinetic energy. This second process known
by the soubriquet of equilibration, and is achieved by making or keeping the number of
particles (N), in isochoric conditions (V) to an isothermal (T) or NVT constant; the numerical
process by which this happens is known as a thermostat. This equilibration process is run for
longer; in this case 150000 steps of .001 pS per increment in real time. By the end of the
equilibration process the models for each experiment presented as follows:‐

DPPC ‐ 0°

DPPC ‐ 90°
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DPPC + DOPC + POPG + PA ‐ 0°

DPPC + DOPC + POPG + PA ‐ 90°

table 14 ‐ position of protein at end of equilibration process
It may be noted that there appears to be little difference between the 0° and 90° cases, but
there is a more marked gap between layers in the DPPC only case then for the mixed lipid
case. Note also that the water fraction has now become more associated with the
headgroups.
At that point the model is subjected to a production run. The difference between a
production run and a minimisation is minimal. Overall each production run consumed about
1000s of CP time and took up approximately 6 hours of real time to run on a 2 core
machine. No position restraint methodology was employed16. The production run for each
starting configuration and lipid mixture was run in tranches of 50000 steps which
checkpoints being generated at each point. Each step represented 2fs (2 H 10‐18s) of real
time.
By the end of the production run the results presented as follows:‐
0°

90°

16

A position restraint methodology is one where atoms or molecules are effectively restrained in their position
or, in reality, free to move but for a heavy energy penalty. The position restraint methodology ensures that any
drastic rearrangements of critical parts of the system are avoided (an example may be to restrain a protein
during solvent addition in the equilibration process) or enables the isolation of a particular region which is to
be explored in some detail.
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Top

Side

table 15 ‐ depiction of proteins in the DPPC only case at end of production run with
compensating ions, water and lower leaflets removed

0°

90°

Top

Side
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fill

table 16 ‐ depiction of proteins in the mixed lipid case at end of production run with
compensating ions, water and lower leaflets removed (in the fill case protein = blue, DPPC =
green, DOPC = red & POPG = pink)
General observations include the embedding of the protein in the headgroup layer at an
angle. In the DPPC only case the bilayer is significantly undulated and appears to be more
disorganised then in the mixed lipid case.
a. Protein position
Protein starting position and realignment is shown in the following graphs using the gmx
rms function with two indices indexing the first residue (phenylalanine) and the last
(glycine). The reference position was the position at the start of that part of the production
simulation. Results are shown in Appendix B.
The following basic statistics were derived:‐

Residue
First (phenylalanine)

DPPC ‐ 0°
Mean/mÅ
51

Last (glycine)

70

σ/mÅ
14

DPPC ‐ 90°
Mean/mÅ
38

σ/mÅ
9

27

32

10

DPPC + DOPC + POPG + PAL ‐ 0°
First
110
38
last
30
10
table 17 ‐ summary of protein movement
b. Head group movement
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DPPC + DOPC + POPG + PAL ‐ 90°
50
13
47
24

In addition to measuring protein movement headgroup movement was also ascertained by
creating indices based upon the phosphate group (phosphorous being present in all of the
candidate lipids) or the nucleate carbon in the palmitic acid and then running gmx rms.
The following basic statistics were derived:‐
Mean/Å
1.76
1.52
1.15
1.43
1.44
1.75
1.77
2.34
2.57
2.08

0°
90°
0°

DPPC only
DPPC only
DPPC
DOPC
POPG
PA
90°
DPPC
DOPC
POPG
PA
table 18 ‐ lipid headgroup movements

σ/Å
0.41
0.24
0.38
0.34
0.48
0.65
0.39
0.63
0.39
0.39

c. Order Parameter
The order parameter was derived using gmx order. Results were obtained for both the
single lipid case and the lipid mixture. In the DPPC only case the development of the order
parameter with iteration was evaluated whereas in the mixed lipid case the results
presented were for the final iteration (step7_10). In the case of dual chain lipids (both the
phosphocholines and the phosphorglycerol) the order parameter for both the SN1 and SN2
chains are presented separately. The SN1 chain is defined by the C3 group carbons whereas
the SN2 chain is defined by the C2 group of carbons. The following results chart the
progression of order parameter with iteration (1‐10 = 10 tranches of 100 ps per tranche and
50,000 iterations per tranche)
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SN1 ‐ order parameter ‐ DPPC ‐ 0°
0.6
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SN2 ‐ order parameter ‐ DPPC ‐ 0°
0.6

order arameter
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SN1 ‐ order parameter ‐ DPPC ‐ 90°
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6

