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ABSTRACT

Proteins are fascinating molecular machines with their ability to fold into unique
3-dimensional structures identified as their native states. Despite their surprisingly
robust folding capability, proteins and peptides exhibit a strong tendency to form or-
dered aggregates if the environmental conditions are correctly tuned. The amphiphilic
nature of peptides plays an important role in enabling aggregation in aqueous envi-
ronment or at interfaces and surfaces or by allowing peptides to penetrate through or
aggregate in membranes. In many cases the aggregation or the interaction of a pep-
tide with a hydrophobic/hydrophilic interface triggers a conformational change in the
molecule, which is usually coupled to the partitioning of the hydrophobic/hydrophilic
residues of the peptide. Well known examples of the interplay of conformational
change and aggregation or partitioning at interfaces are the misfolding of proteins
upon amyloid aggregation, or more generally the induction of higher S-sheet content
by aggregation or by the presence of an interface. In order to better understand and
ultimately control structure formation in peptide aggregates and peptide-based ma-
terials, knowledge of the relevant interactions, driving forces, pathways and assembly
mechanisms is essential.

In this thesis we utilize molecular dynamics simulations to provide microscopic
structural and thermodynamic insight into the interplay of folding, aggregation and
partitioning in peptide based systems. In order to illustrate environment driven
conformational change, the first model system we have focused on is phenylalanine
dipeptide (FF). With its only two aminoacid long sequence, this molecule forms one-
dimensional nanotubes, in which the molecules adopt a cis-like conformation unlike
their preferred state in water. Here, by analyzing molecular dynamics simulations of

FF in bulk water and cyclohexane/water interface, we demonstrate how the hydropho-
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bic/hydrophilic interface triggers the trans-to-cis conformational change. Moreover,
we demonstrate that even a molecular interface can lead to a similar conformational
change, and discuss the similarities and differences between macroscopic and molec-
ular interfaces. Next, in order to overcome the time and length scale barriers in ob-
serving aggregation of peptides in molecular simulations, we develop a coarse-grained
(CG) model capable of representing the conformational behavior of FF. Our CG model
is unique in its ability to capture the correct representation of the target molecule
in two different environments. We show that correct representation of a structural
change, such as a trans-to-cis conformational switch, relies on thermodynamic driving
forces. Hence, a solvation free energy based tuning is required to capture the correct
partitioning behavior.

In the second study we switch to the LK peptide which is a designed synthetic
molecule. We demonstrate how the interplay of hydrogen bonding, hydrophobic inter-
actions, and electrostatics leads to an intrinsically disordered peptide. When isolated
in bulk water it lacks a well defined secondary structure and only in the presence of a
macroscopic or molecular interface its targeted a-helical secondary structure can be
realized. In the case of LK the presence of an interface leads to a population shift
in the conformational phase space of the molecule. We also calculate the potential
of mean force as a function of aggregate size and demonstate that in agreement with
experimental findings tetramers of LK are the stable form in solution.

Our findings highlight the challenges associated with the coupled nature of ag-
gregation, folding and partitioning for peptides. We show that molecular dynamics
simulations provide atomistic resolution analysis of the driving forces for such phe-

nomena, perfectly complementing experimental techniques.



