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Abstract

Proteins and peptides can in�uence the local structure of a solvent around the solute,
while the solvent in�uences the conformation of the protein or peptide. Both of these
e�ects can be observed by investigating the model peptide LKα14 in di�erent mixtures
of water and ethanol. Molecular dynamics simulations of these systems show how the
peptide has di�erent secondary structure depending on the solvent composition, while
the presence of LKα14 can induce a separation of the fully miscible solvents, water and
ethanol, into a water-rich and an ethanol-rich domains.
The main properties of LKα14 in di�erent water/ethanol mixtures analysed in this

work are:

� The secondary structure of LKα14 in the bulk and at the surface of di�erent wa-
ter/ethanol mixtures. LKα14 forms an α-helix at the surface of all solvent compo-
sitions and in the bulk of any solvent composition containing ethanol but not in
the bulk of pure water.

� The adsorption of LKα14 to the surface of the di�erent water/ethanol mixtures and
the orientation of the peptides at the surface. In pure water and at low ethanol
concentration LKα14 adsorbs to the surface. At the surface the α-helix lies parallel
to the surface with the leucine residues orientated towards the interface and the
lysine residues orientated towards the bulk.

� The solvation shell of LKα14. Depending on the solvent composition there is excess
solvation of LKα14 by water or ethanol. The ideal ethanol mole fraction in the
solvation shell is around 0.4. For all solvent compositions the ethanol mole fraction
of the solvation shell is closer to 0.4 than the ethanol mole fraction of the bulk is.
The water molecules and ethanol molecules in the solvation shell are also spatially
separated, with ethanol close to the leucine residues and water close to the lysine
residues.

� Aggregates formed by LKα14. In pure water and at low ethanol concentration
LKα14 peptides form oligomers while at higher ethanol concentrations a microemulsion-
like structures are formed, with water and ethanol corresponding to the two sol-
vents and LKα14 to the surfactant. At lower ethanol concentration the aggregates
percolate similar to a bicontinuous microemulsion.
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Zusammenfassung

In Lösung be�ndliche Proteine und Peptide können die lokale Struktur des Solvenz in
ihrer Umgebung beein�ussen. Umgekehrt kann das Lösungsmittel die Konformation des
Proteins bzw. des Peptides beein�ussen. Bei der Untersuchung des Modellpeptides LKα14
in verschieden Mischungen von Wasser und Ethanol können beide E�ekte beobachtet wer-
den. Molekulardynamik-Simulationen dieser Systeme zeigen, dass die Sekundärstruktur
des Peptides von der Lösungsmittelkomposition abhängt, während das Vorhandensein
von LKα14 zu einer Trennung der völlig mischbaren Lösungsmittel Wasser und Ethanol
in eine wasserreiche bzw. eine ethanolreiche Domäne führt.
Die Haupteigenschaften von LKα14 in Wasser/Ethanol-Mischungen, die in dieser Ar-

beit analysiert werden sind:

� Die Sekundärstruktur von LKα14 im Bulk und an der Ober�äche unterschiedli-
cher Wasser/Ethanol-Mischungen: LKα14 formt eine α-Helix an der Ober�äche al-
ler Lösungsmittelkompositionen und im Bulk jeder Lösungsmittelkomposition, die
Ethanol beinhaltet � nicht jedoch im Bulk reinen Wassers.

� Die Adsorption von LKα14 an die Ober�äche unterschiedlicher Wasser/Ethanol-
Mischungen und die Orientierung der Peptide an der Ober�äche: In reinem Wasser
und bei niedriger Ethanolkonzentration adsorbiert LKα14 an die Ober�äche. An
der Ober�äche liegen die α-Helices parallel zur Ober�äche, die Leucinseitenketten
zeigen zur Ober�äche und die Lysinseitenketten zum Bulk.

� Die Solvathülle von LKα14: Je nach Lösungsmittelkomposition gibt es Exzesssol-
vatation von Wasser oder Ethanol am Peptid. Der bevorzugte Molenbruch von
Ethanol in der ersten Solvathülle ist ungefähr 0.4. Der Molenbruch von Ethanol in
der ersten Solvathülle ist in jeder Lösungsmittelkomposition näher an 0.4, als der
Molenbruch von Ethanol im Bulk ist. Die Wassermoleküle und die Ethanolmoleküle
in der Lösungshülle sind auch räumlich getrennt � die Ethanolmoleküle näher an
die Leucinseitenketten und die Wassermoleküle näher an die Lysinseitenketten.

� Aggregate von LKα14: In reinem Wasser und bei niedriger Ethanolkonzentration
formen LKα14-Peptide Oligomere. Bei höheren Ethanolkonzentrationen bilden sich
mikroemulsionsähnliche Strukturen, in denen das Wasser und das Ethanol den zwei
Lösungsmitteln entsprechen und die LKα14-Peptide den Tensiden. Bei niedrigeren
Ethanolkonzentrationen perkolieren die Aggregate, ähnlich wie in einer bikontinu-
ierliche Mikroemulsion.
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1. Introduction

Proteins are the building blocks of all living organisms. Proteins ful�l many roles in
biology, ranging from structural proteins like collagen, which is found in connective tissues
such as skin or ligaments or keratin, which is a key component of hair, nails, horns and
feathers, to enzymes, which can catalyse chemical reactions. For them to function it
is necessary that they possess the correct conformation. This functional conformation
is called the native state. The native state is de�ned both by the secondary structure
(local conformation of the peptide at each amino acid) and the tertiary structure (global
three dimensional structure of the amino acid chain). In contrast a protein without well
de�ned tertiary or secondary structure is considered unfolded.
In the last two decades another type of folding has increasingly been studied: Proteins

can misfold and form insoluble aggregates. This is known to induce di�erent diseases1�10

= most of them neurological6�10. One prominent example is the formation of �brils
by denaturation and aggregation of the protein fragment amyloid-β. It has been linked
to Alzheimer's disease3�7. Further examples are prion diseases like Creutzfeldt�Jakob
disease or scrapie1�3,7�9. In both cases the aggregation involves a change of conformation
to an insoluble β-sheet3,5�8.
Since aggregation and precipitation of proteins has been linked to so many diseases,

understanding the thermodynamics of protein conformations and the underlying inter-
actions between protein and the surrounding solvent is important. Thermodynamically
protein conformations are only weakly stable and the delicate balance between di�erent
protein conformations is sensitive to changes in the solvent composition11�14. For exam-
ple the presence of ions15,16, osmolytes17,18 (for example urea or sucrose) or denaturants
can bias the folding equilibrium. Both ions and osmolytes can, depending on the speci�c
molecules, both denature and stabilise proteins while denaturants, as the name suggests,
denature them. In nature these competing e�ects are exploited as a way of controlling
protein folding19. Whenever mixed solvents are present the shift of equilibria can be de-
scribed thermodynamically by preferential solvation. Since the interactions between the
solute and the di�erent components of the solvent are of di�erent strength, aggregation
of a speci�c solvent component in the solvation shell of the solute and corresponding
depletion of the bulk can occur20�22. Focusing on the solvent, this implies that it reacts
sensitively to the presence and conformation of the protein. The scenario is then that in
the system of protein and solvent both parts in�uence the structure of one another, but
are at the same time subject to alterations in their own structure. That is, the confor-
mation of a protein is in�uenced by the solvent in which it is dissolved and the protein
conformation in turn in�uences the behaviour of the solvent. This can lead to di�erent
solubility and aggregation behaviour of proteins in these di�erent solvents.
One class of solvents which are interesting is colloidal systems: microemulsions and
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1. Introduction

micellar solutions23�29. Since such systems consist of two distinct pseudo-phases (one
polar and one apolar) they can be a good way to bring molecules which dissolve in
di�erent environments close to each other28,29. This in turn can be used to catalyse
reactions28,29 while in other cases the micelle itself or its surface acts as a catalyst28�31.
Micellar or microemulsion systems are also an option of dissolving water-insoluble or
poorly water-soluble molecules23,29: The molecules are dissolved inside the micelles which
are themselves dissolved in the water, a fact which is considered of interest for drug
delivery32�35 and has been used for cleaning23,36 and extraction of solutes37,38. Micellar
solutions have also been used to extract proteins both from water solution38�40 so it is
not unreasonable to suggest they might be capable of dissolving protein aggregates which
are water insoluble.
On the application side, the presence of surfactants is often undesired. Many surfac-

tants are toxic41,42 and most are petrol-based42,43. An alternative is the use of simpler
solvents. Hydrotropes, which are short amphiphilic molecules which do not form mi-
celles, can also facilitate solubility of non-polar compounds44�50. Some examples of
hydrotropes are ca�eine47, nicotinamide49, urea49,50, sodium xylenesulfonate (SXS)44,48

and ethanol47. One mechanism of hydrotrope action is hydrotrope aggregation in the
presence of solutes48�52. The solutes are preferentially solved by the hydrotrope in com-
parison to water which leads to aggregation of the hydrotrope around the solute49�51.
According to this mechanism, the solvation shell of a protein should be very sensitive to
the protein folding state, if one of the conformations possesses large hydrophobic parts
at the surface and other conformations do not.
A very simple system, in which such a behaviour can be studied, is a short peptide

which folds into one distinct secondary structure when dissolved in a binary mixture of
water and a hydrotrope, e.g. ethanol. Binary mixtures of water and ethanol are a good
starting point from where it is possible to go on to explore more complicated solvent
mixtures, such as water, ethanol and octanol, which are known to form microemulsion
like structures53�55 with octanol in the role of oil and ethanol as the surfactant. As is
the case with microemulsions the exact structures of such systems depend heavily on the
composition of the system56,57.
In this work we consider a small model peptide, LKα14. It was designed to form α-

helices at the surface of water58 and adsorbs to polar/apolar surfaces58�60. It consist of
14 amino acid residues, half of which are hydrophilic and half of which are hydrophobic.
When folded into an α-helix the hydrophobic side chains form a continuous hydrophobic
surface on one side of the peptide. Thus it is very well suited for the intended study.
In this work the described system LKα14 in water/ethanol is studied using large scale

molecular dynamics (MD) computer simulations. MD simulation with explicit solvent is
a well suited method for the study of delicate solvation e�ects in which the structure of
the solvent is important and where di�erent implicit solvation model can therefore not be
applied. The peptide was studied in water/ethanol mixtures of di�erent compositions,
ranging from pure water to pure ethanol. Both bulk solutions and interfaces were studied.
The following work consist of 11 chapters organised into three main parts. The �rst

part contains the theoretical background and details the methods used. Chapter 2 has
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a general discussion of preferential solvation and distribution functions. Chapter 3 dis-
cusses protein structure and the method used to determine the secondary structure of
LKα14 in this work. Chapter 4 discusses LKα14 and related model peptides. Chapter 5
describes the method used to calculate the orientation of a helix axis from points along
the axis. Chapter 6 describes micelles and microemulsions and details how the clusters
observed in this work were de�ned. Chapter 7 contains the details of the performed MD
simulations and the force �elds used. The second part contains the results of the per-
formed simulations. In chapter 8 the secondary structure of the peptide both in bulk and
at the surface is examined. In chapter 9 the adsorption behaviour and the orientation
of the peptide is examined. Chapter 10 details preferential solvation of LKα14 in the
di�erent solvent mixtures and the structure of the solvation shell. Finally in chapter11
clusters formed by the peptides and water molecules are examined. The third and �nal
part consist of the �nal remarks.
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Part II.

Theory and methods
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2. Solvation

When a solute is dissolved in a solvent it in�uences the structure of the solvent. Such
in�uence includes induced orientation of polar solvent molecules around charged solutes61

and large solute molecules occupying volume which the solvent otherwise would have
occupied62. In solvents, such as water, which form networks of hydrogen bonds, these
networks also di�er around the solute molecule. Those di�erences depend on whether or
not the solute participates in hydrogen bonding61,63.

The solvation shell of a solute is the interface of the solvent around the solute. Solvent
molecules tend to form layers around the solute molecule, with all solvent molecules in
a layer at similar distance from the solute. This is, for example, the case for ions in
water61. There the water molecules of the innermost layer � the �rst solvation shell
� are oriented with one of the hydrogen atoms pointing towards the ion if the ion is
positive and with the oxygen atoms pointing towards the ion if it is negative61. The water
molecules of the next layer, the second solvation shell, then form hydrogen bonds with
the water molecules in the �rst solvation shell61. The number of well de�ned solvation
shells depends on the solute and the solvent61,64.

2.1. Preferential solvation

In a binary solvent the mole fraction of the di�erent solvent components in the solva-
tion shells around the solute is not necessarily equal to the mole fraction in the bulk.
If the solute has a stronger a�nity with one of the components, the mole fraction of
that components is higher in the solvation shells. This di�erence is called preferential
solvation20,22.

2.2. Radial distribution functions

In a simulation where the coordinates of every atom are known, radial distribution func-
tions (RDFs) are a good way to characterise the solvation shells � both the number of
well de�ned solvation shells and the distance of the di�erent solvation shells from the
solute. The RDF between particles of type a and b, where a 6= b, is de�ned as

gab(r) =
〈pb(r)〉
〈pb〉0

(2.1)
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2. Solvation

where 〈pb(r)〉 is the particle density of b at distance r from particles a and 〈pb〉0 is the
average particle density of b in the whole volume65,66. RDFs have the property that

lim
r→0

gab(r) = 0 (2.2)

and
lim
r→∞

gab(r) = 1. (2.3)

Equation 2.2 corresponds to the fact that no two particle occupy the same point in space
and equation 2.3 the fact that the in�uence of particle a on the distribution of b decreases
with distance65.
In a simulation 〈pb〉max, the average particle density of b in all spheres of radius rmax,

is used instead66. Then equation 2.1 becomes

gab(r) =
〈pb(r)〉
〈pb〉max

. (2.4)

If the solute is a and the solvent b the RDF has a peak for each solvation shell. For large
non-spherical solutes, like peptides, there are more than one way to calculate r. Which
way is chosen in�uences how easily the RDF can be interpreted. The simplest way is to
calculate r from a single point of the solute (such as the centre of mass) to a single point
of each solvent molecule. This is not a good option for solute molecules which depart
signi�cantly from a spherical geometry. The simulations used to analyse the solvation
shells started from a helical conformation of the peptide and were not long enough for the
secondary structure to change. A 14 amino acid long peptide in a helical conformation is
decidedly not spherical and this simple method of calculating r is therefore not suitable.

2.3. Spatial distribution functions

Spatial distribution functions (SDFs) are similar to RDFs but include not just the dis-
tance to a reference but also the direction from that reference67,68. That is gab(x, y, z)
depends on the spatial position in relation to the reference molecule. Therefore the SDFs
yield additional information about the 3D distribution of particles around the reference
compared to RDFs.
When calculating SDFs with GROMACS the �rst step is to centre the simulation box

around the molecule the SDFs will be calculated from69. Then each frame is rotated
and translated such that the reference molecule is �tted to its position in the �rst frame
or a reference structure69. When calculating SDFs with LKα14 as reference only the
backbone of the peptide was used for the �t as the side chains are more �exible. When
the trajectory has been prepared in this way, the simulation box is divided into bins in
all three dimension and the particle density in each bin calculated. By averaging over
time the spatial distribution function around the peptide is obtained69.
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3. Protein structure

The structure of proteins is considered at four di�erent levels: primary structure, sec-
ondary structure, tertiary structure and quaternary structure. The primary structure is
the sequence of amino acids in the protein. The secondary structure is the local structural
elements (α-helix, β-sheet) while the tertiary structure describes how these elements make
up the global structure of the protein. The quaternary structure describes how di�erent
polypeptide chains arrange together to form large proteins.
For small peptides such as LKα14 only the primary and secondary structures have

to be considered since they are too small to have a tertiary structure. Peptides can
form ogliomers and clusters, but since they do not have protein function they are not
considered quaternary structure.
In this chapter the secondary structure of LKα14 in the bulk and at the surface of

di�erent mixtures of water and ethanol will be considered. Since LKα14 is a peptide, not
a protein, in the theoretical discussion in 3.1 �peptide� will be used even when discussing
facts about secondary structure which also hold for proteins.

3.1. Secondary structure elements

When determining the secondary structure only the conformation of the backbone is
relevant. The side chains in�uence which secondary structure the peptide assumes, but
are not directly relevant for determining it.
Along the backbone of a peptide there are three di�erent bonds (excluding the bonds

with the side chains and oxygen and hydrogen):

� The peptide bond between di�erent amino acids.

� The bond between the nitrogen atom and the α-carbon atom of the same amino
acid.

� The bond between the α-carbon atom and the carbon atom of the CO group.

The peptide bond is planar since it has considerable double bond character70�72, but
rotations around the other two bonds are possible. The torsion angle around the Cα−C
bond is denoted as ψ and the torsion angle around the Cα−N bond as φ. Both are
de�ned as 180° when all atoms of the backbone lie in the same plane as the peptide bond
and grow with a clockwise rotation as seen from the Cα atom. The secondary structure
at each residue of a peptide is determined both by the torsion angles and hydrogen bonds
between di�erent residues of the peptide. Only hydrogen bonds between the NH and CO
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3. Protein structure

groups of the backbone are considered, since (as mentioned earlier) only the backbone is
relevant for determining the secondary structure.

The two most common secondary structure elements are the α-helix and the β-sheet71,72.
Other secondary structure elements include 310-helices73,74, π-helices73,74, β-hairpin75

and turns74,76. Parts of the peptide chain which are not part of any well de�ned sec-
ondary structure element are considered random coil.

3.1.1. α-helix

The α-helix was �rst described in 1951 by Pauling, Corey and Branson70,77. In an α-helix
the hydrogen atom of the NH group of residue i forms a hydrogen bond with the oxygen
atom of the CO group of residue i + 4 (see �gure 3.1). This leads to a helix with 3.6
residues per turn around the helix or a turn of 100° around the helix per amino acid.
An ideal α-helix has a translation of 0.15 nm along the helical axis for each amino acid,
which corresponds to a pitch of 0.54 nm71. Almost all α-helices in proteins are right
handed, although short left handed α-helices exist72,78.

3.1.2. β-sheet

In an β-sheet the backbone of the peptide is extended and two or more extended peptide
chains are connected with hydrogen bonds. In peptide chains in the middle of a β-sheet
which consist of more than two chains, each residue is connected with two hydrogen
bonds to one neighbouring chain while the neighbouring residues form hydrogen bonds
with the other neighbouring chain. Two neighbouring chains can either be parallel or
anti-parallel71,72,75. The peptide chains which partake in an anti-parallel β-sheet can be
right next to each other in the overall peptide chain with a turn consisting of two residues
between them or strands from di�erent regions of the peptide75. In a parallel β-sheet the
strands in contact always originate from di�erent regions of the peptide, since a longer
connecting chain is needed in order for the amino acids to line up79.

3.1.3. Other secondary structure elements

As mentioned previously in this chapter other secondary structure elements include β-
hairpins, turns, π-helices and 310-helices. β-hairpins are small β-sheets which consist of
two extended peptide strands which are anti-parallel and connected with a turn75. A
turn is a region where the direction of the peptide chain changes sharply over a few
residues, such as two residues connecting the anti-parallel strands in a β-sheet or a region
with the same curvature of the backbone as a helix but so short that it does not reach
a whole circle75,76. Both π-helices and 310-helices are similar to α-helices but with the
hydrogen bond between residues i and i+ 5 and residues i and i+ 3 respectively73,80.
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3.1. Secondary structure elements

Figure 3.1.: Side view of the backbone of an α-helix. For all residues which are part of
the helix there is a hydrogen bond between the CO group of residue i and
the hydrogen of the NH group of residue i+ 4.
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3. Protein structure
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Figure 3.2.: Geometry of a hydrogen bond between the CO group of one amino acid and
the NH group of another amino acid in a protein or peptide.

3.2. Stride

The program used to analyse secondary structures in this work is STRIDE74,81. The pro-
gram classi�es each residue according to secondary structure82. To classify each residue
STRIDE calculates both the backbone geometry and the hydrogen bonding pattern. The
parameters used to assign an α-helix or extended conformation (β-sheet) to a residue
are �tted to assignments by crystallography. For rarely occurring structural elements
less data exists and therefore the assignment criteria from theory are used74. STRIDE
distinguishes between 7 di�erent secondary structures: α-helix, extended conformation,
isolated bridge, π-helix, 310-helix, turn and random coil82.

For the the recognition of α-helixes and β-sheets STRIDE uses the empirical energy
function in eq. 3.1 to calculate the hydrogen bond energy Ehb between the CO group of
one amino acid and the NH group of an other.