7
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SN2 ‐ order parameter ‐ DPPC ‐ 90°
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Order parameter ‐ 0°
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12

14
DOPC SN2

16

18

Order parameter ‐ 90°
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14

16

18
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d. Area per lipid
The following results were obtained from each of the simulations using gmx energy
(options 17 and 18):
Simulation

Average box
measurement/nm17
X
Y
DPPC only ‐ 0°
6.92
6.92
DPPC only ‐ 90° 6.78
6.78
Lipid mix ‐ 0°
7.24
7.24
Lipid mix ‐ 90°
7.37
7.37
table 19 ‐ area per lipid calculation

Number of lipids
upper
74
78
85
85

lower
75
78
85
85

Area per
lipid/nm2(calc)
upper
lower
0.65
0.64
0.59
0.59
0.62
0.62
0.64
0.64

e. Monolayer Thickness
Monolayer thickness was ascertained by comparing density peaks for the characteristic
phosphorous atom present in all of the lipids and then making the assumption that the
distance between peaks is twice the monolayer thickness. The variation in membrane
thickness with each iteration stage was also ascertained. Appendix AAppendix A shows
results for ascertaining monolayer thickness.
Average membrane thickness18 for the DPPC only case =2.1 nm (σ = 0.1 nm) and for the
mixed lipid case:‐
0°

90°

17

In this dissertation 1nm = 10Å and 1nm2 = 100Å2. The units of nm and angstrom units are used
interchangeably in order to enable comparison with reported results. However GROMACS reports in nm.
18
The membrane thickness is the thickness of the membrane as it might present itself in a physiological
situation. It is a measure of the average thickness of the lipid monolayer between the air‐water interface. This
is as measured from the phosphate atom to the terminal acyl chain carbon atom of the longest chain.
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Average
thickness/nm σ/nm
DPPC
2.0
0.0
DOPC
2.0
0.3
POPG
1.9
0.1
PA
1.9
0.1
table 20 ‐ monolayer thickness

Average
thickness/nm
1.9
1.9
1.7
1.9

σ/nm
0.1
0.1
0.1
0.1

f. Distribution of potential and Hydrogen Bonding
In the mixed lipid case it is apparent that there are few hydrogen bonds between lipid and
protein. As figure 10 ‐ all lipid mix simulation (showing nearest neighbours) ‐ viewed from
above at 45° with lower leaflet REMOVED below depicts there is a marked propensity for
the protein and DPPC to be proximate. The hydrophobic/philic and potential surface
diagrams are shown in figures figure 11 ‐ front and side view of SPb showing hydrophobic
and hydrophilic SURFACES & figure 12 ‐ surface POTENTIALS below.

figure 10 ‐ all lipid mix simulation (showing nearest neighbours) ‐ viewed from above at 45°
with lower leaflet removed
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figure 11 ‐ front and side view of SPb showing hydrophobic and hydrophilic surfaces

figure 12 ‐ surface potentials
g. Hbond propensity
Depending upon the constants of dissociation and the pH, the relative proportions of
associated to dissociated acidic forms may be expressed in the following way by means of
the Henderson‐Hasselbalch equation (where log means a Briggsian logarithm, i.e. a
logarithm with a denary base):‐
(11)
Interpretation of the Henderson‐Hasselbalch equation is dependent upon four variables but
the following general statements may be made:‐
Where pH‐pKa > 0
0< pH‐pKa < 1

Protonated form dominates.
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pH‐pKa -1

Neither form dominates.

pH‐pKa >>1

Deprotonated form dominates.
Where pH‐pKa = 0
There is no dissociation
Where pH‐pKa < 0

‐1 < pH‐pKa < 0

Protonated form dominates.

pH‐pKa -1

Neither from dominates.

pH‐pKa << ‐1

Deprotonated from dominates.