OZETCE

Birer molekiiler makine olan proteinler, ti¢ boyutlu dogal yapilarina katlanmadaki
yeteneklerine ragmen, cevresel etkiler dogru ayarlandigi takdirde dizili birikimler
olugtururlar.  Soliisyon icginde, ylzeylerde veya arayiizeylerde goriilen birikimler
ya da etkilesimlerde peptitlerin amfifilik dogasinin rolii 6nemlidir. Bu rol hiicre
zarlarindan gegiste veya bu zarlarda birikmede de goriilebilir.  Cogu durumda,
peptitlerin birikmesi veya hidrofobik/hidrofilik arayiizeylerle etkilegimi, molekiillerin
sekillerinde degisime sebep olur. Bu durum genelde hidrofobik /hidrofilik rezidiilerin
ayrilmasiyla birlikte goriiliir. Araytizeylerde goriilen konformasyon degisimi, birikme
ve ayrilmanin en bilinir ornegi amiloid birikimiyle goriilen proteinlerdeki hatal
katlanmadir. Ya da daha genel tabirle arayilizey veya birikme etkisiyle yiiksek
miktarda beta plaklarinin olusumudur. Hem peptit birikmelerindeki yapinin hem de
peptit-tabanli malzemelerin olusumunu kontrol edebilmek ve bu stirecleri daha iyi
anlamak icin ilgili etkilegimlerin, harekete gegirici kuvvetlerin, yolaklarin ve birlegim
mekanizmalarini anlamak sarttar.

Bu tezde, peptit tabanh sistemlerde katlanma, birikim ve ayrilmanin birbir-
leriyle etkilesimine mikroskopik yapisal ve termodinamik agidan bakma amaciyla
molekiiler dinamik simiilasyonlarini kullandik.  Cevrenin etkisiyle gerceklegen
yapisal degigiklikleri gostermek amaciyla ilk model sistemimiz olan fenilalanin
dipeptidi (FF) {izerine odaklandik. Sadece iki aminoasit uzunlugundaki sekansina
sahip olmasina ragmen tek boyutlu nanotiip olusturabiliyor. Bu nanotiiplerdeki
molekiillerde su yigimi icindeki yapilarin aksine cis-benzeri yapilar goriilmektedir.
Hem su yigimindaki hem de siklohekzan /su arayiizeyindeki FF molekiiliinii molekiiler
dinamik simiilasyonlari ile tahlil ederek hidrofobik/hidrofilik arayiizeylerin transtan

cise yapisal degisimi tetiklediklerini gosterdik. Dahasi, molekiiler araytiizeyin bile
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benzer yapisal degisiklikler yaratacagimi kanitladik ve makroskopik ve molekiiler
arayiizeyler arasindaki farklar1 ve benzerlikleri tartigtik. Ardindan, zaman ve ebat
olgeklerindeki engelleri agarak molekiiler simiilasyonlar yardimiyla peptitlerdeki
birikimi gézlemlemek i¢in, diigiik ¢oziintirliikli (DC) model geligtirdik. Bu DC model
FFde goriilen farkli yapisal davraniglari temsil edebilmekte, yani FFnin iki farkh
ortamdaki yapisal farkliliklarin1 dogru bir sekilde betimleyebilmektedir. Transtan
cise yapisal degisim gibi siirecleri dogru temsil edebilmenin termodinamik kuvvetlerle
yakindan alakali oldugunu gosterdik. Dogru ayrilma davranigini temsil edebilmek
i¢cin de ¢oziinme serbest enerjilerini kullanmanin gerekliligini gosterdik.

Ikinci calismada tasarlanan sentetik bir molekiil olan LK peptitlerine gectik. Bu-
rada, hidrojen baglari, hidrofobik ve elektrostatik etkilegimlerin igsel olarak dagimik
peptite sebep oldugunu ortaya koyduk. Tek bagina su yigini i¢inde belirli bir ik-
incil yapiya sahip olmayan bu molekiiliin makroskopik ve molekiiler arayiizeylerde
hedeflenen alfa-heliks ikincil yapisini gectigi goriilldii. Boylece arayiizeyin varligi
molekiiliin yapisal faz uzayinda bir popiilasyon kaymasi yaratmis oldu. Ortalama
kuvvetin potansiyelini birikim ebatinin bir fonksiyonu olarak hesapladik ve deneysel
caligmalarla uyumlu olarak LK peptidinin soliisyon i¢inde dortlii bir yapida stabil
kaldigin1 gozlemledik.