Ehb = ErEtEp (3.1)

where Er is the distance term and Et and Ep describe the direction properties of the
hydrogen bond, Et in relation to the CO group and Ep in relation to the NH group.

Er =
C

r8
+
D

r6
(3.2)

where r is the distance between the two atoms, C = −3Emr
8
m kcalÅ8

/mol, D =

−4Emr
6
m kcalÅ6

/mol and Em and rm are the optimal hydrogen bond energy and length
respectively. Ep has the form

Ep = cos2(p) (3.3)

where p is the angle between the hydrogen bond and the NH bond (see �gure 3.2) and
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3.2. Stride

Et has the form

Et =


(0.9 + 0.1 sin (2t1)) cos (t0) , 0 < t1 ≤ 90°

K1

(
K2 − cos2 (t1)

)3
cos (t0) , 90° < t1 ≤ 110°

0, 110° < t1

(3.4)

where t0 is the angle between the line of the CO bond and the projection of the hydrogen
bond on the plane of the CO group, t1 is the angle between the hydrogen bond and the
projection of the hydrogen bond on the plane of the CO group (see �gure 3.2) and K1

and K2 are empirical constants74.

The �rst step in the STRIDE algorithm is checking for α-helixes. A minimal α-helix
for STRIDE includes two consecutive hydrogen bonds between residues i and i+ 4 such
that

Ei,i+4
hb

(
1 +Wα

1 +Wα
2

Pαi + Pαi+4

2

)
< Tα1 (3.5)

where Pαn is the empirical probability of an α-helix residue having the torsional angles
of residue n and Wα

1 , W
α
2 and Tα1 are empirical weights. If such a minimal α-helix is

detected (the condition in eq. 3.5 ful�lled between residues k and k + 4 and between
residues k + 1 and k + 5), residues k + 1, k + 2, k + 3 and k + 4 are considered part of
the α-helix. Residues k and k + 5 are also considered part of the α-helix if Pαk < Tα2 and
Pαk+5 < Tα3 respectively, where Tα2 and Tα3 are empirical weights. Overlapping α-helices
are merged into a single helix74.

The next step is checking for β-sheets. A minimal β-sheet in STRIDE involves two
consecutive hydrogen bonded β-bridges where each β-bridge involves two hydrogen bonds.
Both hydrogen bonds in a parallel β-bridge have to satisfy

Ehb

(
1 +W β

1 +W β
2

P βa + P βb
2

)
< T βp

for it to be recognised as a β-bridge (P βa and P βb are the empirical probabilities of a
residue which is a part of a parallel β-sheet having the torsional angles of residues a and
b respectively and W β

1 , W
β
2 and T βp are empirical weights). Similarly both hydrogen

bonds in an anti-parallel β-bridge have to satisfy

Ehb

(
1 +W β

1 +W β
2 C
)
< T βap

for it to be recognised as a β-bridge (C =
Pβa +P

β
b

2 , C = P βa if residue b only participates in
one hydrogen bond in the β-sheet or C = P βb if residue a only participates in one hydrogen
bond) and T βap is an empirical weight. Adjacent β-bridges are merged into a single β-sheet
if there are no more than four residues between the bridges on one strand and no more
than one residue between them on the other strand. The intervening residues are also
considered part of the β-sheet and all residues in the β-sheets are assigned an extended
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3. Protein structure

state as secondary structure. In this step isolated β-bridges which are too far away from
other β-bridges to merge with them are also found74.
Finally STRIDE checks for turns and 310 and π-helices. Here a simple check for

hydrogen bond presence is used74. If a hydrogen bond is found between residue i and
residue i + 3, i + 4 or i + 5 both residues and all intermediate residues are considered
part of a turn. If there are two consecutive turns, de�ned by hydrogen bonds between
residues i and i+3 and residues i+1 and i+4 respectively, both turns are merged into a
310-helix. Two consecutive turns de�ned by hydrogen bonds between residues i and i+ 5
and residues i + 1 and i + 6 respectively similarly de�ne a π-helix. Overlapping helices
of the same type are merged into longer helices74,80.
If after all three checks a residue could be assigned multiple secondary structures, the

priority ranking of the di�erent secondary structures is: α-helix, extended conformation,
isolated bridge, π-helix, 310-helix and turn. If a residue does not qualify for any other
secondary structure it is assigned random coil.
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4. The peptide

LKα14 was one of three model peptides designed by DeGrado and Lear in 198558. The
three peptides all consist of the same amino acids: leucine (Leu, L) and lysine (Lys,
K) in the same proportions. The primary structure of the three peptides is LKLKLKL
(LKβ7), LKKLLKL (LKα7) and LKKLLKLLKKLLKL (LKα14). As such only the dif-
ferent primary structure and not any properties inherent to an amino acid can lead to
di�erent secondary structures of the peptides58. All of the three peptides have periodic
primary structures, but the length of the repeat units is di�erent.
DeGrado and Lear showed that these three peptides have di�erent properties in aque-

ous solutions. In the bulk of an aqueous solution LKα7 is in a random coil conformation
at all concentrations. The other two are only in a random coil conformation at low
concentration when there is no aggregation. At higher concentration LKβ7 takes on an
extended conformation and the peptides form β-sheets with each other. These aggre-
gates precipitate out of the solution. LKα14 forms tetramers with the peptides in an
α-helical conformation. Both LKα14 and LKβ7 adsorb to the air/water interface, LKα14
forming α-helices and LKβ7 forming β-sheets, while LKα7 shows only marginal surface
activity58. Other studies have con�rmed the surface activity of both LKα14 and LKβ15
(primary structure LKLKLKLKLKLKLKL) at water/apolar interfaces as well as their
conformation when adsorbed59,60,83�85.
As already mentioned the only properties which di�er between the di�erent model

peptides are the length and the periodicity. As can be seen in �gure 4.1 leucine is an
amino acid with an apolar side chain while lysine has a polar side chain. This means
that the side chain of leucine is hydrophobic while the side chain of lysine is hydrophilic.
All of the model peptides are therefore amphiphilic. Depending on the periodicity of
the primary structure di�erent secondary structures result in a spatial separation of the
hydrophilic and hydrophobic side chains. For LKβ7 and LKβ15 an extended conformation
results in the lysine and leucine side chains being on opposite sides of the extended peptide
strand while for LKα7 and LKα14 an α-helical conformation means that a plane parallel
to the helix axis divides the two types of residues (see �gure 4.2). But as shown by
DeGrado and Lear LKα7 is too short to form a stable α-helix58.
In this work only LKα14 and its behaviour is investigated = both at the surface and

in the bulk of water/ethanol mixtures. At the surface the adsorption, orientation and
conformation is examined while in the bulk the conformation and aggregation is studied.
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4. The peptide

H2N

NH2

O

OH

(a) Lysine
NH2

O

OH

(b) Leucine

Figure 4.1.: The two amino acids which the three model peptides designed by DeGrado
and Lear consist of. Lysine has an amino group at the end of the side
chain, while the side chain of leucine is aliphatic. Therefore the side chain of
lysine is polar and hydrophilic while the side chain of leucine is apolar and
hydrophobic.

Figure 4.2.: LKα14 in α-helical conformation.Leucine residues are shown in red and lysine
residues in blue while the backbone is black. It can clearly be seen how the
di�erent amino acids form di�erent sides of the helix.

18



5. Orientation of helices

In order to determine the angle between the axes of helices and the surface it is necessary
to determine which amino acids of the peptides are part of the α-helices and then to �nd
the axes through these helices. As noted before (chapter 3.2) STRIDE82 is used to
determine the secondary structure of the peptides and as such to �nd which amino acid
form part of the α-helices. A method developed by Peter C. Kahn86,87 is then used to
�nd the axis through each α-helix. In this method points along the axis are determined86

through which a line is then �tted87. Finally the angle between each axis and the plane
of the surface is calculated.

5.1. Points along the axis

When simulating an α-helix with an all-atom force �eld, the information one has about
the helix itself is the position of each atom along the backbone. These atoms can be
considered to form three helices, one consisting of the α-carbons of each amino acid
and the others the nitrogen atoms of the amino groups and the carbon atoms of the
carboxyl groups respectively. These helices have the same axis but di�erent radii and
run slightly translated from each other. Each of these helices therefore needs to be
considered separately when �nding the points along the axis (see �gure 5.1). Figure 5.2
shows the vectors used and how they relate to the helix.
Take any two amino acids on the helix other than the �rst and the last one. Let n1

and n2 be the vectors from the origin to the N atoms of the amino acids. Then from the
N atom that de�ned n1 construct a vector a1 to the N atom of the amino acid before
it on the helix and a vector b1 to the N atom of the next amino acid along the helix.
De�ne vectors a2 and b2 similarly from the N atom that de�ned n2. The bisector of the
angle de�ned by either a1 and b1 or a2 and b2 is perpendicular to the helix axis and will
intersect it86. The sum of a1 and b1 is a vector with the same direction as the bisector of
the angle. Let v1 be a unit vector of that same direction and v2 a unit vector similarly
obtained from a2 and b2.
Both v1 and v2 are perpendicular to the helix axis and therefore v1×v2 has the same

direction as the axis. Let h be a unit vector with this direction and h1 and h2 vectors
from the origin to the intersection of the axis and the extension of v1 and v2 respectively.
Let r be the radius of the helix and d the distance between the end points of h1 and h2

on the axis. Then
n1 + rv1 = h1, (5.1)

n2 + rv2 = h2 (5.2)
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5. Orientation of helices

Figure 5.1.: A scematic drawing of an α-helix showing the three partial helices used for
the analysis.
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Figure 5.2.: The vectors used to �nd the axis.
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5.2. Least squares line

and
h1 + dh = h2. (5.3)

Equations 5.2 and 5.3 show that

h1 + dh = n2 + rv2. (5.4)

Substituting h1 from equation 5.1 into 5.4 yields

rv1 + dh = n2 − n1 + rv2. (5.5)

From equation 5.5 it follows that

|rv1 + dh|2 = |n2 − n1 + rv2|2 . (5.6)

Both v1 and v2 are unit vectors and v1 · dh = 0 since these vectors are perpendicular to
each other86. Solving equation 5.6 for r therefore yields

r =
|dh|2 − |n2 − n1|2

2 |(n2 − n1) · v2|
. (5.7)

v1 and v2 are both perpendicular to the axis and therefore lie in parallel planes86. This
means that the projection of (n2 − n1) onto the axis equals d or

d = (n2 − n1) · h. (5.8)

By substituting d from equation 5.8 into equation 5.7 and then substituting the resulting
r into equations 5.1 and 5.2

h1 = n1 +
|((n2 − n1 · h)h)|2 − |n2 − n1|2

2 |(n2 − n1) · v2|
v1

and a comparable equation for h2 are obtained86.
By taking the N atoms of the second and third amino acids of the helix to de�ne n1

and n2 and so on to the other end, one obtains two points on the axis for each pair of
amino acids. By doing the same for both the α-carbons and the carbon atoms of the
carboxyl groups a further four points are obtained for each pair of amino acids.

5.2. Least squares line

The �rst step in �tting a line through the points is �nding the centroid of the points and
translating all the points such that the centroid of the points lies on the origin. This
means the �tted line will go through the origin and that there exists a set of two rotations
which will map one of the axis to the regression line through the points87. Choosing to
rotate �rst by θ around the x-axis and then by φ around the z-axis gives the rotation
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5. Orientation of helices

matrix

R =

 cos(φ) cos(θ) sin(φ) sin(θ) sin(φ)
− sin(φ) cos(θ) cos(θ) sin(θ) cos(φ)

0 − sin(θ) cos(θ)

 . (5.9)

Taking a point p′i that before the transformation laid on the z-axis and applying the
rotation matrix from equation 5.9 to it givesx′iy′i

z′i

 = R

0
0
li


where li is the distance from the origin to p′i and x

′
i, y
′
i and z

′
i are the coordinates of the

new point. By choosing the right θ and φ the resulting point lies on the �tted line. The
distance between this point and a corresponding data point pi = (xi, yi, zi) is then

di =

√
(xi − x′i)

2 + (yi − y′i)
2 + (zi − z′i)

2

which leads to

d2i =

xi −R1

0
0
li

2

+

yi −R2

0
0
li

2

+

zi −R3

0
0
li

2

where R1, R2 and R3 are the �rst, second and third rows of R respectively.

The sum of the squared deviations is then S = Sx + Sy + Sz where

Sx =
∑

x2i − 2
(∑

xili

)
sin (θ) sin (φ) +

(∑
l2i

)
sin2 (θ) sin2 (φ) ,

Sy =
∑

y2i − 2
(∑

yili

)
sin (θ) cos (φ) +

(∑
l2i

)
sin2 (θ) cos2 (φ)

and
Sz =

∑
z2i − 2

(∑
zili

)
cos (θ) +

(∑
l2i

)
cos2 (θ) .

Minimising S gives the least square �t87. This is done by di�erentiating S with respect
to φ and θ, which gives

dS

dφ
= −2 sin (θ) cos (φ)

∑
xili + 2 sin (θ) sin (φ)

∑
yili (5.10)

and

dS

dθ
= −2 cos (θ) sin (φ)

∑
xili − 2 cos (θ) cos (φ)

∑
yili + 2 sin (θ)

∑
zili (5.11)
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5.3. Calculating the angle

respectively, and setting the results equal zero. Then equation 5.10 becomes

cos (φ)
∑

xili = sin (φ)
∑

yili

tan (φ) =

∑
xili∑
yili

(5.12)

and equation 5.11 becomes

sin (θ)
∑

zili = cos (θ)
(

sin (φ)
∑

xili + cos (φ)
∑

yili

)
tan (θ) =

sin (φ)
∑
xili + cos (φ)

∑
yili∑

zili
. (5.13)

φ and θ can then be calculated from equations 5.12 and 5.13. The direction cosines (αx,
αy and αz) of the �tted line can be calculated by taking the unit vector along the z-axis
and applying the rotation matrix in equation 5.9 on it87. The direction cosines and
the original centroid of the points are enough to de�ne the �tted line. It is possible to
calculate the direction cosines of the �tted line directly from the sums without explicitly
calculating φ and θ using equations 5.14, 5.15 and 5.16.

αx =

∑
xili√

(
∑
xili)

2 + (
∑
yili)

2 + (
∑
zili)

2
(5.14)

αy =

∑
yili√

(
∑
xili)

2 + (
∑
yili)

2 + (
∑
zili)

2
(5.15)

αz =

∑
zili√

(
∑
xili)

2 + (
∑
yili)

2 + (
∑
zili)

2
(5.16)

How equations 5.14, 5.15 and 5.16 are derived is shown in appendix B.

5.3. Calculating the angle

Since the surface of the solution lies in the xy-plane, only αz is relevant to calculating
the angle between the helix and the surface (φh). The absolute value of αz is used which
means the resulting angle will be between 0° and 90°. αz is the cosine of the angle
between the helix and the z-axis which means that

φh = 90°− cos−1 (αz) .

The possible orientations of a line in space span a sphere. Restricting this to positive
angles it is only necessary to consider a semi-sphere. When averaging the angle it is
on the other hand necessary to correct for the fact that in a uniform distribution of
the helix-axis, not all φh are equally likely. Therefore the average of φh is weighted
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5. Orientation of helices

with cos(φh)

φ̄h =

∑
φh cos (φh)∑

cos (φh)
. (5.17)
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6. Micelles and microemulsions

6.1. Surfactants

Surfactant is a word formed from the term �surface active agent� 23,88. Surfactants are
molecules that adsorb to surfaces and lower the surface tension23,25. Typical surfactants
are amphiphilic molecules with a hydrophilic headgroup and a hydrophobic tail23,25. The
hydrophobic tail often consist of hydrocarbon chains or aromatic rings. Both polar and
ionic headgroups are common24,88.
The amphiphilic nature of surfactants in�uences the solvation behaviour of the molecule

in both polar and apolar solvents24. The hydrophobic tail is better soluble in apolar sol-
vents and as such facilitates solvation of the surfactant in them while the hydrophilic
headgroup is better soluble in polar solvents and facilitates solvation there23,24. At the
same time both parts of the molecule decrease solubility in their non-prefered solvent
type24. At polar/apolar surfaces both parts of the molecule can be in their preferred
environment simultaneously23,24,89.

6.2. Micelles

Surfactants tend to form aggregates in aqueous solutions where the hydrophobic tails
cluster together and form a hydrophobic core with the hydrophilic headgroups pointing
out towards the water (see �gure 6.1a)23�25,90. Similar structures form in apolar sol-
vents, with the headgroups clustered in the centre while the hydrophobic tails face the
solvent23,25,90. Those are called inverted micelles (see �gure 6.1b)23,90. Inverted micelles
are typically smaller than normal micelles24.
Surfactants which form micelles have a characteristic minimum surfactant concentra-

tion needed for micelles to form23,27,89,90. This concentration is called the critical micelle
concentration (CMC). The CMC is associated with a break in the relationship between
the surfactant concentration and many properties of the solution, such as the surface
tension, the osmotic pressure and the equivalent conductivity.23�25,89

The simplest form of a micelle is a spherical micelle. The size of a spherical micelle
is more dependent on the surfactant which forms it than on the concentration of said
surfactant in the solution89,90. The shape and size of the headgroup in relation to the
length of the tail in�uences the curvature of the micelle and so the size of the micelle27,90.
In a normal micelle the headgroups shield the apolar tails from the polar solvent23,24.
As such a surfactant with a large headgroup and a short tail will form micelles with
fewer surfactant molecules than the micelles a surfactant with a longer tail or a smaller
headgroup forms90. In an inverted micelle on the other hand long or branched tails
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6. Micelles and microemulsions

(a) A normal micelle found in water. (b) An inverted micelle found in oil.

Figure 6.1.: A schematic representations of micelles. The circles are the hydrophilic head-
groups. Images by Guðbrandur Guðmundsson.

and small headgroups make it easier to shield the headgroups from the apolar solvent90.
Therefore surfactants di�er both in the size of the micelles they form and in whether
they form normal or inverted micelles more easily.

For some surfactants, shapes other than spheres are possible and at high surfactant
concentration the micelles can grow89. Such micelles have di�erent shapes depending
on the shape of the surfactant molecule and the curvature which that shape induces in
a surfactant layer27,90. Micelles with high curvature tend to grow into cylinders while
lower curvature leads to a bilayer24. In a bilayer the surfactant molecules form two layers
with the part of the molecule which is better soluble pointing out towards the solvent
and the less soluble part pointing towards the other surfactant layer89,90.

The packing parameter of a surfactant is a way of calculating which types of micelles
a given surfactant will form from the headgroup and the tail90. The packing parameter
is de�ned as

PAK =
v

al
(6.1)

where v is the volume and l the length of the surfactant tail and a is the surface area
the headgroup �lls on the surface of the micelle26,91. The preferred micelle structure
for surfactants with packing parameter smaller than 1

3 is spherical. With increasing v
al ,

1
3 <

v
al <

1
2 , this preferred structure changes to elongated, cylindrical or rod-like, and

for 1
2 <

v
al < 1 it changes to various interconnected structures. At v

al ≈ 1 the preferred
structure is an extended bilayer and surfactants with even larger packing parameters
prefer inverted structures90,91.

Adding a so-called co-surfactant to the solution can change the shape and the size of
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6.3. Microemulsions

the aggregates that form89. Co-surfactants are typically short chain alcohols25,89. Like
surfactants, co-surfactants have a more polar and a less polar part. Since the size and
the shape of the co-surfactant is di�erent from the surfactant, integrating a co-surfactant
into the micelle changes the curvature of the surface of the micelle25.
Micelles, both normal and inverted, can be swollen, with either oil inside a micelle or

water inside an inverted micelle23,90. This is especially common in inverted micelles25.

Extended bilayers and liquid crystals

At very high surfactant concentration the micelles are arranged in a regular 3D pattern
over large distances in the solution25,89. Such orderings are called liquid crystals or
mesophases25. Liquid crystals come in di�erent forms89. Some examples are cylindrical
micelles that are arranged parallel to each others90, lamellar phases where multiple layers
of surfactant molecules are stacked on top of each other89 and hexagonal phases where
cylindrical rods are arranged in a hexagonal pattern.25,89

A surfactant can also aggregate into vesicles which are composed of a (spherical) bilayer
of surfactant molecules and water inside the centre23,90. Such vehicles can also join
together in a regular structure to form even more di�erent liquid crystal structures89,90.
Another example of a bilayer is the lipid bilayer of a cell membrane89,90.