table 21 ‐ operation of Henderson‐Hasselbalch equation
Where |pH‐pKa| is large then the deprotonated form dominates and where it is small and
of the order of unity then the protonated from dominates. Analysis of the degree of
protonation is important when considering hbond propensity.
Each of the phosphatidyl choline based headgroups is zwitreronic at physiological pH
(assumed to be 7.3) N+ and O‐, the phosphatidyl glycerol based headgroups are negatively
charged at physiological pH O‐ and the palmitic acid is deprotonated at physiological pH. The
hydrogen bonding feature available in Chimera provided the best indication of hydrogen
bonding, amounting to a simple programme enabling polar groups of opposite (full or
partial) charges to be paired if within a certain distance and if having an hbond
characteristic. Interestingly only one pair was found between the Cβ carbon of the terminal
phe residue (the initial SPB residue) and a polar oxygen of a POPG phosphate group.

figure 13 ‐ hbond between POPG and protein

62

Frites et al (2003) suggest that hbonds may be found between Arg‐12 & 17 and Lys‐16 & 24
and the lipid headgroup or water. This is certainly plausible. In their researches there was
evidence of hbonding in their molecular model. However as is reported above this is
problematic since their simulations were carried out only in palmitic acid with, it seems,
little justification and certainly no acknowledgement of the work of Bringezu et al (2001).
h. Temperature
Temperature was ascertained using the temperature option in gmx energy.

Temperature variation
335
330

Temperture/K

325
320
315
310
305
300
295
8800

9000

9200

9400

9600

9800

10000

10200

Iteration
DPPC only ‐ 0

DPPC only ‐ 90

Lipid mix ‐ 0

Lipid mix ‐ 90

figure 14 ‐ temperature variation with iteration (final 50000 steps)
Lipid Mix

DPPC
0°

90°

0°

90°

Average, T/K

323.04

323.11

303.26

303.15

σ/K

1.87

1.99

1.67

1.63

Specified/K

323.15

303.15

table 22 ‐ simulation temperature (actual and set)
i.

Tilt angle
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Tilt angle analysis was carried out using the gmx helixorient function which yielded tilt
information concerning the tilt of each residue in the protein as the simulation progressed.
The results are shown as follows:‐

Tilt angle variation with iteration ‐ DPPC only case

tilt angle/°

200
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0
9000

9100

9200

9300

9400

9500

9600

9700

9800

9900

10000

9900

10000

Iteration
0°

90°

Poly. (0°)

Poly. (90°)

Tilt angle variation with iteration ‐ mixed lipid case

tilt angle/°

200

100

0
9000

9100

9200

9300

9400

9500

9600

9700

9800

Iteration
0°

j.

90°

Poly. (0°)

Poly. (90°)

Other means of presenting the lipids numerically

The main production simulation is carried out using a water‐lipid bilayer‐water construct
built by the CHARMM‐GUI membrane builder. However a number of means of constructing
lipid systems are presented and, for present purposes, an additional model is offered
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comprising a lipid‐water‐space‐water‐lipid construct, as follows (the presented picture is
after a full production run):‐

figure 15 ‐ alternative simulation
Although not substantive analysis was carried out it is established that the protein migration
is plausible and comparable to the bilayer results presented above, at least on visual
inspection.
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13. Discussion and conclusions
The numerical experiment was run with success in that the final results looked plausible.
The area per lipid throughout was approximately 64.5 Å2 for the DPPC only case and
approximately 68.7 Å2 for the mixed lipid case (excluding palmitic acid). No experiments
were carried out by way of varying the area per lipid. These areas are consistent with
previous experiments. However further research on different areas per lipid (so as to be
consistent with and build on the results of Rose et al (2008)) is desirable. Final results are
represented graphically in tables table 15 and table 16 . The immediate observations are:‐


the protein is predominately surrounded by DPPC,



the protein is situated at an angle to the numerical box,



the protein is also at an angle to the vertical and that angle is broadly similar as
between DPPC only and the lipid mix cases,



however in relation to the situation of the protein the similarities between cases
stops there:‐
o in relation to the DPPC only case there is significant evidence of dipping,
absent in the mixed lipid case,
o in relation to the mixed lipid case there is some evidence of bowing, absent
in the DPPC only case and
o in detail the angle of the protein to the horizontal plane is greater in the
mixed lipid case than doe the DPPC only case,



the protein appears to be less anchored and freer to move in the mixed lipid case
(see table 17),



lipid headgroup movement was comparable as between the DPPC only case and the
mixed lipid case (see table table 18)



the average membrane thickness for the DPPC only case is very similar to the mixed
lipid case and



in relation to tilt angles:‐
o in the mixed lipid case the tilt angle appears to converge and is consistent
with the results as reported by Lee et al (2005) and
o in the DPPC only case the tilt angle appears not to converge.