Bulgularimiz peptitlerde birikim, katlanma ve ayrilmanin birlikteliginin dogasina
iligkin zorluklara vurgu yapti. Molekiiler dinamik simiilasyonlarinin atomistik 6lcekte
bu fenomenleri harekete geciren kuvvetlerin tahlilini sagladigi ve bunlarin deneysel

teknikleri tamamladigini gostermis olduk.
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partitioning by preventing the hydration of leucine sidechains.

Mean of solvent accessible surface area for leucine sidechains for a single
LKa14 at the vacuum/water interface. The peptide is initially random
coil and submerged in bulk water. The initial drop corresponds to
the peptide moving to the interface. The area of hydrophobic leucine
sidechains exposed to water is minimised when the peptide adopts full
a-helix (see Fig. 4.11). The area of the leucine sidechains facing vacuum
is subtracted from the total area of the leucine sidechains accessible
from scanning the protein surface to achieve the SASA. . . . . . . ..
Replica exchange MD at the vacuum/water interface: Time evolution
of the secondary structure of a single LKa14 peptide between temper-
atures 298-366 K. Secondary structure content was evaluated with the
DSSP algorithm. The plots are ordered in increasing temperature from

left to right and top to bottom. . . . . . ... ... ... ... ...
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Time evolution of the secondary structure for a dimer of LKa/14 in bulk
water for antiparallel (top) and parallel (bottom) orientations. The a-
helix secondary structure is stable for both orientations for the duration
of the simulation. In the snapshots, the lysine sidechains (blue licorice)
extend into bulk water whereas the leucine sidechains (white licorice)
form a hydrophobic core. The peptide backbone is colored according
to secondary structure with NewCartoon representation of VMD. The
ACE cap residues are drawn with orange licorice. . . . . . . ... ..
Comparison of parallel and anti-parallel orientation of LKa14 dimer
in bulk water: Timeline of inter-dimer distance and inter-dimer angle
(top) and the corresponding histograms (bottom). The distance is
the distance between the centers of mass distance of the backbone
atoms. The angle is the angle between the vectors passing through the
backbone of the peptides, where the first and last 3 residues are not
taken into account due to occasional unfolding of the end residues. The
parallel orientation adopts an average inter-dimer angle of 30° and an
inter-dimer distance of 0.97 nm where the anti-parallel one yields 150°
and 1.06 nm. . . ...
Distance angle correlation for a LKa/14 dimer in bulk water for peptides
aligned in parallel (left) and anti-parallel (right) . . . . ... ... ..
LKal14 dimer in bulk water: Two initially unfolded and separately
positioned LKa14 peptides in bulk water first associate and then fold.
Snapshots handpicked from the simulation are shown along with the
time evolution of the secondary structure. Solvent accessible surface
area for the leucine sidechains is plotted (third from above) and the
minimum distance between the peptides is presented (bottom). The
initial drop in both the minimum distance and SASA plots correspond

to the association that takes around 180 ns. . . . . . . . . . . . ...
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PMFs for separating one peptide from a dimer for parallel and anti-
parallel orientations. The depth of the PMFs are the same for both
orientations which suggests that they are equally preferable. The con-
vergence for the PMF was checked by block analysis. Entropic correc-
tion was applied to the PMFs. . . . . . . . .. ... ... ... ....
PMFs for separating one peptide from an anti-parallel oriented LKa14
dimer in bulk water obtained by umbrella simulations comparing the
peptides where the lysine sidechains are charged and uncharged. The
PMF of the charged peptides shows a decreasing slope after 2.5 nm
which corresponds to a repulsion whereas the uncharged peptides dis-

play a flat PMF at large distances. Therefore the repulsion observed

is of electrostatic origin. Entropic correction was applied to the PMFs.