6.3. Microemulsions

Microemulsions are thermodynamically stable and as such form spontaneously upon sim-
ple mixing of the components23,89. A microemulsion consists of two immiscible solvents,
water and oil, and at least one surfactant and/or co-surfactant23,27. There are three
di�erent types of microemulsions: water in oil, oil in water and bicontinuous89. In all
three there are water-rich and oil-rich domains in the solution and surfactant molecules
at the interface between these domains27,89. At the macroscopic scale microemulsions
are homogeneous and transparent23.
Microemulsions only form when the surface tension of the interface between the oil

and the water is so low that it is almost nonexistent23 (below about 10−2 mN/m)27.
Microemulsion droplets are approximately between 1 nm and 100 nm in diameter92. The
maximum possible amount of dispersed phase inside a droplet depends on the elasticity
of the surfactant layer27. When the elastic modulus of the surfactant layer is comparable
to kT the system can transition smoothly from a water in oil microemulsion through a
bicontinuous one to an oil in water microemulsion27 while for a larger elastic modulus
the transition from a water in oil microemulsion to an oil in water microemulsion goes
through a lamellar phase27.
The most common shape of microemulsion droplets is spherical, similar to a swollen

micelle, only larger27,89. Other shapes such as cylindrical rods are also possible27. In
bicontinuous microemulsions both domains are continuous but di�erent microemulsions
di�er in how branched the domains are90. The interplay between the concentrations of
the di�erent components of the solution and the shape of the surfactant is the deciding

27
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factor in what form a microemulsion takes.23,89

Regular structures such as lamellar phases with oil and water in-between the di�erent
layers of surfactant molecules or spherical droplets on lattice points with more or less
rod-like connections between them correspond to swollen liquid crystals25. Lamellar or
hexagonal phases are anisotropic in contrast to microemulsions which are isotropic, even
when bicontinuous25.
Methods to characterise microemulsions include measurements of di�erent scattering

behaviour, electrical conductivity and viscosity23. Scattering measurements can be used
to determine the size of the microemulsion droplets or the dimensions of the di�erent
domains (periodicity) in a bicontinuous microemulsion23,93. Changes in the viscosity can
indicate a transition to or from a bicontinuous structure since the interconnected struc-
ture of a bicontinuous system leads to a higher viscosity89. It is possible to distinguish
between a water in oil and an oil in water system by measuring the electrical conductivity
since water is a far better conductor than oil23. This method distinguishes better be-
tween a water in oil microemulsion and a bicontinuous one than between a bicontinuous
microemulsion and an oil in water one23.

6.4. LKα14 in water/ethanol mixtures

Water and ethanol are miscible in all concentrations. Ethanol is however an amphiphilic
molecule which can solvate various organic molecules which are insoluble in water94. It
has been shown that mixtures of water, ethanol and some molecules less hydrophilic
than ethanol (for example octanol53,55 or eugenol95) form microemulsion-like systems at
the right compositions. In these systems ethanol acts similar to surfactants in that it is
present in elevated concentration at the interface between the water-rich and the water-
less domains but in contrast to surfactants it is also present in considerable concentration
throughout both domains54.
As mentioned in chapter 4, LKα14 forms oligomers in water. These oligomers tend to be

tetramers58,83. In the simulations presented in this work such oligomers were seen when
the ethanol concentration was low and in pure ethanol. In mixtures with high ethanol
concentration larger clusters were formed. These clusters involved both the peptides
and water. The solution forms ethanol-rich and water-rich domains with the peptides
surrounding the water-rich domain. The water-rich domain has nearly no ethanol at all
but water is present in the ethanol-rich domain. (A more detailed description of these
clusters is found in chapter 11.)

6.4.1. De�ning the clusters

The amount of water trapped inside the clusters is an important characteristic of them
and it is therefore necessary to be able to calculate the number of water molecules in
the clusters. The clusters analysed in chapter 11 are de�ned by the absence of ethanol
and the presence of at least one peptide. The following method was used to assign the
molecules to the clusters.
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6.4. LKα14 in water/ethanol mixtures

First the box is overlayed with an equally spaced three dimensional grid, with a spacing
of 0.05 nm. For each point the adjacent points in x, y and z direction, as well as the next
points on the diagonals are considered neighbours. This means that each grid point has
26 neighbours. No weighing of the di�erent neighbours is used.
At each grid point the distance to the nearest atom centre in an ethanol molecule is

calculated. Points which are further than 0.25 nm away from an ethanol molecule are
considered as potential cluster points. Then the potential cluster points are sorted into
potential clusters, where neighbouring points need to belong to the same cluster.
The next step is to �nd the closest grid point for each peptide atom. If that grid

point is part of a potential cluster the molecule as a whole is counted as part of that
cluster. Should the molecule be counted as part of more than one cluster those clusters
are merged. The same is then repeated for each water molecule. All potential clusters
which do not contain any peptide molecules are then discarded. The result is a list of
clusters and for each cluster a list of both grid points and molecules which belong to that
cluster.

6.4.2. Analysing the clusters

In addition to the number of clusters and the number of molecules in the clusters, two
further properties of the clusters were analysed: Whether the lysine or the leucine side
of the peptides is oriented toward the ethanol-rich domain and in how many directions
the clusters percolate.
For each cluster all grid points are divided into surface grid points and inner grid points

depending on how many of their neighbours belong to the same cluster. If 25 or fewer of
the neighbouring grid points also belong to the same cluster a grid point is considered
to be a surface grid point. For the surface grid points the distance to the nearest atom
which is part of a lysine residue is calculated. The same is done for the distance to the
nearest atom which is part of a leucine residue. Then the number of surface grid points
closer to a lysine residue than a leucine residue is counted.
For each cluster a path which traverses the whole length of the box and connects to

itself across the periodic boundary is sought in all three dimensions. Then the number
of dimensions in which such a path can be found is counted.
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7. MD

In molecular dynamic (MD) simulations classical mechanics are used to simulate the
behaviour of atoms and molecules in time. The forces acting on the atoms are calculated
using force �elds describing the interactions between the di�erent atoms and from there
the trajectory of each atom is obtained.

7.1. Force �elds

The force �elds used for the simulations in this work are Amber �03w96 for the peptide,
GAFF97 for the ethanol and TIP4P/200598 for the water.

7.1.1. Amber

Amber is a family of force �elds for proteins99,100. The Amber �94 force �eld was
developed in 1994 by Cornell et al101. The charges of the atoms were �tted to quantum
mechanical calculations in the gas phase, while bond lengths, angles and force constants
for both were �tted to reproduce experimental vibrational frequencies101. Amber �94
has been found to result in over stabilisation of α-helices99,100,102,103.
In 2003 Duan et al. developed an improved version of the Amber �94 force �eld

called Amber �03104. The di�erence between �94 and �03 is in the charges and the
torsion parameters of the protein backbone which were �tted to new quantum mechanical
calculations using an continuous solvent model instead of the gas phase104. Amber �03
has been found to over stabilise α-helices99,105 but also to under stabilise α-helices in very
helical peptides102.
The exact Amber version used in this work is Amber �03w which was developed in

2010 by Best and Mittal by tuning the torsion parameters of the protein backbone for
use with the TIP4P/2005 water model96. Amber �03w describes helix formation better
than �0396 but still slightly over stabilises α-helices at low temperatures (such as 300
K)106.

7.1.2. GAFF

GAFF stands for General Amber force �eld97. It was developed in 2004 by Wang et al
to be compatible with Amber protein force �elds and includes parameters for organic
molecules97. The force �eld parameters used for ethanol in this work were generated
from GAFF with AnteChamber97 and converted to GROMACS compatible form with
ACPYPE107.
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7.1.3. TIP4P/2005

TIP4P/2005 is a water model developed in 2005 by Abascal and Vega98. It has rigid
bonds and angle. There are positive charges at the hydrogen atoms but the correspond-
ing negative charge is located at an interaction site along the bisector of the angle98.
TIP4P/2005 has been shown to reproduce the phase diagram of water quite well quali-
tatively though both the melting and the boiling points are shifted98. It has also been
shown to reproduce many thermodynamic properties of water (such as surface tension,
density, self-di�usion coe�cient and shear viscosity) quite well.

7.2. Simulations details

All simulations were performed with the GROMACS suite of programs (version 5 and
later)108,109. All nonpolar hydrogen atoms were described as virtual sites and all re-
maining bond lengths were constrained using the LINCS algorithm110. The long-range
electrostatic interactions were calculated using smooth particle-mesh Ewald (PME) sum-
mation111 with a grid spacing of 0.12 nm and fourth order interpolation. The Lennard-
Jones interactions were smoothly cut o� at a distance of 1.0 nm.
In all simulations the LYS residues were charged and chloride ions used for charge

neutralisation.

7.2.1. Simulations containing an air/liquid interface

In the simulations containing an air/liquid interface, a 10 nm × 10 nm × 10 nm box of
solution containing 20 peptides was equilibrated at 300 K and 1 bar using a stochastic
velocity-rescaling thermostat112 and a Parrinello-Rahman barostat113. The equilibrated
box was then inserted into the middle of a 10nm×10nm×30nm or 10nm×10nm×40nm
simulation box with vacuum on either side. This is a reasonable approximation of an
air/liquid interface.
The simulation of this larger simulation box was performed at 300 K using a stochastic

velocity-rescaling thermostat112. The time step of the simulation was 2.5 fs. The PME
calculation was done using a correction for slab geometry114. Twelve di�erent compo-
sitions were simulated and for each composition two di�erent simulations were run, one
where the starting conformation of the peptides was an α-helix and one where it was
random coil. The simulations starting from an α-helix were run for 900 ns and the simu-
lations starting from random coil for 450 ns. These simulations were used for the analysis
of the behaviour of the peptide at the surface.
To compare the surface tension with and without peptides the peptides were removed

from the simulation boxes from the simulations starting from an α-helical conformation.
The resulting boxes were then simulated for 45 ns using the same conditions as for the
simulations with the peptides.
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7.2.2. Bulk simulations with one peptide

Two sets of bulk simulation of a single peptide in a 5nm×5nm×5nm simulation box were
performed. Both were performed at 300 K and 1 bar using a stochastic velocity-rescaling
thermostat112 and a Parrinello-Rahman barostat113 both with a time constant of 1 ps.
The time step was 5 fs in all cases.
In the �rst set of single peptide bulk simulations 11 di�erent solvent compositions

were used and the simulation time was 900 ns. All peptides started from an α-helical
conformation. This set of simulations was used for the analysis of the solvation shells.
In the second set of single peptide bulk simulations, 12 di�erent solvent compositions

were used and the simulation time was 10 μs. Two simulations were performed for each
solvent composition, one starting from an α-helical conformation of the peptides and
one starting from a random coil conformation. This set of simulations was used for the
analysis of the secondary structure in bulk.

7.2.3. Bulk simulations with 20 peptides

Bulk simulations with 20 peptides in a10 nm× 10 nm× 10 nm simulation box were also
performed. As with the bulk simulations with a single peptide they were performed at
300 K and 1 bar using a stochastic velocity-rescaling thermostat112 and a Parrinello-
Rahman barostat113 both with a time constant of 1 ps. The time step was 5 fs, the
simulation time 1000 ns and 16 di�erent solvent compositions were used. All peptides
started from an α-helical conformation. These simulations were used for the analysis of
the clusters formed by the peptides.
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8. Secondary structure

The �rst property of the peptide that was analysed was the dependency the secondary
structure on the composition of the solvent mixture. Since it is known that in water
LKα14 assumes di�erent secondary structures in bulk and at the surface58,83 this was
done both for simulations of bulk solution and simulations with a solution/air interface.

8.1. Bulk

The analyses of the secondary structure in bulk was done from simulations of one single
peptide in bulk. Two simulations were performed for each composition of the solvent
mixture. To prepare for the �rst one an α-helical structure was simulated for 0.6 ns
at 900 K. The resulting structure was then simulated for 10 μs at 300 K. To ascertain
that the resulting secondary structure had in fact relaxed into the thermal equilibrium a
second simulation was then run, also for 10 μs at 300 K but starting from a random coil
conformation for all xEth > 0 and an α-helical conformation for xEth = 0. The secondary
structure was considered to be converged when both simulations reliably showed a dis-
tribution of secondary structures consistent with each other. The secondary structure is
stable enough that only after 5 μs could this be considered true for all xEth. Therefore
the last 5 μs of each simulation were combined for the analyses while the �rst 5 μs were
discarded.
Figure 8.1 shows the secondary structure as function of simulation time for each amino

acid in the simulations with xEth = 0, xEth = 0.6 and xEth = 0.8. As can be seen in
�gure 8.2 and is discussed further down, random coil is the dominant secondary structure
of LKα14 in water. But �gure 8.1b shows that when the simulation starts from an α-
helical conformation the α-helix is stable for about 1 μs. Both �gure 8.1a and 8.1b also
show periods of time where parts of the peptide form α-helices which last for multiple
μs. Figures 8.1c, 8.1d, 8.1e and 8.1f show that in xEth = 0.6 and xEth = 0.8 α-helix
is very clearly the dominant secondary structure and that once formed an α-helix does
not denature in these solutions. But at the same time �gures 8.1c and 8.1e show that
it can take more than 2 μs for the α-helix to form when starting from an random coil
conformation. It can also be seen from �gures 8.1c, 8.1d, 8.1e and 8.1f that the two
amino acids closest to the N-terminus do not form part of the α-helix. Such plots for the
other compositions can be seen in appendix B.
Taken together, how long the α-helices last in pure water and how long they take to

form in the mixtures, shows how stable secondary structures can be even when they do
not represent the global minimum. This is in accordance with literature as �nding the
true conformation of proteins from simulations is a considerable challenge115�119. The
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time scale of the changes here should also be kept in mind in part 8.2.
Figure 8.2 shows the probabilities of di�erent secondary structures in the di�erent

solvent compositions averaged over all amino acids in the peptide. It shows clearly that
only at xEth = 0 random coil is the dominant secondary structure. At xEth = 0.033
the probability of an α-helix is 0.73 and at higher xEth the probability of an α-helix is
even higher. The only composition of the solvent which leads to a signi�cant amount of
any secondary structure other than either α-helix or random coil is pure water where the
probability of other secondary structures is 0.15. Figures 8.1a and 8.1b show that this is
mainly turn.
It can be seen from �gure 8.2 that the probability of random coil lies between 0.1

and 0.2 for xEth ≥ 0.1 and the probability of α-helix between 0.8 and 0.85 for the same.
There is a slight trend towards more α-helix and less random coil the more ethanol there
is in the solvent. As mentioned before �gure 8.1 shows that the two amino acids closest
to the N-terminus do not form part of the helix. As can be seen in appendix B, this
holds for other solvent compositions as well. Therefore for xEth ≥ 0.033 the probability
of random coil seen in �gure 8.2 does not stem from the α-helix denaturing and forming
again but rather from the fact that not all amino acids of the peptide are part of the
α-helix. In pure water on the other hand, the probability of α-helix does stem from an
α-helix spanning at least 5 amino acids forming and disappearing again. This is clear
both from �gures 8.1a and 8.1b and the fact that, as seen from the de�nition of an α-helix
in section 3.1, the shortest possible α-helix is 5 amino acids long.

8.2. Surface

Given that LKα14 was designed to form an α-helix at air/water interfaces58 and has been
shown to do so58,83, it is of interest whether it shows the same behaviour in simulations.
Just as for the secondary structure in bulk, two simulations were made for each solvent
composition. In both simulations twenty peptides were simulated in a solvent box with
a solvent/air interface. While in one simulation of each composition the peptides started
from an α-helical conformation, in the other the peptides all started from the same
random coil conformation. The simulations starting from an α-helical conformation were
900 ns long, but the ones starting from a random coil conformation were 450 ns. The
�rst 100 ns of each simulation were considered equilibration and ignored in the secondary
structure analyses.
The secondary structure was analysed both for the surface and the bulk in order

to determine if there is a di�erence in secondary structure in these two domains. The
surface was determined to be 1.5 nm thick (see section 9.1) and the rest of the solvent box
was therefore considered bulk. In contrast to the simulations of single peptide in bulk,
the trajectories resulting from the two di�erent starting conformations were analysed
separately.
Comparison of �gures 8.3 a, b and c on one hand and �gures 8.3 d, e and f on the

other shows a very clear di�erence in the secondary structure depending on the starting
conformation. This is unsurprising given that when simulating a single peptide in bulk
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(a) Mole fraction ethanol xEth = 0 starting from
a random coil con�guration.

(b) Mole fraction ethanol xEth = 0 starting from
an α-helical con�guration.

(c) Mole fraction xEth = 0.6 starting from a ran-
dom coil con�guration.

(d) Mole fraction ethanol xEth = 0.6 starting
from an α-helical con�guration.

(e) Mole fraction ethanol xEth = 0.8 starting
from a random coil con�guration.

(f) Mole fraction ethanol xEth = 0.8 starting
from an α-helical con�guration.

Figure 8.1.: Secondary structure of LKα14 as a function of simulation time for each amino
acid. Black is α-helix, white random coil, blue turn, green 310-helix and pink
isolated bridge.
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Figure 8.2.: Secondary structure of a single LKα14 in bulk as a function of the ethanol
mole fraction xEth. All probabilities were averaged over two simulations, one
starting from an α-helical conformation and the other from a random coil.
The probabilities are also averaged over all amino acids in the peptide. The
lines serve only to guide the eye.
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Figure 8.3.: The probability of di�erent secondary structures as function of the ethanol
mole fraction, xEth, at the surface and the in the bulk in a simulation with 20
peptides and solvent/air interface. (a), (b) and (c) started from an random
coil conformation, (d), (e) and (f) from an α-helical structure. (a) and (d)
show the probability of α-helix, (b) and (e) the probability of random coil
and (c) and (f) show the probability of turn. The lines serve only to guide
the eye.
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the secondary structure could not reliably be considered converged for several μs and
these simulations were shorter than 1 μs. Therefore these results can not be considered
converged, but they can still give insight into the di�erent folding properties of the
peptides at the surface and in the bulk.
As seen in �gures 8.3 d, e and f there is only a very slight di�erence in the secondary

structure at the surface and in the bulk when starting from an α-helical conformation
of the peptides. Furthermore this di�erence is only seen in pure water. In all other
solvent compositions there is no signi�cant di�erence seen in secondary structure between
the surface and the bulk. This di�erence between pure water and the other solvent
compositions agrees with the fact that as seen in 8.1 pure water is the only composition
where random coil is more common in the bulk than an α-helix. For all compositions,
except pure water, the probability of an amino acid being part of an α-helix is greater
than 0.8 both in bulk and at the surface, the probability of random coil is around 0.15
and the probability of turn is less than 0.03. For pure water the probability of α-helix is
0.78 at the surface and 0.72 in the bulk, the probability of random coil is 0.18 and 0.17
and the probability of turn 0.04 and 0.07 respectively.
Figure 8.3 d shows that the α-helices present at the beginning of the simulations are

preserved for the entire simulation, whether the peptides are adsorbed to the surface or
not, except for the slight decrease in α-helices prevalence in the bulk of pure water. Since
LKα14 was designed to form α-helices at water/air interfaces it is not surprising that the
α-helices do not denature at the surface and the secondary structures seen in 8.1 would
�t with the α-helices also being stable in the bulk of these simulations (again except for
the simulation in pure water).
Figures 8.3 a, b and c show that when starting from a random coil con�guration there

is a signi�cant di�erence between the conformation of the peptides at the surface and
in the bulk when the ethanol concentration is low. This di�erence is largest in pure
water where the probability of an α-helix is 0.73 at the surface and 0.20 in the bulk. The
largest di�erence in prevalence of both random coil and turn is also in pure water. For
xEth ≥ 0.6 there is less di�erence in the prevalence of the di�erent secondary structures
between the surface and the bulk.
Figure 8.3 a shows a general trend toward a declining probability of an α-helix at the

surface when xEth grows while the probability in the bulk shows lesser dependency on
xEth. Figure 8.3 b shows the similar behaviour for the probability of a random coil,
though here the probability at the surface rises with growing xEth. The probability of
turn on the other hand shows no signi�cant di�erence between the surface and the bulk,
as can be seen in �gure 8.3 c. There is though a weak trend towards higher prevalence
of turn with higher xEth. All these trends though are not very well converged. This is
directly linked with how short these simulations were.