Orientations were consistent and there was evidence of considerable interaction between
lipids and the protein. It is also the case that the lipid mixture case revealed results which
were markedly different from the DPPC only case. Little difference was noticed arising by
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reason of the starting orientation though there were some aspects in the results which
clearly needed more research in relation to starting positions.
The most marked differences between the single and mixed lipid case concerned the order
parameter. A multitude of published results suggest that the order parameter starts with
the configurations ordered in relation to the carbon atoms in the lipid chains proximate to
the neck of the headgroup and that whilst order increases slightly the further away one gets
from the neck at about carbon 5 or 6 order decreases, albeit smoothly. However this is as a
result of ensemble averaging. There appears to be a paucity of research which enables
insight into nearest neighbours ‘twixt protein and lipid. Rose et al (2008) did look at the
question
In the mixed lipid case the order parameter varies significantly not only between lipid types
but also in relation to the part of the lipid chain under analysis. POPG appears to exhibit a
classic order parameter curve for the SN1 chain. POPG is a monounsaturated lipid at C29=C210
(SN2 chain) and as a result the two chains must treated independently. The double bond
appears to cause a breakdown in order in the vicinity of C29=C210.19 The same may be
observed in relation to both of the SN chains for DOPC (which has two unsaturated regions
at C29=C210 and C39=C310, one on each chain). There was a marked difference in order
parameters as between the DPPC only case when compared to the mixed lipid case. This is
hardly surprising since the interactions are less uniform than they would be in a single lipid
type case. It is likely that the order parameters for each lipid type vary as between each lipid
within any given lipid type owing to varying local environments. The relevance of order
parameters is steric in that the less ordered the acyl chain the more likely steric effects
might be relevant.
In relation to the monolayer thickness this remains stable throughout the simulation at
about 45Å.
In terms of the proximity of the protein to its nearest neighbours, the simulations revealed a
marked propensity on the part of DPPC to locate around the negative and hydrophobic part
of the protein but with POPG to locate around the more hydrophilic portions of the protein.
It appears that the charged oxygen species of one of the DPPC are orientated towards the