LKal4 dimer in bulk water: Initially, the peptides are full a-helix
and separated. The peptides merged after 300 ns and a-helix for one
of the peptides the full a-helix was not stable between 180-340 ns.
Compared to the previous simulations where two randomly oriented
peptides merged in 40 ns (Fig. 4.18) here the formation of the dimer
takes more time. The reason behind this increased time for aggregation
is the electrostatic repulsion observed at large distance as seen from the
PMF curves in Figs. 4.19 and 4.20. . . . . . .. .. .. ... ... ..
Frequency histograms for the umbrella simulations for pulling one pep-
tide from the anti-parallel dimer. The histograms should intersect if
one wants to achieve a reliable PMF curve. . . . . . . . .. ... ...
Time evolution of the secondary structure for each residue for trimer,
tetramer, pentamer and octamer in bulk water color coded for each
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Snapshots for the trimer, tetramer, pentamer and octamer simulations
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PMF curves obtained by umbrella sampling simulations for pulling
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Inter-dimer distance vs inter-dimer angle correlation for a LK« 14 dimer
at the vacuum/water interface. The anti-parallel orientation is more
populated compared to the parallel one and the dimer does not disso-
ciate but instead prefers to position with larger distances. The three

distinct peaks are can be seen in Fig. 4.31. . . . . .. ... ... ...

XXV

96

97

98

100

101

102



4.31

4.32

4.33

4.34

4.35

Representative snapshots of high probability conformations for a
LKal4 dimer at the vacuum/water interface. The top three figures
are the anti-parallel orientations and correspond to the peaks observed
in distance angle correlation plot in Fig. 4.30. The ones at the bottom
are parallel orientations. Lysine and leucine residues are colored blue
and red, respectively, and the ACE cap is colored gold with CPK
representation. . . . . ... ..o
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Chapter 1

INTRODUCTION

Proteins are the building blocks of life that function as enzymes for the chemical
reactions in living organisms. [1] Proteins perform tasks ranging from transport of
molecules to DNA replication, from signalling messages inside the cell to acting as
agents that transform molecules. [2] All proteins consist of different combinations
of 20 different aminoacids and adopt a collection of structures. Nuclear magnetic
resonance (NMR) and X-ray diffraction techniques along with several spectroscopic
methods such as circular dichroism and Raman spectroscopy are used to determine
the structures of proteins. The link between structure and function of proteins is a hot
topic being actively researched. Therefore, predicting the native structure of a protein
is one of the notable goals in biological studies. [3] Initial theory was that the sequence
determined the function of the protein. Although it plays a major role, studies showed
that the sequence is not the only factor. In fact, identical sequences were observed to
adopt different structures in different environments. Thus the environmental effects
were identified as one of the key factors. [4] In 1984, Kabsch et al. demonstrated
that a pentapeptide assumed different structures according to their context in the
protein. [5] Later, Waterhous et. al along with Zhang et al., showed that the choice
of solvent as one of the factors that define the final structure. [6,7] Mutter et al.
reported environment dependent and pH-dependent mechanisms for conformational
transition mechanisms based on peptides. [8,9]

Peptides are shorter versions of proteins containing up to 50 amino acid residues.
[10] Amphiphilic nature of peptides enable ordered structures at the interfaces and

surfaces. Such conformational changes upon change of media have uses in biomed-
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ical applications such as implant devices [11] or in anti-microbial uses [12]. Cur-
rently, switch peptides are used to study conformational transitions which are re-
garded as key events in neurodegenerative diseases. [13,14] Spontaneous aggregation
of switched peptides resulting in amyloid plaque formation is thought to be the source

of Alzheimer’s disease. [15,16]

Environment induced conformational
change

g (interface, pH, change of solvent etc.)
w

Folded protein Misfolded protein

|
WM - -- - e

Protein fibril Protein aggregate

Figure 1.1: Schematics showing the relation between folding, environment induced
folding and aggregation in peptides. Figure is adapted from [17].