8.2.1. Development of the secondary structure with time

It is striking how similar the probabilities of the di�erent secondary structures are at the
surface of pure water when starting from the di�erent conformations of the peptides. As
mentioned earlier, at the surface of pure water the probability of an α-helix is 0.78, of
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8.2. Surface

Figure 8.4.: The secondary structure of the peptide in pure water as a function of time
starting from a random coil conformation. 20 peptides in a simulation with
a solvent/air interface, the numbers on the side correspond to individual
peptides. Black is α-helix, white random coil, blue turn, green 310-helix and
pink isolated bridge.

random coil 0.18 and of turn 0.04 when starting from an α-helical conformation. When
starting from a random coil conformation the probabilities are 0.73, 0.20 and 0.05 re-
spectively. This is the only combination of solvent composition and spatial domain of
the solution where both starting conformations result in similar probabilities, in all other
cases there is a stark di�erence. In all solvent compositions the probability of an α-helix
is under 0.5 when starting from a random coil con�guration and over 0.8 when starting
from an α-helical one, while in the bulk of pure water an α-helical starting conformation
leads to a probability of an α-helix of 0.72 in contrast to the probability of 0.20 which
results from a random coil starting conformation.
Having 20 peptides in the simulation rather than just one (as in section 8.1) should

shorten the simulation time needed to converge the secondary structure prevalence. But
since the peptides show di�erent behaviour in the di�erent domains (in the bulk and at
the surface) and are not equally distributed between these domains (see chapter 9.2) the
extra peptides do not shorten the convergence time equally in both. How great the e�ect
is at the surface and in the bulk respectively also depends on the solvent composition
since the adsorption of the peptides to the surface depends on the solvent composition(see
chapter 9.2).
Figure 8.4 shows how the secondary structure of the the peptides changes with time

in pure water when starting from a random coil conformation. After about 50 ns three
peptides have completely folded into α-helices and a further six peptides have a large
α-helical part. After about 100 ns �ve peptides have completely folded into α-helices and
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8. Secondary structure

(a) Early in the simulation.

(b) At the end of the simulation.

Figure 8.5.: Snapshots of the simulation in pure water. The blue lines show the bound-
aries of the simulation box. The water is cyan. The peptides are coloured
according to secondary structure, α-helices are black, 310-helices green, turn
blue and random coil white. The peptides at the surface are far more α-helical
than the peptides in the bulk.
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8.3. Discussion

a further six peptides have a large α-helical part. Figure 8.5a shows a snapshot of the
simulation after 100 ns. It can be seen that of the peptides in the bulk only one has any
α-helical structure while most of the peptides at the surface are at least partly α-helical.
Figure 8.5b shows that after 450 ns all the peptides at the surface are either completely
or mostly α-helical while the peptides in the bulk have more diverse secondary structures.
Together �gures 8.4 and 8.5 show that LKα14 folds quite quickly into an α-helix at the

surface of water. Comparing �gure 8.4 to section 8.1 where the secondary structure was
only considered reliably converged after 5 μs shows that LKα14 forms an α-helix faster
at the surface of water than in the bulk of any of the solvent compositions simulated in
this work. As can be seen from �gure 8.4 α-helices generally tend to form faster at the
surface than in bulk for xEth ≤ 0.5 (see also appendix B.2).

8.3. Discussion

It is known from experiments that LKα14 forms α-helices at an air/water interfaces58,83

and in oligomers formed at high concentrations58 but not in dilute bulk58. It has also been
shown experimentally that in the bulk of pure ethanol the preferred secondary structure
of LKα14 is α-helix120 and that in the bulk of mixtures of water and ethanol the shift
from predominantly random coil to predominantly α-helix takes place continuously over
the range from xEth = 0 to xEth = 0.24120.
The results from the simulations agree quite well with these experiments though the

ethanol mole fraction at which the shift from predominantly random coil to predomi-
nantly α-helix takes place is lower in the simulations. As mentioned in chapter 7.1.1
the Amber force �eld which is used for the peptide in the simulations is known to sta-
bilise α-helices slightly too much106 which might be part of the reason why the change
in secondary structure takes place at a lower xEth.
Ethanol is know to stabilise α-helices14,121 though it can also denature the tertinary

structure of proteins13. It can be concluded, both from the simulations in this chapter
and the experiments120 already mentioned, that LKα14 is no exception to this stabilising
e�ect of ethanol. On the other hand �gure 8.3 shows that LKα14 forms an α-helix
signi�cantly faster at a water/air interface than either in the bulk or at the surface of
pure ethanol. A �at apolar/polar interface is optimal for inducing formation of an α-helix
when said α-helix is divided in a hydrophilic and a hydrophobic part along the axis of
the helix (see chapters 4 and 9.4). The stabilisation of the α-helix in pure ethanol is of
di�erent origin and not depended on the primary structure of the peptide in the same
way. The slower formation of the α-helices also indicates that ethanol might not be as
strongly stabilising for an α-helix in LKα14 as a water/air interface is. LKα14 does not
adsorb to the surface of pure ethanol (see chapter 9.2). The presence of an ethanol/air
interface does therefore not in�uence the secondary structure and the formation time of
an α-helix to a signi�cant degree.
When both water and ethanol are present in the solvent mixture the two solvent can

spatially separate to form a solvation shell around the peptide which is not uniformly hy-
drophilic (see chapter 10.2.1). This stabilises the α-helix in a similar way to the water/air
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8. Secondary structure

interface, though judging from �gure 8.3 not to the same extent. The trend towards a
higher α-helix prevalence with higher ethanol mole fraction seen in �gure 8.2 indicates
that this e�ect is smaller than the general stabilising e�ect of ethanol on α-helices. As
mentioned in appendix B.1 the presence of both water and ethanol in the solvent might
facilitate a faster completion of the folding into an α-helix once the formation of a helix
has started. For some organic solvents proteins have been shown to denature in mixtures
of organic solvent and water but not in the neat organic solvent, where the proteins are
kinetically prevented from denaturing122. While here it is the ethanol which stabilises
the α-helices, similar e�ects might in�uence the folding time, though the spatial division
of the solvent into a hydrophilic and a less hydrophilic region presumably also plays a
role.

46



9. Adsorption and orientation at the

surface

LKα14 peptides have been shown, both in experiments and theoretical studies to adsorb
onto air/water interfaces58,84. Once adsorbed to the interface they have been shown to
assume α-helical conformation and an orientation parallel to the interface58,83,84,123. The
same has been shown at the interfaces of water and other hydrophobic substances123,124.
It has also been shown that at those same interfaces the leucine side chains are oriented
away from the water, while the lysine side chains are oriented towards it60,123,124.
The results discussed in this chapter are all from the simulations with the interface

where the starting conformation of the peptides was α-helical. The �rst 100 ns were
discarded as equilibration and only the next 350 ns were used, as the adsorption and the
orientation of the peptides at the surface converges far more quickly than the secondary
structure. To analyse the behaviour of the peptides in di�erent mixtures of water and
ethanol, the partial densities of all components were evaluated (9.1) as well as both the
orientation of the helix-axes (9.3) and of the side chains (9.4). Since the lysine residues
are charged while the leucine residues are not the dipole moment was used to determine
the orientation of the side chains.
For all comparisons of the surface and the bulk in this chapter the surface was de�ned

as 1.5 nm thick. This de�nition is based on the partial density of the peptides in pure
water and in solutions with low xEth. As will be shown in this chapter, it is not possible
to arrive at a clear de�nition of the surface in pure ethanol or the solutions with high
xEth. Therefore the de�nition based on the behaviour of the peptides in pure water and
in solutions with low xEth was used for all solutions.

9.1. De�ning the surface

Figure 9.1 shows the partial densities for all components along the z-coordinate for so-
lutions with xEth = 0, xEth = 0.033 and xEth = 1. The plots in �gure 9.1 should be
symmetrical since there is nothing that in theory makes one interface di�erent from the
other. In the time frame of the simulation this is not reached because of the strong ad-
sorption at low xEth and formation of clusters at high xEth. In all analyses of the surface
region an average over both interfaces was used.
As can be seen in �gure 9.1 there are sharp peaks in the partial density of the peptide

at the interface for xEth = 0 and xEth = 0.033, while the partial density of the peptide
rises more slowly and a bit further from the edge in pure ethanol. In both pure water
and the solution with xEth = 0.033 there is a region between the surface and the bulk

47



9. Adsorption and orientation at the surface

-5 0 5
0

200

400

600

800

1000

D
en

si
ty

 

-5 0 5 -5 0 5-5 0 5
0

100

200

300

400

D
en

si
ty

-5 0 5
z-coordinate (nm)

Ethanol
Water

-5 0 5

Peptide

Cl

(a) (b) (c)

Figure 9.1.: Partial densities of all components along the z-coordinate for (a) xEth = 0,
(b) xEth = 0.033 and (c) xEth = 1. Ethanol and water use the scale on the
left, the peptide and the ions the scale on the right.

which is depleted of peptides. In pure water the partial density of both water and the
peptide starts rising 5.5 nm from the box centre. 5 nm from the centre of the box can
be considered the start of the liquid phase, which �ts the intention for the simulation.
The region between 3 nm and 4 nm from the centre of the box is depleted of peptides.
The solution with xEth = 0.033 shows similar behaviour, though here the depleted region
is between 3.5 nm and 4.5 nm from the centre of the box and the bulk region therefore
narrower. This seems to be facilitated by adsorption of ethanol to the surface. From
both solutions taken together it can be concluded that 1.5 nm is a good estimate of the
surface thickness.
In �gure 9.1c it can be seen that in pure ethanol the liquid phase starts around 5.3

nm from the centre of the box while the partial density of ethanol starts to rise 6 nm
from the centre of the box. The partial density of the peptide starts to rise 5 nm from
the centre of the box and reaches the bulk value at about 4 nm from the centre of the
box. Right at the edge the peptide partial density is low but it can not be discerned
from �gure 9.1c whether the bulk should be considered to begin 5 nm or 4 nm from the
centre of the box.
When looking at the partial densities of the other solutions (shown in appendix C) it

can be seen that the more ethanol there is in the solution the more di�cult it is to de�ne
where the surface region starts. Therefore the de�nition that the surface is 1.5 nm thick,
based on the partial densities shown in �gures 9.1a and 9.1b was used for all solutions.

9.2. Adsorption

Figure 9.2 shows the probability of �nding the peptides at the surface as well as in the
bulk as a function of xEth. It can be seen that in pure water the peptide adsorbs to the
surface which agrees with previously reported results58,84.
It can also be seen in �gure 9.2 that even at xEth = 0 the probability of �nding the

peptides at the surface is lower than of �nding them in the bulk. Comparing this to
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Figure 9.2.: The probability of �nding the peptides at the surface and in bulk as a func-
tion of xEth. The black circles show the probability of �nding a peptide at
the surface and the red squares the probability in the bulk. The lines serve
only to guide the eye.

�gure 9.1 shows that the concentration is higher at the surface. This discrepancy can be
explained by the fact that the bulk is a larger volume than the surface region and is as
such not an evidence against adsorption.

Figure 9.2 further shows that the absorption is strongest at xEth = 0.033 and that
from xEth = 0.033 to xEth = 0.2 there is a sharp decline in the probability of �nding
the peptides at the surface. For xEth = 0.2 and xEth = 0.3 the probability is around 0.1
though slightly lower for xEth = 0.3. For xEth from 0.4 to 0.9 on the other hand all the
peptides are in the bulk and the probability of �nding a peptide at the surface is 0.02 or
lower. The slightly higher prevalence of the peptides at the surface in pure ethanol than
in solutions with xEth between 0.4 and 0.9 is most likely due to a mixture of two things:
less presence of clusters in pure ethanol which leads to a more uniform distribution of
the peptides in the solution at each point in time (see chapter 11) and the preferential
solvation of the peptide by a mixture of water and ethanol (see chapter 10). Similarly
the stronger adsorption at xEth = 0.033 than in pure water is most likely due to the
fact that, as can be seen in �gure 9.1b), the ethanol also adsorbs to the surface and the
adsorbed peptides lie between the adsorbed ethanol and the bulk. At higher xEth this
e�ect has less in�uence as there is more ethanol in the bulk.
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Figure 9.3.: The surface tension, γ, as a function of xEth. The black circles show the
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9.3. Orientation of helix-axis

9.2.1. Surface tension

The surface tension of the solution was calculated both with and without peptides. As
the surface tension converges faster than the position of the peptides, the simulations
used for the calculation of the surface tension without peptides were only 45 ns long and
only the �rst 10 ns were considered equilibration.
Figure 9.3 shows the surface tension of the solution as a function of xEth. Only two sol-

vent compositions lead to a noticeable di�erence in surface tension depending on whether
or not the peptides are present: xEth = 0.033 and xEth = 0.1. For xEth = 0.033 the dif-
ference is 1.8 ± 0.2 mN/m and for xEth = 0.1 it is 1.3 ± 0.3 mN/m. In pure water the
presence of the peptides does also lower the surface tension but only by 0.3± 0.2 mN/m
which barely counts as signi�cant. For xEth = 0.2 and xEth = 0.3 the di�erence is
0.5 ± 0.3 mN/m and 0.7 ± 0.2 mN/m respectively. For higher xEth the uncertainty in
the surface tension di�erence is larger than the value itself. Comparing these di�erences
with �gure 9.2 shows that when the peptides adsorb to the surface the surface tension is
lowered, though neither the correlation nor the e�ect itself is very strong. The di�erence
in surface tension depending on whether LKα14 is present in the solution has been mea-
sured to be larger in pure water (around 20 mN/m) and at low xEth (around 15 mN/m
at xEth = 0.1) than was calculated in these simulations120.
Figure 9.3 also shows that the surface tension, of the pure solvent mixture, calcu-

lated from the simulations is always lower than the surface tension measured in exper-
iments125,126. The surface tension calculated here for pure water is 61.7 ± 0.2 mN/m,
which is lower than expected surface tension of tip4p2005 at 300 K (69.3±0.9 mN/m)127,
which it self is slightly lower than the experimental value of 71.73 mN/m127. For ethanol
the di�erence from the experimental value is smaller than for water but still signi�cant.
Qualitatively the steep descent in the surface tension at low xEth followed by a slower
descent at xEth > 0.2 agrees well with the experimental values, though in the simula-
tions the slope of the curve is greater at low xEth and smaller at high xEth than in the
experiments.

9.3. Orientation of helix-axis

As mentioned in chapter 8.2 in the simulations with the interface the simulation time
was not long enough for the secondary structure to signi�cantly change during the sim-
ulation. When starting from a helical conformation of the peptides, this conformation
was therefore kept.
The angle between the helix axis and the surface plane (φh) was analysed for all sim-

ulations which were performed with an interface using the method described in chapter
5. When comparing the bulk and the surface region the de�nition of the surface region
from chapter 9.1 was used. As will be shown here the orientation of the helices supports
this de�nition.
The formation of clusters at higher mole fractures of ethanol, mentioned in chapter 9.1

and further discussed in chapter 11, complicated the analyses for those cases, especially
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Figure 9.4.: The average angle, φ̄h, between the surface plane and the helix as a function
of the mole fraction of ethanol. The red squares are at the surface and the
black circles in the bulk.

for the population of the peptides in the bulk.

As can be seen in �gure 9.4, there is a clear di�erence in the orientation of the peptide
at the surface or in the bulk. This di�erence is greater at lower xEth. In pure water,
φ̄h is 6.9° which agrees well with previously reported experimental value of 8°123. With
more ethanol in the solvent, φ̄h in the surface region grows to 10° (at xEth = 0.2). At
xEth = 0.8 and higher φ̄h is over 15°. The variation in φh in the surface region also
grows with higher xEth which shows that the di�erence is in how strongly the parallel
orientation of the axis is preferred and not that a di�erent φh is preferred in the di�erent
solutions.

In the bulk, φ̄h is around 45° for xEth from 0 to 0.1 and around 40° for xEth from 0.2
to 0.5, always with high variance. At higher xEth the behaviour is more erratic due to
the presence of clusters (see chapter 11) but the variance is still high. The di�erence
between xEth between 0 and 0.1 and xEth between 0.2 and 0.5 stems from the fact that
at xEth = 0.2 and higher the surface region is not as well de�ned as at lower xEth and
in contrast to lower xEth there exist no region between the bulk and the surface region
which is depleted of peptides (see chapter 9.1). φ̄h of around 45° with high variance is
consistent with a random distribution of φh. Due to the symmetry of the bulk, a random
distribution of φh is to be expected.
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Figure 9.5.: The average angle between the surface plane and the helix, φ̄h, along the
z-axis of the simulation box in pure water, xEth = 0. The red line shows the
distribution of the peptides in the box and is there as a reference.

9.3.1. Closer look at pure water

In pure water there is a clear, quite sharp boundary between the surface region and the
bulk. This can be seen in �gure 9.5 where φ̄h is between 5° and 8° at more than 4 nm from
the centre of the simulation box, and over 30° (mostly between 40° and 50°) less than 3
nm from the centre. Figure 9.5 also shows that the surface region where population of
the peptides is high is also the region where φ̄h is low. This supports the de�nition of the
surface region as 1.5 nm thick (from 4 nm from the centre to 5.5 nm from the centre).
Figure 9.6 shows the distribution of φh at the surface and in the bulk. In the bulk

all φh are equally likely. This is in agreement with the value and high variance of φ̄h
at xEth = 0 in �gure 9.4. At the surface, φh of less than 2.5° are 10 times as common
as they are in the bulk while φh of more than 25° do not occur. This shows that the
helix-axes lie parallel to the surface.
Figures 9.4, 9.5 and 9.6 show that in pure water the peptides are oriented so that the

helix-axis is parallel to the surface at the surface and have a random orientation of the
helix-axis in bulk.

9.3.2. Closer look at pure ethanol

In pure ethanol there is no clear boundary between the surface region and the bulk where
the orientation of the peptide changes. As mentioned before (chapters 9.1 and 9.2) the
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Figure 9.6.: Probability of di�erent φh in pure water. The red line shows the distribution
at the surface and the black line the distribution in the bulk. The reason for
the higher noise at larger angles is the correction from equation 5.17.
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Figure 9.7.: The average angle between the surface plane and the helix, φ̄h, along the
z-axis of the simulation box, xEth = 1.0. The red line shows the distribution
of the peptides in the box and is there as a reference.
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Figure 9.8.: Probability of di�erent φh in pure ethanol. The red line shows the distri-
bution at the surface and the black line the distribution in the bulk. The
reason for the higher noise at larger angles is the correction from equation
5.17.

peptides do not adsorb to the surface in pure ethanol and this can be seen in the lack of a
well de�ned surface region in �gure 9.5 which shows φ̄h along the z-axis of the simulation
box. Right at the interface, more than 5 nm from the box centre, φ̄h is smaller than 10°
and there is a gradual change in φ̄h to φ̄h larger than 40° over 2 nm. Figure 9.8 shows the
distribution of φh at the surface and in the bulk and shows well that though there is a
di�erence in the distribution in the two regions it is an order of magnitude smaller than
in pure water. Since there are very few peptides in the area de�ned as the surface, there
is also more noise in the distribution there. In the bulk all φh are close to equally likely,
while at the surface small φh are slightly more likely than large φh. These distributions
of φh agree well with the values and high variance of φ̄h seen in �gure 9.4 both at the
surface and in the bulk.

The reason φ̄h is smaller right at interface is that the peptide does not go into the
gas phase, neither fully nor in part. This means that for all peptides which have other
orientations than parallel to the interface the centre of mass is not right at the interface
and therefore only peptides which are parallel can be encountered right at the interface.
There are enough peptides right at the interface for this to in�uence the distribution but
not for small angles to dominate the distribution of φh in �gure 9.8 the same way it does
in pure water (see �gure 9.6).

55



9. Adsorption and orientation at the surface

-6 -4 -2 0 2 4 6
z-coordinate (nm)

0

10

20

30

40

50

φ
h
 (

°)

Figure 9.9.: The average angle between the surface plane and the helix, φ̄h, along the
z-axis of the simulation box, xEth = 0.3. The red line shows the distribution
of the peptides in the box and is there as a reference.