19

This is a molecular dynamics numbering convention whereby acyl chain carbons are numbers C2n, C3n and
so on where 2, 3 and so are a numbered acyl chain. The variable n is the carbon number from the carbon
closest the headgroup. Hence in DPPC the carbons in the SN1 chain would be numbered C21, C22, …, C216 and
so on.
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protein though there is as much evidence to suggest that the proximity of the DPPC could
be steric. For instance DPPC numbers 67‐69, which appear to be the closest three to the
protein are differing in terms of the order parameters of the aliphatic chains which is
suggestive of considerable disruption. Indeed as figure 16 shows, disruption is apparent.
How might these lipid interactions affect the behaviour of the protein? One answer is
shielding and another is that, in effect the protein is effectively more massive with – and it is
accepted that this is a bad analogy – the protein being subjected to the lipid equivalent of
glycosylation.
The location of hbonds was elusive. Lee et al (2005) suggest hbonding is present but in a
wholly palmitic acid environment where their justification for conducting hbond analysis in a
palmitic acid only simulation (and not, for some reason, physiologically relevant lipid mixes,
where Lee et al had conducted simulations) is ghostly at best.
SN
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table 23 ‐ order parameter variation for closest three DPPC lipids (horizontal axis = carbon
number and vertical axis is a dimensionless order parameter)
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figure 16 ‐ positions of three nearest DPPC neighbours showing order parameters (in each
case the y axis is from ‐.4 to .4 and the x axis represents carbons 1‐15). in the case of each
chain the stereospecific numbering (hence sn) is irrelevant since each chain is of equal
length and each is saturated.
A single hbond between the protein and POPG was identified, oddly between the β carbon
of the initial phenylalanine residue. This is not fanciful; phenylalanine is known to be a weak
hbond acceptor20. This hbond is explicable on the basis that the aromatic ring is negative
charge drawing.
Preliminary numerical experiments incorporating cholesterol (in the ratios 8:6:2:1:1,
DPPC:DOPC:POPG:PA:cholesterol) carried out in the days before the deadline for the
submission of this dissertation are suggestive that there is also a greater degree of inter lipid
hbonding, which was noticeably more pronounced nearer to the protein than further away.
It is known that cholesterol has a modulating effect on lipid phase temperature arising by
reason of intercalation between lipids, thus lowering phase temperatures (see, generally,
Lopez‐Rodriguez and Pérez‐Gil (2014)). Cys 8 and Arg 17 were also hbound to POPG 186 and
DOPC 67 respectively. This tends to suggest that the presence of cholesterol has an
important compacting or directing effect and is an area for further research. Time, sadly, did
not permit.
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Finally the work of Olmeda et al (2015) – suggesting that the protein may present in dimeric
or supradimeric form (as supported in relation to human SPB by Beck et al (2000)) – must
not be forgotten. Clearly modelling using a monodimeric form, though useful, is not
complete especially since Olmeda et al suggest that the hydrophobic cavities in the protein
as a means of facilitating lipid transport may be a fruitful area for investigation. Veldhusen
et al (2000) do suggest relevant activity by the monomeric form but describe the activity of
the dimeric form as “even better … in some aspects of surface film dynamics”21. However
this is to be contrasted with the supposition of Beck et al, that the multimeric form may
simply serve to alter surface tension and, thus, might not be related to lipid management.

21

Their principal observation repays repeating in full (p382) “The easiest explanation for the observed
difference [between the dimeric form and the monomeric form ]is that … [the dimeric form ]can form a bridge
between the [lipid ]monolayer and the squeezed‐out subphase lipids by attaching one monomer part [of the
dimer ]to each [of those ]membrane structure. [The monomeric ]SP‐B1–25 does not offer this possibility, and
loss of material is observed through rising (max and (min values upon cycling. The major role of the dimerization
of native SP‐B is thought to be this bridging function. The results obtained in this study strongly support this
theory.”
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Appendix A

– monolayer thickness results

The following results relate to the DPPC only case at starting orientations of 0° and 90°. The
iterations are tranches of iteration (e.g. 1 = 0‐50ps, 2 = 50.001‐100ps in steps of 2 fs and so
on). The variation of the distances (the mildly undulating graphs) show the evolution of
distance between headgroups with iteration tranche.
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The following results relate to the lipid mix (DPPC, DOPC, POPG and PA) simulation at
starting orientations of 0° and 90°. The iterations are tranches of iteration (e.g. 1 = 0‐50ps, 2
= 50.001‐100ps in steps of 2 fs and so on).
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Appendix B

– rmsd results

The following results showing differences in position of first and last residues of the protein
and relate to the DPPC only case at starting orientations of 0° and 90°. The iterations are
tranches of iteration (e.g. 1 = 0‐50ps, 2 = 50.001‐100ps in steps of 2 fs and so on).
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The following results showing differences in position of first and last residues of the protein
in the lipid mix (DPPC, DOPC, POPG and PA) simulation at starting orientations of 0° and 90°.
The iterations are tranches of iteration (e.g. 1 = 0‐50ps, 2 = 50.001‐100ps in steps of 2 fs and
so on).
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Protein rms position ‐ lipid mixture ‐ 0°
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The following results showing differences in position of headgroup of the DPPC (ensemble
averaged) and relate to the DPPC only case at starting orientations of 0° and 90°. The
iterations are tranches of iteration (e.g. 1 = 0‐50ps, 2 = 50.001‐100ps in steps of 2 fs and so
on).
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The following results showing differences in position of headgroup of the lipids in the lipid
mix case (ensemble averaged) starting orientations of 0° and 90°. The iterations are
tranches of iteration (e.g. 1 = 0‐50ps, 2 = 50.001‐100ps in steps of 2 fs and so on).The acidic
carbon position variation for palmitic acid is shown separately.
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