9.3.3. Closer look at xEth = 0.3

In the solution with xEth = 0.3 the peptide show a behaviour between the behaviour in
the two extremes of pure water and pure ethanol, as can be seen in �gure 9.9. The surface
region is not as clearly de�ned nor quite as broad as in pure water, but in contrast to
pure ethanol there is a distinct surface region where φ̄h is around 10° of between 1 nm
and 1.5 nm, further than 4 nm from the centre of the simulation box. Figure 9.9 also
shows that just as in pure water the region where φ̄h is around 10° is the region where
there is a population of peptides adsorbed at the surface. This therefore further supports
the conclusion that peptides which are adsorbed at the surface are oriented in such way
that the helix-axis is parallel to the interface.
Figure 9.10 shows the distribution of φh at the surface and in the bulk. Here the

distribution in the bulk shows a slight preference for smaller φh, while at the surface
φh < 10° are common and φh > 45° do not occur. Comparing �gures 9.10 and 9.6 shows
that small φh are less likely when xEth = 0.3 than in pure water and the fall o� to zero
probability occurs at higher φh in the solution with xEth = 0.3 than in pure water.
The distributions in �gures 9.9 and 9.10 show that in the solution with xEth = 0.3 there

is a distinct population of peptides adsorbed at the surface in contrast to pure ethanol.
At the same time this surface population is not as separated from the bulk population
in space as in pure water and this leads to the distributions of φh at the surface and in
the bulk being in�uenced by each other.
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Figure 9.10.: Probability of di�erent φh in a water/ethanol mixture with xEth = 0.3.
The red line shows the distribution at the surface and the black line the
distribution in the bulk. The reason for the higher noise at larger angles is
the correction from equation 5.17.
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9. Adsorption and orientation at the surface

Figure 9.11.: LKα14 in α-helical conformation. Leucine residues are shown in red and
lysine residues in blue while the backbone is black. It can clearly be seen
how the di�erent amino acids form di�erent sides of the helix.

9.4. Orientation of dipole moment

The LKα14 peptides in the simulations are charged, the amino groups at the side chains
of all six lysine residues are protonated and the COO-terminus of the peptide is deproto-
nated. Since the N-terminus are caped with an acetyl group and therefore not charged,
this means that each peptide has a charge of +5. When the conformation of the peptides
is α-helical, the lysine residues are on one side of the helix and the leucine residues on
the other side as can be seen in �gure 9.11. Since the lysine residues are charged and
the leucine residues are not, it is easy to come to the conclusion that the orientation of
the dipole moment of the peptide should give information about the orientation of the
peptides. As will be shown in this chapter the dipole moment of the peptide does contain
information about the orientation, but it is necessary to consider the backbone and the
side chains separately.

9.4.1. Dipole moment of the whole peptide

The angle between the dipole moment of the peptide and the surface plane was analysed
for all simulations which were performed with an interface. The surface region was de�ned
the same way as in chapter 9.1 and earlier in this chapter, as 1.5 nm from the interface.
When calculating the average angle between the surface and the dipole moment of the
whole peptide, φ̄whole, the correction from equation 5.17 was used, for the same reason
as for φ̄h.
As can be seen from �gure 9.12 there is no clear di�erence in the value of φ̄whole in the

bulk and at the surface for xEth < 0.6. At higher xEth clusters make the equilibration
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Figure 9.12.: The average angle between the surface and the dipole moment of the whole
peptide, φ̄whole, as a function of the mole fraction of ethanol, xEth. The red
squares are at the surface and the black circles in the bulk.

more di�cult and therefore the patterns break down. When xEth < 0.6 φ̄whole is between
40° and 50° both at the surface and in the bulk, which would seem to suggest a random
distribution in both regions. But when looking closer at the variance it becomes clear
that it is signi�cantly smaller at the surface in pure water. This does suggest a di�erence
in the distribution of φwhole in the two regions. The variance in φwhole at the surface
grows with higher xEth until in pure ethanol there is little di�erence in the variance
between the surface and the bulk. This agrees well with the results shown in �gures 9.7
and 9.8, which show no distinct surface population in pure ethanol. Figure 9.13 shows
the distribution of φwhole both at the surface and in the bulk in pure water and in pure
ethanol. There the di�erence in the distribution of φwhole in the di�erent domains in
water can be clearly seen. At the surface there is a broad peak at φwhole = 38.5° while in
the bulk all angles are equally likely, as they also are in the bulk of pure ethanol. At the
surface of pure ethanol φwhole > 60° is less common than smaller φwhole but the di�erence
between the surface and the bulk is far smaller than in water.

9.4.2. Dipole moment of the backbone and of the side chains

There are two di�erent parts of the peptides which are charged, the carboxyl acid termi-
nus and the amino groups at the ends of the lysine side chains. In �gure 9.11 it can be
seen that when the peptide is in an α-helixcal conformation a vector pointing from the
general area of the leucine residues to the general area of the lysine residues is perpendic-
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Figure 9.13.: Probability of di�erent φwhole in pure water and in pure ethanol. The black
and the red line shows the distribution in pure ethanol, in the bulk and at
the surface respectively, the blue line the distribution in the bulk of pure
water and the cyan line the distribution at the surface of pure water. The
reason for the higher noise at larger angles is the correction from equation
5.17.
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9.4. Orientation of dipole moment
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Figure 9.14.: The average angle between the surface and the dipole moment of the peptide
backbone, φ̄backbone, as a function of the mole fraction of ethanol, xEth. The
red squares are at the surface and the black circles in the bulk.

ular to the helix axis. Therefore it is reasonable to conclude that looking at the backbone
alone would give similar results to the helix axis and that the dipole moment of only the
side chains might be a better measure of the orientation of the residues than the dipole
moment of the whole peptide. Figure 9.14 shows the average angle between the interface
and the dipole moment of the backbone, φ̄backbone, at di�erent xEth. Comparing it to
�gure 9.4 shows that the behaviour of φ̄h and φ̄backbone is very similar. This suggest that
the dipole moment of the backbone is along the helix axis.

The average angle between the interface and the dipole moment of the side chains,
φ̄side, on the other hand is between 75° and 80° at the surface for xEth < 0.6 as can
be seen in �gure 9.15. This is nearly perpendicular to the interface. Since as previously
mentioned the dipole moment of the side chains can be considered to line up with a vector
perpendicular to a plane dividing the peptide between the lysine and leucine residues,
this means that there is a strong tendency for this dividing plane to be parallel to the
interface when xEth < 0.6. In this orientation the lysine residues are oriented towards
the bulk while the leucine residues are oriented towards the interface. That this is the
case in pure water agrees well with previously reported experimental results123,124.

Figure 9.16 shows the distribution of φwhole, φbackbone and φside both in the bulk and at
the surface for xEth = 0, xEth = 0.3 and xEth = 1 and �gure 9.17 shows φ̄whole, φ̄backbone
and φ̄side along the z-coordinate in the same solutions. Figures 9.16a and 9.17a show
how in pure water the behaviour of φwhole is right between the behaviour of φbackbone
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Figure 9.15.: The average angle between the surface and the dipole moment of the side
chains of the peptide, φ̄side, as a function of the mole fraction of ethanol,
xEth. The red squares are at the surface and the black circles in the bulk.

and φside. This is not surprising since the dipole moment of the whole peptide is the sum
of the dipole moments of the backbone and of the side chains. Figures 9.16c and 9.17c
show that in ethanol the di�erence between the surface and the bulk is not large. This
is consistent with the results in 9.3 for the helix axis. At last �gures 9.16b and 9.17b
show how the behaviour of φwhole, φbackbone and φside at the surface of a solution with
xEth = 0.3 lies between their behaviour in pure water and in pure ethanol. In the bulk
the same in�uence from the surface can be seen as can be seen in �gure 9.10 for the helix
axis.
Comparing �gures 9.17a, 9.17b and 9.17c also shows how the sharp divide between the

bulk and the surface in pure water becomes more unde�ned and gradual with lower xEth.

9.5. Discussion

LKα14 has been shown to adsorb to water/air interfaces both in experiments58,120,123

and in MD simulations84. α-helical LKα14 peptides have also been found to lie parallel
to interfaces when adsorbed to them, both water/air interfaces123 and water/apolar
interfaces in general47,124. The results presented in sections 9.2 and 9.3 agree well with
these previous studies. LKα14 is shown to adsorb to the water/air interface and the helix
axis to be parallel to the surface.
At an apolar/polar interface LKα14 α-helices have been shown to orient the hydropho-
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Figure 9.16.: Distribution of the angle between the surface and the dipole moment of the
whole peptide, φwhole, the backbone, φbackbone, and the side chains, φside, in
solutions with (a) xEth = 0, (b) xEth = 0.3 and (c) xEth = 1. The colours
are the same for all three solutions. The reason for the higher noise at larger
angles is the correction from equation 5.17.
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diamonds) along the z-axis in solutions with (a) xEth = 0, (b) xEth = 0.3
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9. Adsorption and orientation at the surface

bic leucine residues towards the apolar side and the hydrophilic lysine residues towards
the polar side47,83,84. This orientation in conjunction with the amphiphilic nature of the
α-helical conformation of LKα14 was proposed as the reason for the adsorption and the
conformation of LKα14 by DeGrado and Lear, when they designed it, though they did
not measure the orientation of the peptides at the surface58. The results in section 9.4
also agree well with these previous studies, the analysis of the dipole of the side chains of
the peptides shows that the leucine residues are oriented towards the air and the lysine
residues are oriented towards the bulk of the solution.
The simulations presented in this chapter show that with higher ethanol mole fraction

in the solution the adsorption becomes weaker until at xEth ≥ 0.4 no adsorption is
observed. This has also been shown experimentally by Maltseva et al120. The orientation
at the surface also becomes less uniform with higher ethanol mole fraction in the solution.
At higher xEth there is also a decrease in how sharp the divide between the orientation
in the bulk and at the surface is. Both the lack of a sharp divide between the surface
and the bulk, and the lack of a uniform orientation at the surface �t with the fact that
at high xEth no adsorption is observed.
For xEth between 0.4 and 0.9 and especially between 0.6 and 0.9, the patterns in

orientation are less strong. This is most likely due to the clusters discussed in chapter 11.
The formation of clusters means it takes longer time to sample the whole phase space
of the system and therefore longer simulations might lead to a clearer picture of what
happens at these xEth.
The surface tension results in section 9.2.1 also support the conclusion that at low

xEth the peptides adsorb to the surface but at high xEth they don't. The surface tension
changes are in qualitative agreement with experimental results by Maltseva et al.120

though the changes measured by them are an order of magnitude larger than the changes
observed here.
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10. Solvation shells

10.1. Determining the thickness of the solvation shells

To determine the thickness of the solvation shells around the peptides, r was de�ned as
the distance from each atom in the solvent molecules to the closest atom in the peptide.
This gave a distribution function from which it was possible to determine the thickness
of the �rst solvation shell around the peptide (see �gure 10.1). With this method of
calculation of r it is di�cult to calculate the true normalised g(r) since calculating the
volume needed for calculations of 〈pb (r)〉 and 〈pb〉max in equation 2.1 is complicated. The
distribution functions in �gure 10.1 are therefore calculated using particle counts instead
of true particle densities.
Figure 10.1 shows that the main peak for the �rst solvation shell has a slightly di�erent

position depending on whether the RDFs is calculated between the water and the peptide
or the ethanol and the peptide. Di�erent concentration of the di�erent solvents on the
other hand only change the absolute and relative heights of the peaks but not their
positions. Looking at the water RDFs the �rst solvation shell can be estimated to be
from 0.15 nm to 0.3 nm from the surface of the peptide while the estimate from the ethanol
RDF is from 0.2 nm to 0.4 nm. The di�erence in thickness is caused by the di�erence in
the size of water and ethanol molecules. For further analyses of the composition of the
solvation shells a thickness of 0.3 nm was used.

10.2. Composition of solvation shells

The composition of the �rst, second and third solvation shells was calculated for solutions
with xEth from 0 to 1. The simulations used for the analyses were 900 ns long and
consisted of a single peptide in an α-helical conformation in a 5 × 5 × 5 nm box of
solution. A solvent molecule was considered part of the �rst solvation shell if any of its
atoms was within 0.3 nm of any peptide-atom (in accordance with 10.1) and part of the
second or third solvation shells respectively if any of its atoms was within 0.6 nm or 0.9
nm of any peptide-atom and it was not part of an closer solvation shell. That means each
solvent molecule was always counted as part of the inner most solvation shell it quali�ed
for and no other.
Figure 10.2 shows xEth for the �rst, second and third solvation shells as well as in the

bulk as a function of xEth,0, the mole fraction of ethanol in the whole simulation box.
There is a slight di�erence between the third solvation shell and the bulk, which is largest
for xEth,0 = 0.5 and xEth,0 = 0.6. xEth in the second solvation shell is lower than in the
bulk for xEth,0 between 0.3 and 0.9. The di�erence is largest for xEth,0 = 0.7. As is to
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Figure 10.1.: RDFs for water and ethanol calculated from the surface of the peptide. The
RDFs are not normalised. Therefore the peak heights are not comparable
with each other, but the peak position are. The blue and the red line show
water in solution with xEth = 0 and xEth = 0.8 respectively and the cyan
and the black line show ethanol in solution with xEth = 0.8 and xEth = 1
respectively. The positions of the peaks for both ethanol RDFs are the same
though both the absolute and the relative heights are di�erent. The same
is true of the water RDFs in the region where r < 0.4 nm.
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of xEth in the simulation box. The values for the bulk are not the same
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10. Solvation shells

be expected, the composition of the �rst solvation shell shows the largest deviation from
the composition of the bulk. For small xEth,0, between 0.1 and 0.3, xEth is larger in the
�rst solvation shell than in the bulk, while for xEth,0 from 0.5 to 0.9 it is lower in the
�rst solvation shell than in the bulk. When xEth,0 = 0.4 the mole fraction of ethanol in
the �rst solvation shell is 0.39 and as such the composition of the �rst solvation shell is
very close to xEth,0.
Figure 10.2 shows that xEth in the �rst solvation shell is between 0.35 and 0.45 for xEth,0

from 0.3 to 0.6. For xEth,0 between 0.1 and 0.7 the di�erence between the composition of
the �rst solvation shell and the bulk gets larger the further xEth,0 is from 0.4. For xEth,0
higher than 0.7 the di�erence between the �rst solvation shell and the bulk decreases
with higher xEth,0. This shows that the preferred composition of the �rst solvation shell
of monomeric LKα14 in a binary water-ethanol solution is around 0.4.

10.2.1. Spatial distribution functions

As shown in chapter 8 the helical conformation of LKα14 is far from possessing spherical
symmetry. Not only is it an α-helix and therefore inherently closer to a cylinder than a
sphere, but the two types of amino acids in LKα14 form opposite sides of the helix. Since
the side chain of lysine is polar and that of leucine is not, it is possible to divide the
peptide into a polar half-cylinder and an apolar half-cylinder (see chapter 9.4). Therefore
it is reasonable to expect that the distribution of the solute molecules around these two
half-cylinders is not the same.
Figure 10.3 shows isosurfaces of the spatial distribution functions of water and ethanol

around LKα14 in a solution with xEth,0 = 0.4. It shows that the water in the �rst
solvation shell is found around the polar lysine residues and the ethanol is found around
the apolar leucine residues. The asymmetric form of the SDFs is due to one end of the
α-helix being less rigid and the solvent molecules at that end therefore having less de�ned
structure. This di�erence in distribution between water and ethanol molecules explains
the preference for xEth of the �rst solvation shell to be around 0.4. This is the xEth
which results when the lysine residues are surrendered by water and the leucine residues
by ethanol. The fact that ethanol is a slightly larger molecule than water, the exact
amino acid sequence of LKα14 and the size of the accessible surface of both lysine and
leucine all interact to result in the mole fraction of ethanol and water in the �rst solvation
shell not being the same even though each solvent surrounds one half of the peptide.

10.3. Discussion

As mentioned brie�y in section 6.4 water and ethanol are miscible in all concentrations.
Both experiments128 and simulations129,130 have shown that binary mixtures of water
and ethanol are not completely homogeneous on the molecular scale. The scale of this
heterogeneity is smaller than the scale of the separation into a clear water rich and a
clear ethanol rich domain in the solvation shell of LKα14 seen in this work. Thus the
presence of LKα14 in�uences the structure of the solvent mixture. Excess solvation by
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10.3. Discussion

Figure 10.3.: Isosurfaces of the spatial distribution functions of water and ethanol around
LKα14 in a solution with xEth,0 = 0.4. The SDF of water is shown in blue
and the SDF of ethanol in red. Lysine residues are shown in white and
leucine residues in yellow.
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10. Solvation shells

either water or ethanol has been reported before for some polypeptides131,132 and the
protein lysozyme21 but the e�ect is quite large for LKα14 and the change in which solvent
is in excess is unusual. As shown in chapter 11.2 the in�uence of LKα14 on the structure
of the solvent can also reach further than the �rst or second solvation shell of the peptide
in more concentrated solutions of LKα14.
The di�erent hydrophobicity/hydrophilicity of di�erent amino acids is an important

factor in protein folding119,133�135. In correctly folded proteins the more hydrophobic
amino acids are in the centre of the protein while the more hydrophilic amino acids are on
the surface of the protein where they are in contact with water in aqueous solutions133,135.
A peptide of the size of LKα14 is not capable of folding in such a way, since its amino
acid sequence is simply not long enough. Given the spatial separation of the hydrophilic
and hydrophobic amino acids in an α-helical LKα14 peptide it can compensate for this.
In the presence of a water/air interface it adsorbs to the surface (see chapter 9) and in
more concentrated aqueous solutions it forms oligomers (see chapter 11). In both cases
the result is similar to a folded protein, the hydrophilic amino acids are in contact with
the water and the hydrophobic amino acids with either other hydrophobic amino acids
or air (which is hydrophobic).
The clear spatial separation of α-helical LKα14 into a hydrophilic and hydrophobic

parts is reminiscent of surfactants. The main di�erence is that in LKα14 the separation
is along the helix axis while typical surfactant has a polar head group and a long apolar
tail23. The adsorption of LKα14 to the surface in aqueous solutions (see chapter 9) is
similar to the behaviour of surfactants. Similarly the the spatial separation of ethanol
and water in the solvation shell of the α-helix is reminiscent of how surfactants orient
with the hydrophilic part towards the water and the hydrophobic part towards the oil in
microemulsions. In microemulsion-like systems formed by water, ethanol and for example
octanol, the ethanol acts similar to a surfactant53,55 and ethanol forms clearly de�ned
clusters in binary mixtures with apolar solvents129,130. It is therefore surprising how here
the ethanol takes on the role of the hydrophobic solvent.
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11. Clusters

11.1. Oligomers

As mentioned in chapter 4 LKα14 is known to form oligomers, mainly tetramers, in wa-
ter58,83. In order to investigate how the size of such oligomers depends on the composition
of the solvent the aggregate size was calculated.
The simulations used for the analysis were 1000 ns long and consisted of 20 peptides in

a 10× 10× 10 nm box of solution. The cuto� distance used to determine which peptides
were part of the same aggregate was 0.35 nm.
Figure 11.1 shows both the maximum aggregate size and the average aggregate size.

The graph can be divided into four regions. From xEth = 0 to xEth = 0.2 the maximum
aggregate size is around 5 peptides and the average aggregate size between 2-3 peptides
with small variance in both variables. From xEth = 0.6 to xEth = 0.9 the maximum
aggregate size is over 17 peptides and the average aggregate size is over 14 peptides with
a noticeably larger variance in both variables than at low xEth. Both the maximum and
average aggregate size have a maximum at xEth = 0.75. From xEth = 0.3 to xEth = 0.55
there is a gradual transition between those two regions in the size of the aggregates.
The transition in the variance on the other hand is not continuous. In pure ethanol the
aggregates are smaller than in mixtures with high xEth with maximum size of 11 ± 3
peptides and average size of 7± 2 peptides.
Figure 11.2 shows the size distribution of the aggregates. The mixtures in the �rst

region in �gure 11.1 are shown in black, the mixtures in the second region in red, the
third region in cyan and pure ethanol in blue. Figure 11.2 supports the division into
the four regions on the basis of �gure 11.1, with the exception of xEth = 0.2 which from
�gure 11.2 agrees better with the transition region than the low xEth region.
When interpreting �gure 11.2 it is important to note that it shows the number of

aggregates of each size, not the number of peptides in aggregates of each size. If the
number of dimers is the same as the number of monomers two times as many peptides
are part of the dimers than are monomeric.
The solution with xEth = 0.2 is the one where monomers are the most common, with

5.4 out of 20 peptides being monomers. At low xEth dimers, trimers and tetramers more
numerous than monomers. There is a sharp di�erence in the frequency of these smaller
oligomers and pentamers, hexamers and heptamers which are signi�cantly less common.
Larger aggregates are very uncommon and none at all are larger than 13 peptides. In
the transition region (which here includes xEth = 0.2) monomers are more common
than oligomers. Then the frequency of each aggregate size decreases exponentially with
increasing aggregate size, though for xEth = 0.5 and xEth = 0.55 the frequency increases
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Figure 11.1.: The maximum and average size of aggregates, with aggregates de�ned as
peptides which are within 0.35 nm of each other.

again for aggregate sizes of 16 peptides or more. At high xEth the most common aggregate
size is 20 peptides. Monomers are also more common than oligomers, with two exceptions.
At xEth = 0.9 dimers are more common than monomers and for xEth = 0.7 monomers and
pentamers have the same frequency. In pure ethanol monomers are the most numerous
but the largest amount of peptides are part of octamers (5.3 on average). There are �ve
more aggregate sizes which contain on average signi�cantly more peptides than there are
monomers: trimers (2.4 peptides), heptamers (1.2 peptides), nonamers (1.4 peptides)
and aggregates of size 17 (1.5 peptides) and 20 (1.8 peptides).

11.1.1. Oligomers in water and at low xEth

Figure 11.3 shows two typical snapshots from the simulation of the peptides in pure water.
It shows only the peptides and not the solvent in order to better see the oligomers. It can
clearly be seen that in all oligomers the leucine residues are oriented towards the other
peptides in the oligomer while the lysine residues are oriented out towards the water. As
can be seen by comparing �gures 11.3a and 11.3b the tetramers in both have the same
conformation of the four peptides: the axis of two and two peptides are parallel and the
axis of the two pairs of parallel peptides are perpendicular to each other (see bottom �gure
11.3a or top right corner of �gure 11.3b). From the right perspective the tetramers look
similar to the symbol #. The trimers come in two di�erent conformations: three parallel
peptides (see for example centre of �gure 11.3b) or two parallel and one perpendicular
peptide similar to a tetramer with one peptide missing (for example in the top left corner
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Figure 11.2.: The number of aggregates of each aggregate size, with aggregates de�ned
as peptides which are within 0.35 nm of each other. The legend shows the
mole fraction of ethanol, xEth, of each simulation. The lower �gure shows a
zoomed in view of the less common aggregate sizes. The colours correspond
to di�erent regions of the graph in �gure 11.1. If all 20 peptides are in a
single aggregate in all frames of the trajectory the number of aggregates of
size 20 is 1. If all 20 peptides are monomers the number of aggregates of
size 1 is 20.
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11. Clusters

(a) Two dimers, four trimers and a tetramer.

(b) One monomer, three dimers, three trimers and a tetramer.

Figure 11.3.: Two snapshots of the peptides in a simulation with mole fraction ethanol
xEth = 0. The backbone is black in α-helix, blue in turn, purple in 310-helix
and white in random coil. The lysine side chains are blue and the leucine
side chains er orange.
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11.1. Oligomers

(a) xEth = 0.033. One dimer, two trimers and three
tetramers.

(b) xEth = 0.1. One monomer, one dimer, one trimer and one tetramer
are clearly de�ned. Additionally two cases which are each either a
trimer or a dimer and a monomer and one case which is either a
tetramer or two dimers.

Figure 11.4.: Snapshots of the peptides in simulations with mole fraction ethanol xEth =
0.033 and xEth = 0.1. The backbone is black in α-helix, blue in turn, purple
in 310-helix and white in random coil. The lysine side chains are blue and
the leucine side chains er orange.
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Figure 11.5.: Snapshot of the peptides in a simulation with mole fraction ethanol xEth =
0.2. It is di�cult to categorise or count the oligomers by eye. The backbone
is black in α-helix, blue in turn, purple in 310-helix and white in random
coil. The lysine side chains are blue and the leucine side chains er orange.

of �gure 11.3b). The second trimer conformation and the tetramer conformation are in
good agreement with the conformations found in earlier simulations83.
In experiments LKα14 forms tetramers not trimers in water58. In the simulation both

dimers and trimers were more common than tetramers. In the simulation the oligomers
are also quite stable over the whole simulation time and did not exchange peptides or
change size except for one case of a monomer and a dimer merging to form a trimer.
This suggests that the size distribution of the oligomers is not converged though the
conformation of them and the number of monomers is. Therefore the discrepancy between
the simulation and experiments is not signi�cant and might disappear if the simulation
was extended.
Figure 11.4 similarly shows typical snapshots from simulations with xEth = 0.033 and

xEth = 0.1 and �gure 11.5 one from a simulation with xEth = 0.2. As can be seen in
�gure 11.4a the conformations of the oligomers are the same when xEth = 0.033 as in
pure water. When xEth = 0.1 oligomers are less well de�ned as can be seen in �gure
11.4b. Especially noticeable when comparing �gure 11.4b with �gures 11.3 and 11.4a
is that when xEth = 0.1 more leucine residues are oriented towards the solvent. The
distribution of the peptides in �gure 11.5 seems chaotic in comparison with even �gure
11.4b. There are aggregates but they have far less well de�ned inside and outside than in
solvents with lower xEth. When considering only the solvents with low xEth it would be
reasonable to conclude that higher xEth leads to less well de�ned and fewer aggregates
and more monomers. As seen in �gure 11.2 there is in fact a maximum in the prevalence
of monomers when xEth = 0.2.
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11.2. Clusters of peptides and water

The size distribution of the oligomers in the solutions with xEth = 0.033 and xEth = 0.1
is most likely not converged, similarly to the size distribution in pure water. Since
there are more exchanges of the peptides between oligomers with higher xEth the size
distribution of xEth = 0.1 especially is probably closer to the true size distribution than
the distribution in pure water is. In the simulation with xEth = 0.2 the size distribution is
very likely converged since there are more monomers �oating around and more exchanges
of peptides between di�erent oligomers. As in pure water the conformation of the peptides
in each oligomer and the number of monomers are converged.

11.1.2. Pure ethanol

Figure 11.6 shows two snapshots from the simulation of the peptides in pure ethanol. In
contrast to the oligomers in solvents with low xEth where the leucine residues are oriented
inwards towards the other peptides of the oligomer in the aggregates in pure ethanol the
lysine residues are oriented inwards and the leucine residues out towards the ethanol.
In the larger aggregates in pure ethanol there are also some leucine residues which are
oriented toward the leucine residues of other peptides as can be seen in �gure 11.6b but
the lysine residues of the same peptides are also oriented toward the lysine residues of
other peptides. The aggregates in pure ethanol are not as well de�ned and do not have as
clear preferred conformation as the ones in pure water but there are fewer peptides with
both the lysine and the leucine side chains exposed to the solvent than when xEth = 0.2.
There is also tendency for the aggregates to merge with simulation time, as can be

seen by comparing �gures 11.6a and 11.6b and from �gure 11.7 which shows the number
of peptides in the largest aggregate as a function of time. This suggest that 1000 ns are
not enough to quantitatively converge the size of the aggregates in pure ethanol though
qualitatively it can be said that large aggregates or even a single aggregate containing
all 20 peptides are preferred.

11.2. Clusters of peptides and water

In the solvent compositions not detailed in sections 11.1.1 or 11.1.2 the peptides form
clusters with water molecules. As seen in chapter 10.2.1 the water and the ethanol
in the solvation shell of single LKα14 α-helix in bulk are spatially separated. In these
clusters the water part of the solvation shells is partly shared between di�erent peptides.
Depending on the solvent composition additional water molecules which are not part of
the solvation shell of the peptides can also be part of the cluster.
Figure 11.8 shows two such clusters in a simulation with xEth = 0.7. The clusters

consist of water molecules surrounded by peptides. The more hydrophilic lysine side
chains are oriented towards the water while the more hydrophobic leucine side chains are
oriented out towards the rest of the solution. Figure 11.8a shows that the clusters can
connect to themselves over the periodic boundaries of the simulation box. Comparing
�gures 11.8a and 11.8b shows that in the same solvent composition the clusters can take
on di�erent shapes.
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11. Clusters

(a) Early in the trajectory.

(b) Late in the trajectory.

Figure 11.6.: Two snapshots of the peptides in a simulation with mole fraction ethanol
xEth = 1. The backbone is black in α-helix, blue in turn, purple in 310-helix
and white in random coil. The lysine side chains are blue and the leucine
side chains er orange.
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Figure 11.7.: The number of peptides in the largest cluster as function of time for pure
ethanol.

Figure 11.9 shows two snapshot of simulation boxes showing all molecules in the sim-
ulation, one with xEth = 0.4 and one with xEth = 0.7. Both show well how two di�erent
domains have formed in the solutions, one water-rich inside the cluster and one ethanol-
rich outside of it. Comparing �gures 11.9a and 11.9b shows that there is a greater
di�erence in the composition of the ethanol-rich domain than the water-rich domain. In
both cases the peptides lie parallel to the interface between the the two domains with
the lysine residues oriented in towards the water-rich domain and the leucine residues
out towards the ethanol-rich domain.

11.2.1. Size

Section 6.4.1 details how the clusters where de�ned in the analysis. The cluster analysis
was performed for the solutions with xEth = 0.3 to xEth = 0.9. In pure ethanol it is
not possible for clusters of peptides and water to form since there is no water. For
compositions with low xEth it is impossible to distinguish between water molecules in a
cluster and out of it. As detailed in section 11.1.1 the aggregate at low xEth are also of
a di�erent type: simple oligomers instead of clusters involving both peptides and water.
Clusters involving both peptides and ethanol are not formed at any xEth.
Figure 11.10 shows snapshots of the simulation with xEth = 0.3, �gure 11.10a shows

peptides only while �gure 11.10b shows both peptides and water molecules. Even though
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11. Clusters

(a) A cluster that connects to itself over the periodic bound-
ary. The snapshot shows a 3 × 1 × 1 lattice of the simu-
lation box.

(b) A cluster which does not connect to itself over the
periodic boundary.

Figure 11.8.: Two snapshots of clusters of peptides and water molecules in a simulation
with mole fraction ethanol xEth = 0.7. For water molecules to be shown
they have to be within 0.2 nm of the peptides or other water molecules
which are shown. The lysine side chains are shown in blue and the leucine
side chains in orange, water molecules are shown in cyan.
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11.2. Clusters of peptides and water

(a) xEth = 0.4.

(b) xEth = 0.7

Figure 11.9.: Snapshots of the simulations with mole fraction ethanol xEth = 0.4 and
xEth = 0.7. The lysine side chains are shown in blue and the leucine side
chains in orange, water molecules are shown in cyan and ethanol molecules
in red.
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11. Clusters

(a) Only peptides.

(b) Peptides and water molecules.

Figure 11.10.: A snapshots of the peptides and water molecules close to them in a sim-
ulation with mole fraction ethanol xEth = 0.3. For water molecules to
be shown they have to be within 0.2 nm of the peptides or other water
molecules which are shown. The lysine side chains are shown in blue and
the leucine side chains in orange, water molecules are shown in cyan.
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(a) xEth = 0.65.
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(b) xEth = 0.9

Figure 11.11.: Number of clusters found as a function of simulation time.

the clusters analysis was performed on the trajectory of the simulation with xEth = 0.3
it is clear from �gure 11.10a that some of the aggregates found in section 11.1 for this
solvent composition have con�gurations of peptides which are more reminiscent of the
oligomers in �gure 11.3 than the clusters in �gure 11.8. The analysis method described
in section 6.4.1 is guarantied to �nd one single cluster in a solution with very little
ethanol no matter whether a cluster is present or not (since it depends on absence of
ethanol as a part of the de�nition of a cluster). From �gure 11.10 this seems to be the
case for xEth = 0.3 though the results from the analysis are included in the subsequent
discussions.

The simulations the cluster analysis was performed on were 1000 ns long. The �rst 100
ns were not used for the cluster analysis since at the start of the simulations the peptides
were randomly distributed in the box. For solutions with xEth = 0.55 to xEth = 0.7, two
simulations were performed from the same starting con�guration for reasons detailed
further down (section 11.2.3). For 10 out of 15 trajectories which this analysis was
performed on, not a single frame was found with more than one cluster. Of the rest
one trajectory had a single frame with two clusters and in another trajectory two frames
had two clusters. In three trajectories a signi�cant amount of frames have more than
one cluster. Those are the trajectories with xEth = 0.8 and xEth = 0.9 and one of
the two trajectories with xEth = 0.65 (average number of clusters 1.02, 1.47 and 1.09
respectively). In all three cases the size of the clusters was not converged after 100 ns.
Figure 11.11 shows the number of clusters as a function of time for xEth = 0.65 and
xEth = 0.9. It can clearly be seen that the number of clusters converges to a single
cluster in both trajectories. Comparing �gures 11.11a and 11.11b also shows that while
it took 250 ns for the number of clusters to converge in this simulation with xEth = 0.65
it took 500 ns when xEth = 0.9 and only when xEth = 0.9 are there any frames where
more than 2 clusters were found after 100 ns. The case when xEth = 0.8 is the same as
when xEth = 0.6 except it only takes 140 ns for the number of clusters to converge to 1.

As mentioned in section 11.1.2, 1000 ns were not enough to converge the size of the
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Figure 11.12.: The average number of water molecules in the largest cluster as a function
of xEth. The lines show �ts through the points from xEth = 0.3 to xEth =
0.55 and from xEth = 0.65 to xEth = 0.9.
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Figure 11.13.: The proportion of water molecules in the largest cluster out of all water
molecules in the simulation box as a function of xEth.
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11.2. Clusters of peptides and water

aggregates in pure ethanol. This and the fact that signi�cantly longer time is needed
to converge the size of the clusters when xEth = 0.9 than in any other mixture suggests
that the presence of water facilitates faster formation of clusters than when only ethanol
is present.
When only a single cluster was found all 20 peptides present in the simulation were

part of that cluster. This was the case for all the solvent compositions.
Figure 11.12 shows the number of water molecules in the largest cluster as a function

of xEth. Two distinct regions can be seen in the �gure. From xEth = 0.3 to xEth = 0.55
and from xEth = 0.65 to xEth = 0.9 the number of water molecules in the largest cluster
falls linearly with increasing xEth, though as the can be seen in �gure 11.12 the slopes
of the lines are di�erent in the two regions. The number of water molecules is di�erent
in the di�erent solvent compositions. Therefore �gure 11.13 shows which proportion of
all the water molecules in the simulation box are in the largest cluster. The same two
regions can be seen in �gure 11.13 as in �gure11.12. For xEth > 0.6, around a third of
the water molecules in the simulation box are in the cluster while for the lower xEth a
larger part of the available water molecules is recognised as being part of the cluster.
For xEth = 0.3 to xEth = 0.6 the lower xEth is, the larger is the proportion of the water
molecules in the simulation box which are part of the cluster.

11.2.2. Orientation of the peptides

As can be seen in all snapshots of the clusters the peptides tend to lie in the interface
between the water-rich and the ethanol-rich domains with the lysine side chains oriented
inwards towards the water molecules inside the clusters and the leucine side chains ori-
ented out towards the ethanol-rich domain. In the same trajectories as in sections 11.2.1
and 11.2.3 the orientation of the peptides was analysed.
Section 6.4.1 details how the simulation box was overlayed with grid points and these

grid points associated with the clusters. Grid points which are part of a cluster and have
fewer than 26 neighbours which are also part of the same cluster are considered on the
surface of the cluster. Figure 11.14 shows the proportion of surface points of the largest
cluster which are closer to a lysine residue than a leucine residue as a function of xEth.
There is no solvent composition where more than 3.1% of all surface points of the largest
cluster are closer to a lysine residue than a leucine residue. This means that almost all
of the surface of the clusters is closer to a leucine residue than a lysine residue, which in
turn means that the peptides are oriented with the leucine residues facing out towards
the ethanol-rich domain.
Figure 11.14 shows a clear di�erence in prevalence of surface points which are closer

to a lysine residue than a leucine residue between solvent compositions with xEth ≥ 0.65
and with xEth ≤ 0.6. This is the same break point as seen in �gures 11.12 and 11.13 in
section 11.2.1. When xEth ≥ 0.65 the proportion of surface points which are closer to
a lysine residue is 0.16 % or smaller. In these compositions the surface of the clusters
is small and closely packed with peptides as seen in �gure 11.15a while at lower xEth
the peptides are further apart from each other and more of the interface between the
ethanol-rich domain of the solution and the water-rich inside of the cluster is a direct
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Figure 11.14.: The proportion of surface points of the largest cluster which are closer to
a lysine residue than a leucine residue.

interface between these two domains without peptides in between (see �gure 11.15b).
This di�erence can also be seen by comparing �gures 11.9a and 11.9b. This explains why
at lower xEth slightly more surface points are closer to a lysine residue than a leucine
residue. If the surface of the cluster is curved (partly concave) a point on the surface
without a peptide can be quite close to a lysine residue located at a di�erent part of the
surface (the surface of the clusters is often concave, see �gures 11.8, 11.9a, 11.16 and
11.15).

Another aspect of the conformation of the peptides in clusters at high xEth which can
be clearly seen in �gures 11.8, 11.9b and 11.15a is that the peptides form two layers with
water in between similar to bilayers formed by surfactants (though far less extensive than
surfactant bilayer formations tend to be). This is less noticeable at lower xEth as can be
seen in �gures 11.9a, 11.16 and 11.15b.

The reason for the di�erence in both how much of the surface of the clusters is covered
by peptides and the tendency to form bilayers-like structures seems to be the fact that
more water molecules are part of the clusters at low xEth (both more water molecules in
the system and a higher proportion of them in the clusters). This means that the peptides
can be further apart from each other and still be part of the same cluster which means
the conformation of the peptides with regards to each other is more �exible (compare
�gures 11.9a and 11.9b). This also explains why more smaller aggregates where found
between xEth = 0.3 and xEth = 0.6 when only the peptides were considered, while only
one large cluster was found when the water was considered as well.
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11.2. Clusters of peptides and water

(a) A cluster in a solution with xEth =
0.8. The cluster is clearly de�ned and
the surface closely packed with pep-
tides.

(b) A cluster in a solution with xEth =
0.45. More of the surface is exposed
to the rest of the solution without
peptides in between and which water
molecules should be counted as part
of the cluster is a not as easily de-
�ned. As the cluster connects with it-
self across the periodic boundary, ad-
ditional simulation boxes were added
to the edge of the �gure in the direc-
tion of the connection.

Figure 11.15.: Two snapshots of clusters of peptide and water clusters in simulations with
mole fraction ethanol xEth = 0.8 and xEth = 0.5. For water molecules to
be shown they have to be within 0.2 nm of the peptides or other water
molecules which are shown, this distance is not calculated over the periodic
boundary. The lysine side chains are shown in blue and the leucine side
chains in orange, water molecules are shown in cyan.
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11. Clusters

(a) A cluster which connects to itself over
the periodic boundary in all three car-
dinal directions, xEth = 0.4. The
snapshot shows a 2 × 2 × 2 lattice of
the simulation box. All three direc-
tions show di�erent thickness of con-
nections.

(b) A cluster which connects to itself over
the periodic boundary in two directions,
xEth = 0.45. The snapshot shows a 3× 3
lattice of the simulation box, in the two
directions in which the cluster connects
to itself. Both directions show similarly
wide connections.

Figure 11.16.: Two snapshots of clusters of peptide and water clusters in simulations with
mole fraction ethanol xEth = 0.4 and xEth = 0.45. For water molecules to
be shown they have to be within 0.2 nm of the peptides or other water
molecules which are shown, this distance is not calculated over the periodic
boundary. The lysine side chains are shown in blue and the leucine side
chains in orange, water molecules are shown in cyan.

11.2.3. Form

As mentioned in section 11.2 the clusters can connect to themselves over the periodic
boundary conditions. The clusters can percolate this way in one, two or three directions
or not at all. Figure 11.16 shows examples of percolation in two and three directions in
solutions with xEth = 0.45 and xEth = 0.4 respectively. Examples of percolation in one
direction and no percolation at all in a solution with xEth = 0.7 can be seen in �gure
11.8.

In order to quantify the percolation the trajectories of section 11.2.1 were analysed.
Figure 11.17 shows the proportion of clusters which percolate in one, two or three di-
rections or not at all as function of xEth. For four solvent compositions xEth = 0.55,
xEth = 0.6, xEth = 0.65 and xEth = 0.7 three points are shown in �gure 11.17. For these
solvent compositions two simulations were performed starting from the same equilibrated
simulation box. Figure 11.17 shows the results of both, as well as the average values of
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Figure 11.17.: The proportion of clusters which percolate in 1, 2, or 3 dimensions as
well as the proportion of clusters which does not percolate at all (0 in the
legend) as a function of the ethanol mole fraction, xEth.

the two simulations. As can be seen for both xEth = 0.6 and xEth = 0.65 in one simu-
lation over 85 % of all clusters percolate in one direction while in the other over 85 % of
all clusters do not percolate at all. For both xEth = 0.55 and xEth = 0.7 there are also
clear di�erences between the two simulations but not as extreme as for xEth = 0.6 and
xEth = 0.65. The reason the second simulations were performed is that after the �rst
simulation the results were that for xEth = 0.55 the clusters most commonly percolated
in one direction, for xEth = 0.6 no percolation was the most common, for xEth = 0.65
percolation in one direction was again the most common and both percolation in one
direction and no percolation were about as likely for xEth = 0.7. As can be seen in �gure
11.17 the second simulations changed this radically. In many or most of the trajectories
analysed the percolation of the clusters can not be said to be quantitatively converged
and statistical analysis in order to estimate error bars for �gure 11.17 would not result in
any useful information. Qualitative conclusions about the percolation of the clusters can
be drawn even from simulations where the percolation has not quantitatively converged
and will be described in the following text.

Figures 11.18, 11.19 and 11.20 show in how many dimensions the clusters percolate
as a function of time for all trajectories in which the clusters were analysed. The only
solvent composition which does not �uctuate between di�erent numbers of dimensions
at all is xEth = 0.3 as seen in �gure 11.18a. As discussed in section 11.2.1 it is not quite
clear whether this composition should be considered when discussing the clusters; if it
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(b) xEth = 0.4.
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(c) xEth = 0.45
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(e) xEth = 0.55.
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(f) xEth = 0.55.

Figure 11.18.: Number of dimensions the cluster percolates in as a function of simulation
time.
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is, it is clear that here the solution forms a bicontinuous system.

For solvent compositions with xEth from 0.4 to 0.55 the sampling of the di�erent
number of dimensions in which the clusters percolate seems to be quite good judging
from �gure 11.18, though comparison with �gures 11.19c and 11.19d reveals that this
is not a guaranty of convergence. Of those solvent compositions only xEth = 0.55 was
simulated twice. Comparing �gures 11.18e and 11.18f reveals no clear di�erence between
the two simulations and �gure 11.17 also shows similar results for both simulations of
this solvent composition.

From xEth = 0.4 to xEth = 0.55 there is a trend from a bicontinuous system in which
the clusters percolate in all three dimensions through a system in which the clusters
form a two dimensional grid to a system of either endless cylindrical clusters or discrete
cylindrical clusters. At xEth = 0.4 the bicontinuous system dominates. The same applies
to xEth = 0.45 though here a two dimensional grid appears about 30% of the time (�gure
11.16b shows an example of such a grid). When xEth = 0.5 the two dimensional grid and
percolation in only one dimension are both quite common (40 - 50 % of the time) while
percolation in all three dimensions only appears about 10 % of the time. In all three
of those solvent compositions the amount of time when the clusters do not percolate
at all is not signi�cant (when xEth = 0.4 the clusters always percolate in at least one
direction). At xEth = 0.55 percolation in one dimension appears about 50 % of the time
while percolation in two dimensions and no percolation at all both account for about
25 % of the trajectory and percolation in all three dimensions does not account for a
signi�cant fraction of the trajectory.

Figure 11.19 shows the number of dimensions the clusters percolate in as a function
of time for the rest of the solvent compositions which were simulated twice (xEth = 0.6,
xEth = 0.65 and xEth = 0.7). In contrast to xEth = 0.55 �gures 11.19c and 11.19d
show a clear di�erence between the two simulations. The same di�erence can also be
seen between the di�erent values at xEth = 0.6 in �gure 11.17. In the �rst simulation
(�gure 11.19a) no percolation at all dominates, though percolation in one dimension also
appears about 10 % of the time (evenly distributed throughout the simulation). In the
second simulation on the other hand percolation in one dimension dominates while no
percolation at all does not appear for any signi�cant amount of time. This means that
when averaging both simulations there is not a great di�erence between the proportions
of clusters which percolate in one dimension and which do no percolate at all. In both
simulations percolation in two dimensions also appears, though only for about 2 % of
the time. Figures 11.19c and 11.19d also show a similar di�erence between the two
simulations when xEth = 0.65. In contrast to when xEth = 0.6 �gure 11.19c also shows a
change in the distribution after about 250 ns in the �rst simulation. Before this time the
distribution is similar to the distribution in the second simulation seen in �gure 11.19d
with no percolation at all dominating, while after this time percolation in one dimension
dominates to an even greater degree than no percolation at all dominates in the second
simulation. Figure 11.17 reveals that in each case the more common con�guration appears
around 90% of the time. For xEth = 0.7 the situation is again similar in that two distinct
distributions can be seen. One in which percolation in one dimension dominates quite
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(b) xEth = 0.6
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(c) xEth = 0.65.
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(d) xEth = 0.65.
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(f) xEth = 0.7

Figure 11.19.: Number of dimensions the cluster percolates in as a function of simulation
time.
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11.2. Clusters of peptides and water

strongly and one in which no percolation at all dominates but a signi�cant amount of time
the cluster percolates in one dimension. The second simulation is in the �rst distribution
the whole simulation time (�gure 11.19f) while the �rst simulation changes between the
two distributions two times: at about 160 ns it changes from the second distribution
to the �rst one and at about 580 - 620 ns it changes back, snapping between the two
distributions a few times while doing so.
All three solvent compositions thus seem able to be in two distinct states associated

with two distinct distribution of number of dimensions in which the clusters percolate.
In all cases, the change between these two states is so infrequent that two times 1000 ns
is not enough to quantitatively converge the distribution of them (but the distribution
of the number of dimension in each state is converged, which allows us to draw some
conclusions about the states themselves). In each case percolation in one dimension
dominates one state and no percolation at all dominates the other. For the discussion of
these two states the one dominated by percolation in one dimension will be called state
(I) and the state dominated by no percolation at all will be called state (0).
When xEth = 0.6 state (I) more often shows percolation in two dimensions than in

none at all, while state (0) shows a signi�cant amount of percolation in one dimension.
When xEth = 0.65 both states seem more strongly dominated by their respective de�ning
percolation patterns, though this di�erence to xEth = 0.6 is more visible for state (0)
than for state (I). Here state (I) also clearly shows less percolation in two dimensions than
when xEth = 0.6 (compare �gures 11.19b and 11.19c). Both states seem quite similar
when xEth = 0.7 as when xEth = 0.65. The state (I) is more strongly dominated by
percolation in one dimension than when xEth = 0.6 and state (0) seems more dominated
by no percolation at all than when xEth = 0.6 as well.
Figure 11.20 shows the number of dimensions the clusters percolate in as a function

of time for the solvent compositions with xEth = 0.75, xEth = 0.8 and xEth = 0.9. These
solvent compositions were only simulated once each. All three trajectories are dominated
by no percolation at all. When comparing �gure 11.20 with states (0) in �gure 11.19
it can be seen that the trajectories in �gure 11.20 are more strongly dominated by no
percolation at all than states (0) of the solvent compositions in �gure 11.19 are. The
second simulation of xEth = 0.6 was in state (0) for the whole simulation time. Therefore
the absence of as state comparable to state (I) in �gure 11.20 does not prove that such
a state does not exist for these solvent compositions. But its absence from all three
simulations and the very strong domination of no percolation at all does suggest that if
it exist at all for these solvent compositions, it is less easily accessible than at lower xEth.
The general trend for the percolation of the clusters in all solvent compositions is a

change from a bicontinuous system at low xEth through a system percolating in two
dimensions and then in only one dimension to a non-percolating system at high xEth.
The number of percolation dimensions seems to converge better at low xEth where higher
number of percolation dimensions is found than when percolation in one dimension or
no percolation at all dominates (though the convergence seems better again at very high
xEth where no percolation at all dominates very strongly). The change from percolation
in more than one dimension being common to percolation in only one or no dimensions
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(a) xEth = 0.75.
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(b) xEth = 0.8.
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Figure 11.20.: Number of dimensions the cluster percolates in as a function of simulation
time.
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at all dominating coincides with change between the two regions seen in �gures 11.12,
11.13 and 11.14 in sections 11.2.1 and 11.2.2.

11.3. Discussion

The size, form and convergence time of aggregates formed by LKα14 as well as the
orientation of the peptides in these aggregates depends on the composition of the solvent.
In pure water and at low xEth the peptides form oligomers with the lysine residues
oriented out toward the solvent while at high xEth and in pure ethanol larger aggregates
are formed in which the lysine residues are oriented in towards the centre of the aggregate.
At high xEth water is part of the aggregates. This is of course not possible in pure ethanol.
The clusters formed at higher xEth are reminiscent of microemulsions (speci�cally

bicontinuous or water in oil microemulsions) or � at very high xEth � inverse micelles.
Giving that the packing parameter of surfactants is one of the main methods of classifying
micelles and predicting their curvature and form it would therefore seem reasonable to
calculate the packing parameter of LKα14. This is not possible since it is di�cult to
de�ne what a, v and l should be in equation 6.1 for LKα14. The equation expects
a typical surfactant which has a comparatively bulky head group, which is in contact
with the water, and long hydrocarbon tail. In such a surfactant the spatial boundary
between the hydrophilic and hydrophobic parts of the molecule is perpendicular to the
longest dimension of the molecule (if the tail would be stretched out)23,90. In an α-helical
LKα14 in contrast, the spatial boundary between the hydrophilic and hydrophobic parts
of the molecule is parallel to the helix axis and the helix axis is the longest dimension
of the molecule. The α-helix is also rather in�exible and rod-like while the hydrocarbon
chain of a typical surfactant is �exible. Therefore a typical surfactant lies perpendicular
to the surface of the micelle / microemulsion droplet23,90 while, as detailed in section
11.2.2, the α-helix lies parallel to the surface of the cluster. This means that it is for
example meaningless to talk about the length of the hydrophobic tail in a LKα14 α-
helix, the helix does not have a hydrophobic tail but rather a hydrophobic half. As
such no packing parameters were calculated for LKα14. The systems equivalence to the
critical micelle concentration was not calculated either, since that would have increased
the already large simulation e�ort considerably.
Like in microemulsions23,25,27,89,90 the structure of the clusters depends on the com-

position of the system as a whole. At xEth > 0.6 about a third of all water molecules in
the simulation box are part of the clusters. At 0.3 < xEth ≤ 0.6 a larger proportion of
the water molecules in the box than a third are part of the clusters and the proportion
of water molecules in the clusters decreases with increasing xEth. At xEth ≥ 0.6 the
clusters do not percolate in more than 1 direction for any signi�cant amount of time and
the peptides were close enough to each other that a cluster analysis involving only the
peptides and no water molecules found the average number of peptides in the largest
cluster to be over 17. At 0.3 < xEth < 0.6 percolation in more dimensions is more
common (at 0.3 < xEth ≤ 0.45 percolation in all three dimensions is the most common)
and the peptides are on average further apart from each other so that a cluster analysis
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11. Clusters

involving only the peptides �nds smaller clusters. This indicates a phase change, from
a system similar to a bicontinuous microemulsion to a system that resembles a swollen
inverse micelle.
The rod-like nature of a LKα14 α-helix also in�uences the form of the clusters. The

rod-like structure of the clusters seen in �gures 11.8 and 11.15a, both in discrete clusters
and in ones that connect over the periodic boundary, can easily be explained by the
curvature of the surface of the cluster be direction depended, it is more curved in the
direction perpendicular to the axis of the helices than the one parallel to the axis. A large
curvature parallel to the helix's axis would mean that either the α-helix would have to
be bent or only a part of the peptide would in fact lie in the surface of the cluster, while
a curvature parallel to the helix's axis can be achieved by the peptides being oriented at
an angle to each other. The orientation seen at high xEth, as shown in �gures 11.8 and
11.15a, is in fact peptides on two sides of the cluster, with the lysine side chains oriented
towards the peptide on the other side, reminiscent of a very small bilayer. The bilayer
structure is less pronounced at lower xEth (see �gures 11.15b and 11.16). Looking along
the cluster the peptides form more of a circle around the water-rich domain at lower xEth
and an ellipsis or two �at surfaces on either side of the water-rich domain at higher xEth
(compare �gures 11.9a and 11.9b).
Adding ethanol to water has been shown to in�uence the critical micelle concentration

of surfactants136,137. With added ethanol the critical micelle concentration is increased,
except at very low xEth

136�139. None of these studies reports inverted micelles or either
solvent component participating in the micelles in any way136�139. Ethanol has also
been shown to act similar to surfactants in some microemulsion-like systems53�55. In
contrast, here the amphiphility of the α-helices separates the fully miscible ethanol and
water into two distinct domains and the ethanol takes on the role of oil when comparing
the system to microemulsions or micelles (though there still is a signi�cant amount of
water molecules in the ethanol-rich domain). In the simulations of one peptide in bulk
presented in chapter 8 no such separation of the ethanol and the water took place. It can
therefore be concluded that the presence of the peptides is necessary for the separation.
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12. Conclusion

In this work LKα14 was simulated in di�erent mixtures of water and ethanol, both with
and without an air/solution interface. The secondary structure of the peptides was
calculated in bulk and at the surface. The adsorption to the surface and the orientation
of α-helical LKα14 at the surface was calculated, both the tilt of the α-helices and which
amino acids are oriented towards the bulk and which towards the air. The excess solvation
of LKα14 by either water or ethanol was determined as well as the spatial separation of
water and ethanol in the solvation shell. Finally the aggregation behaviour of LKα14 in
di�erent solvent compositions was examined. The orientation of LKα14 in the di�erent
aggregates was examined as well as the size of the aggregates. For the larger clusters
formed by both LKα14 and water the percolation behaviour was also investigated.
The simulations presented in this work show that the di�erent solvation interactions

between the two distinct solvent molecules and the two distinct amino acids of which
LKα14 consists strongly in�uence all aspects of the behaviour of the peptide as well as
the microscopic structure of solvent. This e�ect is particularly strong given that when
the peptide forms an α-helix the two distinct amino acids are spatially separated making
the α-helix amphiphilic (see chapter 4).
The increased stability of the α-helix in the bulk of ethanol/water mixtures or pure

ethanol compared to the bulk of pure water (shown both here and in experiments120)
is in agreement with experiments and simulations on other peptides and proteins which
have shown that the stability of α-helices is increased upon addition of alcohols14,121,140.
But as detailed in chapter 8 LKα14 forms even more stable α-helices at the surface of
pure water than it does either in the bulk or at the surface in any water/ethanol mixture
or pure ethanol. It is therefore reasonable to conclude that the stability of α-helix in
water/ethanol mixtures results from two separate e�ects, the general stabilisation of α-
helices by ethanol and the spatial separation of the water and ethanol molecules in the
solvation shells of the α-helix discussed in chapter 10.
LKα14 has been shown to adsorb to polar/apolar interfaces both in experiments58,120,123

and simulations84. It has also been shown that when adsorbed to an interface the axis
of α-helical LKα14 peptides is parallel to the interface47,123,124 and the leucine and ly-
sine residues are oriented towards the apolar and the polar side of the interface respec-
tively47,83,84. The spatial separation of the solvation shell of the α-helix discussed in
chapter 10 means that in a water/ethanol mixture the environment around the peptide
is similar to an interface. LKα14 adsorbs less strongly to the solvent/air interface in a
water/ethanol mixture than in pure water even at low ethanol concentration. It also
does not adsorb to the surface in pure ethanol but as discussed in chapter 9 the e�ect is
not straightforward and the adsorption pattern points to a water/ethanol mixture being
the best solvent for LKα14.
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12. Conclusion

Examining the solvation shells of the α-helix strongly supports this conclusion as there
is a preferential solvation of the peptide by either water or ethanol depending on the com-
position of the solvent and a clear spatial separation of the water and ethanol molecules in
the solvation shells. In addition the orientation of the peptides in relation to the interface
between the water-rich domain and the ethanol-rich domain in the clusters discussed in
chapter 11.2 is the same as the orientation LKα14 is known to assume at a polar/apolar
interface (with the ethanol-rich domain as the apolar side). The preferential solvation
of each side of the peptide by either water or ethanol thus induces a separation of the
solvent into these water- and ethanol-rich domains even though water and ethanol are
fully miscible in all proportions when the peptides are not present.
In contrast to the adsorption behaviour and the secondary structure of peptides, the

clusters and their structure have not been con�rmed in experiments. Such experiments
to con�rm or disprove the formation of these clusters would be needed. If the �ndings
in this work are con�rmed, the presence of the observed aggregates might lead to several
promising applications. The observed structures share typical properties of microemul-
sions: two liquids separated by a layer of surfactants (here the peptides)23,25,27,89,90.
Microemulsions consist of two immiscible solvents and the surfactants23,25,27,89,90. The

microemulision-like systems where ethanol acts as the surfactant also consist of two im-
miscible solvents in addition to the ethanol53�56. Micelles and microemulsions have been
used to extract molecules from one solvent to another and to separate molecules with
di�erent solubilities37,38. Given that water and ethanol have di�erent solvation proper-
ties (though they are more similar than between water and a typical organic solvent)94 a
microemulsion-like system where the two solvents are water and ethanol instead of water
and oil might be interesting in the context of separating molecules whose solvation prop-
erties are not very dissimilar. Such a system might also be interesting as a solvent for
proteins and peptides since ethanol and water are known to in�uence the conformation
(and therefore the solubility in either solvent) in di�erent ways13,14,121.
As mentioned in the introduction investigating a solute in a binary water/ethanol mix-

ture can be a good starting point for an investigation of the same solute in a more com-
plicated three component mixture such as water/ethanol/octanol. Given that according
to simulations LKα14 induces a separation of water and ethanol in the binary mixture it
would be interesting to see what e�ect adding LKα14 to a ternary water/ethanol/octanol
mixture would have. In the right composition a ternary water/ethanol/octanol mixture
forms a microemulsion-like system with the ethanol acting as the surfactant53,57. LKα14
might adsorb to the surface of the microemulsion droplets. It might also form separate
clusters in the water-rich domain (which does have a signi�cant amount of ethanol57).
The presence of octanol might in�uence the secondary structure or the adsorption be-
haviour of the peptide and the presence of the peptide might in�uence the concentrations
of the di�erent solvent needed for the formation of the di�erent microemulsion-like struc-
tures.

100



Part V.

Appendix

101





A. Trigonometry

At the end of 5.2 we have the rotations matrix

R =

 cos(φ) cos(θ) sin(φ) sin(θ) sin(φ)
− sin(φ) cos(θ) cos(θ) sin(θ) cos(φ)

0 − sin(θ) cos(θ)

 (A.1)

and apply it to the unit vector along the z-axis uz =

0
0
1

. This gives a vector α whose

coordinates are the direction cosines of the �tted line from 5.2.

α =

 cos(φ) cos(θ) sin(φ) sin(θ) sin(φ)
− sin(φ) cos(θ) cos(θ) sin(θ) cos(φ)

0 − sin(θ) cos(θ)

0
0
1

 =

sin (θ) sin (φ)
sin (θ) cos (φ)

cos (θ)

 (A.2)

From 5.2 we also have that

tan (φ) =

∑
xili∑
yili

(A.3)

and

tan (θ) =
sin (φ)

∑
xili + cos (φ)

∑
yili∑

zili
. (A.4)

With equations A.3 and A.4 it is possible to calculate cos(φ), sin(φ), cos(θ) and sin(θ).
It will be assumed that

∑
xili,

∑
yili and

∑
zili are positive since the angle in 5 is only

de�ned between 0° and 90° and it is therefore possible to take the absolute values.

A.1. Calculating cos(φ) and sin(φ)

Equation A.3 gives

φ = tan−1
(∑

xili∑
yili

)
. (A.5)
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Inserting this into cos(φ) yields

cos (φ) = cos

(
tan−1

(∑
xili∑
yili

))
=

1√(∑
xili∑
yili

)2
+ 1

=
1√

(
∑
xili)

2+(
∑
yili)

2

(
∑
yili)

2

=

∑
yili√

(
∑
xili)

2 + (
∑
yili)

2
. (A.6)

Substituting φ from equation A.5 into sin(φ) yields

sin (φ) = sin

(
tan−1

(∑
xili∑
yili

))

=

∑
xili∑
yili√(∑

xili∑
yili

)2
+ 1

which simpli�es to

sin (φ) =

∑
xili√

(
∑
xili)

2 + (
∑
yili)

2
(A.7)

in an analogue way to equation A.6.

A.2. Calculating cos(θ) and sin(θ)

Equation A.4 gives

θ = tan−1
(

sin (φ)
∑
xili + cos (φ)

∑
yili∑

zili

)
. (A.8)
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A.2. Calculating cos(θ) and sin(θ)

Inserting the results from equations A.6 and A.7 into equation A.8 gives

θ = tan−1


∑
xili√

(
∑
xili)

2+(
∑
yili)

2

∑
xili +

∑
yili√

(
∑
xili)

2+(
∑
yili)

2

∑
yili∑

zili



= tan−1


(

(
∑
xili)

2+(
∑
yili)

2

√
(
∑
xili)

2+(
∑
yili)

2

)
∑
zili


= tan−1


√

(
∑
xili)

2 + (
∑
yili)

2∑
zili

 . (A.9)

Substituting this into cos(θ) yields

cos (θ) = cos

tan−1


√

(
∑
xili)

2 + (
∑
yili)

2∑
zili


=

1√(√
(
∑
xili)

2+(
∑
yili)

2∑
zili

)2

+ 1

=
1√

(
∑
xili)

2+(
∑
yili)

2

(
∑
zili)

2 + 1

=
1√

(
∑
xili)

2+(
∑
yili)

2+(
∑
zili)

2

(
∑
zili)

2

=

∑
zili√

(
∑
xili)

2 + (
∑
yili)

2 + (
∑
zili)

2
. (A.10)

Substituting θ from equation A.9 into sin(θ) yields

sin (θ) = sin

tan−1


√

(
∑
xili)

2 + (
∑
yili)

2∑
zili


=

√
(
∑
xili)

2+(
∑
yili)

2∑
zili√(√

(
∑
xili)

2+(
∑
yili)

2∑
zili

)2

+ 1
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which simpli�es to

sin (θ) =
(
∑
zili)

√
(
∑
xili)

2+(
∑
yili)

2

(
∑
zili)√

(
∑
xili)

2 + (
∑
yili)

2 + (
∑
zili)

2

=

√
(
∑
xili)

2 + (
∑
yili)

2√
(
∑
xili)

2 + (
∑
yili)

2 + (
∑
zili)

2
. (A.11)

in an analogue way to equation A.10.

A.3. Calculating α

By inserting the results from equations A.7 and A.11 into the x-coordinate of the vector
in equation A.2

αx =

√
(
∑
xili)

2 + (
∑
yili)

2√
(
∑
xili)

2 + (
∑
yili)

2 + (
∑
zili)

2
·

∑
xili√

(
∑
xili)

2 + (
∑
yili)

2

=

∑
xili√

(
∑
xili)

2 + (
∑
yili)

2 + (
∑
zili)

2

is obtained. Similarly

αy =

√
(
∑
xili)

2 + (
∑
yili)

2√
(
∑
xili)

2 + (
∑
yili)

2 + (
∑
zili)

2
·

∑
yili√

(
∑
xili)

2 + (
∑
yili)

2

=

∑
yili√

(
∑
xili)

2 + (
∑
yili)

2 + (
∑
zili)

2

is obtained by inserting the results from equations A.6 and A.11 into the y-coordinate of
the vector in equation A.2. Finally by inserting the result from equation A.10 into the
z-coordinate of α

αz =

∑
zili√

(
∑
xili)

2 + (
∑
yili)

2 + (
∑
zili)

2
(A.12)

is obtained.
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B. Secondary structure

For the secondary structure analysis in chapter 8 the secondary structure of the peptide
or peptides was calculated every 5 ps. This appendix contains plots of the secondary
structure as function of time for all simulations for which the secondary structure was
analysed.

B.1. Bulk

As explained in section 8.1 two simulations were performed for each composition, each
with one single LKα14 peptide in bulk. For the �rst one an α-helical structure was
simulated for 0.6 ns at 900 K. The resulting simulation box was then equilibrated at 300
K using the Berendsen barostat. The equilibrated simulation box was then simulated for
10 μs using the Parrinello-Rahman barostat. The starting conformation of the peptide
in the other simulation was either random coil or an α-helix depending on whether the
peptide showed more tendency towards α-helical or random coil secondary structure. The
simulations with xEth = 0.033 are an exception, there no heating was involved and the
two starting conformations were simply an α-helical one and a random coil one.
The �rst intention was to only do one simulation for each composition. Given that an
α-helix is a relatively stable structure the system was heated so that other conformations
could be reached. As can be seen from �gures B.3b, B.3d and B.3f heating the system
was not always enough to denature the α-helix. As can be seen from �gures B.1, B.2, B.3
and B.4 there was no clear pattern to be seen after 1 μs other than that an α-helix which
was present at the start of the simulation would stay (or in the case with xEth = 0.9
oscillate between α-helix and turn mostly because it was barely long enough to be an
α-helix).
Therefore simultaneously a second simulation was started for each composition and

the �rst simulations were continued. The route chosen was to start each of the new
simulations from an random coil conformation. This conformation was taken from the
simulation with xEth = 0 and therefore not suitable for a second simulation of that
composition. As such the second simulation of the composition with xEth = 0 was
started from an α-helical conformation of the peptide. As can be seen from �gure B.2
in the simulation of the compositions with xEth = 0.2 and xEth = 0.3 an random coil
structure survived longer in the simulations starting from the heated structure than in
the simulations starting from the random coil structure. Since the α-helices did not
disappear after they had formed a third simulation starting from an α-helical structure
was not considered necessary for these systems.
Comparing �gures B.1, B.2, B.3 and B.4 shows that the only simulations where an
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B. Secondary structure

(a) Mole fraction ethanol xEth = 0 starting from
the heated conformation.

(b) Mole fraction ethanol xEth = 0 starting from
an α-helical con�guration.

(c) Mole fraction ethanol xEth = 0.0333̄ starting
from a random coil con�guration.

(d) Mole fraction ethanol xEth = 0.033 starting
from an α-helical con�guration.

(e) Mole fraction ethanol xEth = 0.1 starting from
a random coil con�guration.

(f) Mole fraction ethanol xEth = 0.1 starting from
the heated con�guration.

Figure B.1.: Secondary structure of LKα14 as a function of simulation time for each
amino acid. Black is α-helix, white random coil, blue turn, green 310-helix
and pink isolated bridge.
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B.1. Bulk

(a) Mole fraction ethanol xEth = 0.2 starting from
a random coil con�guration.

(b) Mole fraction ethanol xEth = 0.2 starting from
the heated con�guration.

(c) Mole fraction ethanol xEth = 0.3 starting from
a random coil con�guration.

(d) Mole fraction ethanol xEth = 0.3 starting from
the heated con�guration.

(e) Mole fraction ethanol xEth = 0.4 starting from
a random coil con�guration.

(f) Mole fraction ethanol xEth = 0.4 starting from
the heated con�guration.

Figure B.2.: Secondary structure of LKα14 as a function of simulation time for each amino
acid. Black is α-helix, white random coil, blue turn and green 310-helix.
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(a) Mole fraction ethanol xEth = 0.5 starting from
a random coil con�guration.

(b) Mole fraction ethanol xEth = 0.5 starting from
the heated con�guration.

(c) Mole fraction ethanol xEth = 0.6 starting from
a random coil con�guration.

(d) Mole fraction ethanol xEth = 0.6 starting from
the heated con�guration.

(e) Mole fraction ethanol xEth = 0.7 starting from
a random coil con�guration.

(f) Mole fraction ethanol xEth = 0.7 starting from
the heated con�guration.

Figure B.3.: Secondary structure of LKα14 as a function of simulation time for each amino
acid. Black is α-helix, white random coil, blue turn and green 310-helix.
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B.1. Bulk

(a) Mole fraction ethanol xEth = 0.8 starting from
a random coil con�guration.

(b) Mole fraction ethanol xEth = 0.8 starting from
the heated con�guration.

(c) Mole fraction ethanol xEth = 0.9 starting from
a random coil con�guration.

(d) Mole fraction ethanol xEth = 0.9 starting from
the heated con�guration.

(e) Mole fraction ethanol xEth = 1 starting from a
random coil con�guration.

(f) Mole fraction ethanol xEth = 1 starting from
the heated con�guration.

Figure B.4.: Secondary structure of LKα14 as a function of simulation time for each amino
acid. Black is α-helix, white random coil, blue turn and green 310-helix.
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α-helix completely disappears are both simulations with xEth = 0 and the simulation
with xEth = 0.033 starting from an random coil simulations (where it then soon forms
again and stays for the rest of the simulation). For other compositions there is always
at least a turn left. This happens for three compositions with xEth > 0.1. There is
the case of the α-helix becoming shorter and then the last part turning into turn for a
short while before the whole α-helix forms again when xEth = 0.7 and shorter α-helices
at the start of simulations turning into turns when xEth = 0.9 or xEth = 1. There is also
more �uctuation in the length of the α-helix for xEth = 0.033 and xEth = 0.1 than when
xEth > 0.1. This shows that the α-helix is quite stable in all conformations other than
xEth = 0.
There is no clear pattern in how long it takes the α-helix to form but for 0.3 ≤ xEth ≤

0.8 an α-helix that does form tends to be quick to assume its full length while this takes
longer time for xEth ≥ 0.9 or xEth ≤ 0.2. Therefore the presence of both water and
ethanol seems to promote the peptide folding into a full length α-helix when a part of it
has already formed an α-helix.
Figures B.1, B.2, B.3 and B.4 also show that the full length of the α-helix is 12 of the

14 amino acids of the peptide. The two amino acids at the N-terminus of the peptide
are not part of the α-helix. As mentioned earlier there is more �uctuation in the length
of the α-helix when xEth = 0.033 or xEth = 0.1 than when xEth > 0.1. This �uctuation
involves the α-helix shortening from the N-terminus end far more often than from the
C-terminus end of the helix. Even at higher xEth where �uctuations in helix length are
less common �uctuations are more common at the N-terminus end of the α-helix than at
the C-terminus end.

B.2. Surface

The di�erence between the secondary structure at the surface and in the bulk of the
water/ethanol mixtures was examined by performing two simulations for each composi-
tion. Each had 20 peptides and two solution/air interfaces. For each composition, in one
simulation the peptides started from an α-helical conformation and in the other simula-
tion they started from the same random coil conformation as was used for the random
coil simulations in B.1. The simulations starting from an α-helical conformation were
900 ns while the simulations starting from a random coil conformation were 450 ns. As
explained in section 8.2 this was not enough to converge the secondary structures.
Figures B.5, B.6, B.7 and B.8 clearly show how not all amino acids in the peptides are

part of the α-helix. The white strip signifying the random coil secondary structure of the
amino acids closest to the N-terminus allow the di�erent peptides to be distinguished
in the graphs showing the results from the simulations when starting from an α-helical
conformation. In the graphs of the results from the simulations starting from a random
coil conformation it is only possible to distinguish the di�erent peptides when they do
form α-helices or by comparison with the corresponding graph from a simulation starting
from α-helical conformation.
Comparing �gures B.5, B.6, B.7 and B.8 shows that even if the simulations starting
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B.2. Surface

(a) Mole fraction ethanol xEth = 0 starting from a
random coil conformation.

(b) Mole fraction ethanol xEth = 0 starting from
an α-helical con�guration.

(c) Mole fraction ethanol xEth = 0.033 starting
from a random coil conformation.

(d) Mole fraction ethanol xEth = 0.033 starting
from an α-helical con�guration.

(e) Mole fraction ethanol xEth = 0.1 starting from
a random coil conformation.

(f) Mole fraction ethanol xEth = 0.1 starting from
an α-helical con�guration.

Figure B.5.: Secondary structure of LKα14 as a function of simulation time for each amino
acid of all peptides. The order of the amino acids in each peptide is the same
as in the single peptides in bulk earlier and the numbers on the side refer
to the individual peptides. Black is α-helix, white random coil, blue turn,
green 310-helix, pink isolated bridge and orange extended conformation.
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B. Secondary structure

(a) Mole fraction ethanol xEth = 0.2 starting from
a random coil con�guration.

(b) Mole fraction ethanol xEth = 0.2 starting from
an α-helical con�guration.

(c) Mole fraction ethanol xEth = 0.3 starting from
a random coil con�guration.

(d) Mole fraction ethanol xEth = 0.3 starting from
an α-helical con�guration.

(e) Mole fraction ethanol xEth = 0.4 starting from
a random coil con�guration.

(f) Mole fraction ethanol xEth = 0.4 starting from
an α-helical con�guration.

Figure B.6.: Secondary structure of LKα14 as a function of simulation time for each
amino acid. The order of the amino acids in each peptide is the same as in
the single peptides in bulk earlier and the numbers on the side refer to the
individual peptides. Black is α-helix, white random coil, blue turn, green
310-helix, pink isolated bridge and orange extended conformation.
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B.2. Surface

(a) Mole fraction ethanol xEth = 0.5 starting from
a random coil con�guration.

(b) Mole fraction ethanol xEth = 0.5 starting from
an α-helical con�guration.

(c) Mole fraction ethanol xEth = 0.6 starting from
a random coil con�guration.

(d) Mole fraction ethanol xEth = 0.6 starting from
an α-helical con�guration.

(e) Mole fraction ethanol xEth = 0.7 starting from
a random coil con�guration.

(f) Mole fraction ethanol xEth = 0.7 starting from
an α-helical con�guration.

Figure B.7.: Secondary structure of LKα14 as a function of simulation time for each
amino acid.The order of the amino acids in each peptide is the same as in
the single peptides in bulk earlier and the numbers on the side refer to the
individual peptides. Black is α-helix, white random coil, blue turn, green
310-helix, pink isolated bridge and orange extended conformation.
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B. Secondary structure

(a) Mole fraction ethanol xEth = 0.8 starting from
a random coil con�guration.

(b) Mole fraction ethanol xEth = 0.8 starting from
an α-helical con�guration.

(c) Mole fraction ethanol xEth = 0.9 starting from
a random coil con�guration.

(d) Mole fraction ethanol xEth = 0.9 starting from
an α-helical con�guration.

(e) Mole fraction ethanol xEth = 1 starting from a
random coil con�guration.

(f) Mole fraction ethanol xEth = 1 starting from an
α-helical con�guration.

Figure B.8.: Secondary structure of LKα14 as a function of simulation time for each
amino acid.The order of the amino acids in each peptide is the same as in
the single peptides in bulk earlier and the numbers on the side refer to the
individual peptides. Black is α-helix, white random coil, blue turn, green
310-helix, pink isolated bridge and orange extended conformation.
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B.2. Surface

from an α-helical conformation were two times as long as the ones starting from a random
coil conformation more changes can be seen in the secondary structure over time in the
simulations starting from a random coil conformation. There is no visible di�erence
between the secondary structure graphs for the di�erent simulations starting from α-
helical conformations, though the analysis in section 8.2 reveals a slight di�erence between
pure water and the other compositions (i.e. a slightly lower prevalence of α-helix in the
bulk). But even though random coil is the preferred conformation of the peptide in the
bulk of pure water, �gure B.5b shows that this slight di�erence must stem from the α-
helices being on average shorter in the bulk rather than from any α-helix fully denaturing
within the time-frame of the simulation.
The simulations starting from random coil con�gurations have more interesting results.

Figure B.5a shows that in pure water 16 of the 20 peptides form α-helices within the
time-frame of the simulation (14 of these are full length α-helices) and 8 peptides start
forming α-helices within 100 ns of the start of the simulation. As shown in section 8.2 the
majority of these α-helices is at the surface. Since LKα14 was designed to form α-helices
at water/air interfaces58 and has been shown to do so58,83 it is not surprising that the
peptide form α-helices at the surface in the simulations. But comparison of �gure B.5a
with �gures B.1, B.2, B.3 and B.4 shows that the α-helices form more quickly at the
surface of pure water than in the bulk of solvent compositions where the α-helix is quite
stable.
Comparison of �gures B.5, B.6, B.7 and B.8 also shows a tendency towards more α-

helix formation upon decreasing ethanol content of the solvent. Especially the solvent
compositions where section 9.2 shows that α-helices adsorb to the surface lead to many
α-helices formed within the time-frame of the simulation, 15 for xEth = 0.0333̄ and 14
for xEth = 0.1 (11 and 6 full length ones respectively). The α-helices in those two solvent
compositions form slower than in pure water. In contrast only 5 of the 20 peptides fold
into an α-helix within the time-frame of the simulations when xEth = 0.8 or xEth = 0.9
(only 1 full length α-helix forms in each). The trend of more α-helices forming with less
xEth is not linear, with more α-helices formed when xEth = 0.4 (13, 8 full length ones)
than when xEth = 0.2 (13, but only 5 full length ones).
The di�erent times needed for formation of α-helices in di�erent solvent compositions

in the simulations both with and without a surface seems to suggest that presence of
both water and ethanol induces quicker formation of α-helices. The water/air surface
induces an even quicker α-helix formation.
Figures B.5, B.6, B.7 and B.8 all show, that when starting from a random coil confor-

mation, α-helices that have formed tend to not disappear again. This fact and the stark
contrast between the secondary structures depending on the starting conformation of the
peptides support the conclusion from section 8.2 that 450 or 900 ns long simulations are
not long enough to converge the secondary structure even when 20 peptides are used
instead of 1.
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C. Partial densities

The partial densities along the z-coordinate of all the di�erent components in all simu-
lations with an interface are shown in �gures C.1, C.2, C.3 and C.4. For the simulations
where the peptides start from an α-helical conformation the partial densities were calcu-
lated both from the �rst 450 ns of the simulation and after 900 ns. In all cases the �rst
100 ns were discarded as equilibration.
Figure C.1 shows clearly that for low xEth the peptides adsorb to the surface no matter

the starting conformation and that there is no signi�cant di�erence between the results
after 450 ns and 900 ns. When ethanol is present it also adsorbs to the surface. This
has been shown to also be the case in experiments of ethanol/water mixtures without
any solutes141,142. Comparing �gures C.1a, C.1b and C.1c reveals no clear di�erence in
the adsorption between these three xEththough as seen in chapter 9.2 a closer analysis
reveals a slight di�erence in the adsorption.
Figures C.2 and C.3 reveal an interesting dynamic where a longer simulation time

results not in more symmetrical curves for the partial densities but rather in more loop
sided ones. Many of them have a two peak structure close to one surface (for example
xEth = 0.4, xEth = 0.5 or xEth = 0.7) with a peak in the water density between the two
peaks in the peptide density. In these solvent compositions the peptides form clusters
with the water molecules (see chapter 11). These clusters as a whole adsorb to the
surface. There they orient is such a way that about half the peptides in the cluster are
close to the surface, then the water molecules form a layer and then the second peptide
peak represents the peptide on the other side of the cluster. The position of the clusters
in the solution converges slower than the position of monomers or oligomers.
As seen in �gure C.4 there is no adsorption of the peptides at high xEth and for

xEth = 0.9 and xEth = 1 a longer simulation leads to a more symmetrical curves for the
partial densities as would be expected from a better converged simulation.
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C. Partial densities
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Figure C.1.: Partial densities of each component along the z-coordinate with xEth = 0,
xEth = 0.033 and xEth = 0.1. In each sub�gure (a) is a 450 ns simulation
and (b) a 900 ns simulation, both starting from an α-helical peptide confor-
mation, while (c) is a 450 ns simulation starting from a random coil peptide
con�guration. Water uses the scale on the left, the peptides and the ions
the scale on the right.
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Figure C.2.: Partial densities of each component along the z-coordinate with xEth = 0.2,
xEth = 0.3 and xEth = 0.4. In each sub�gure (a) is a 450 ns simulation and
(b) a 900 ns simulation, both starting from an α-helical peptide conforma-
tion, while (c) is a 450 ns simulation starting from a random coil peptide
con�guration. Water uses the scale on the left, the peptides and the ions
the scale on the right.
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Figure C.3.: Partial densities of each component along the z-coordinate with xEth =
0.5,xEth = 0.6 and xEth = 0.7. In each sub�gure (a) is a 450 ns simulation
and (b) a 900 ns simulation, both starting from an α-helical peptide confor-
mation, while (c) is a 450 ns simulation starting from a random coil peptide
con�guration. Water uses the scale on the left, the peptides and the ions
the scale on the right.
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Figure C.4.: Partial densities of each component along the z-coordinate with xEth =
0.8,xEth = 0.9 and xEth = 1. In each sub�gure (a) is a 450 ns simulation
and (b) a 900 ns simulation, both starting from an α-helical peptide confor-
mation, while (c) is a 450 ns simulation starting from a random coil peptide
con�guration. Water uses the scale on the left, the peptides and the ions
the scale on the right.
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