Moreover, the amphiphilicity promotes self-assembly on the cell membranes [18-
20] which can also be initiated manually by alterations in environmental factors,
such as pH, temperature, insertion of solute, change of solvent and such physical or
chemical changes. [21] There exist a range of diseases that are associated with ag-
gregation or conformational transition of proteins such as Alzheimer’s, Huntington’s,
Type II diabetes. [22] For example, aggregation of misfolded proteins leads to amyloid
plaque which plays a role in neurodegenerative diseases. [23]. Other than diseases, the
self-assembly and environment dependent conformational transition in proteins and
peptides have wide variety of uses in designing biological hybrid materials [24], smart

materials that respond to environmental changes [25,26] such as the introduction of
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an interface [27].

The ultimate aim is to control these processes and to control them one has to un-
derstand the underlying mechanisms and lay out the interactions and driving forces
responsible in those mechanisms. To this end, molecular simulation is a valuable tool
that provides access to a range of information at an atomistic detail, which may be in-
accessible by current experimental techniques. Molecular simulation can be useful in
interpreting spectroscopic information by providing both a structural interpretation
of the data and also giving access to the thermodynamic driving forces. Therefore,
molecular dynamics (MD) simulations are increasingly used to study biomolecular
processes such as protein folding, lipid layer formation, and aggregate formation as a
result of advances in computational hardware and improvements in numerical algo-
rithms and force-fields. [28-30]

Challenges in collecting experimental data for the switch processes deems the
computational studies more important. [13] Furthermore, the environment dependent
complex arrangement of peptides complicates multiscale modeling. Furthermore, sim-
ulating structural changes of such large-scale biological processes requires enormous
computational resources. [31] In terms of aggregation processes, MD simulations are
generally limited to either small molecules or simulating pre-aggregated forms. Some-
times the level of detail in a simulation may be too much to identify significant param-
eters. [32] For such cases, a coarse-grained (CG) model can be used which decreases
the computational demand and speeds up the simulations by alleviating the unwanted
details. [33] Therefore CG models act as bridges between different scales where the
processes are unattainable by standard MD simulations. A rough outline for the
temporal and spatial hierarchy for multiscale modeling can be seen in Fig. 1.2.

In coarse-graining methods, atoms are grouped together and each group is repre-
sented as beads, or spherical group of atoms which are also called superatoms. The
missing interaction parameters can be generated using available systematic methods:
iterative Boltzmann inversion [35], inverse Monte Carlo [36] or force-matching [37].

These methods yield potential functions that act as a force-field to reproduce the
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Figure 1.2: Schematics showing the hierarchy for multiscale modelling via spatial and
temporal dimensions. The figure was obtained from [34].

desired properties of the target systems. The target systems are higher resolution
systems which can be experimental values, full-atomistic models or any other system
with a higher degree of freedom compared to the CG model. [38] When choosing the
mapping of the CG model for the system, it is important to clearly define and focus on
the properties to be reproduced. Because, the degree of freedom of the coarse-grained
model is lower than the target system, evidently some of the information will not be
represented.

As the current computational resources demand CG models for replicating large
scale biological processes, a meaningful representation of these processes is only pos-
sible if the model is able to reproduce the behavior of peptides/proteins in different
environments. For example, dynamic processes such as the conformational switch
constitute at least two distinct conformations. However standard CG models are
state-dependent, i.e. they mimic only the system of interest they are modeled after.
Meaning that the state-dependent CG models fail to reproduce the behaviors of their
higher degree counterparts in different conditions such as different solvent, concen-
tration or temperature. Therefore, the state-dependent models fail to represent the

processes where environment induced conformational transition takes place, because



Chapter 1: Introduction 5)

they are not transferable. To this end, transferability is one of the key questions in
current coarse-grain studies.

Overall there are two approaches to coarse-graining: 1) the top-down approach
where the properties to be reproduced are obtained from experimental observations
that are large scale and not accessible by atomistic models and 2) the bottom-up
approach where the properties are obtained via higher degree models, such as all
atomistic models. [39] Although the top-down approach has seen some success in CG
models, the interaction potentials do not have a physical basis and are defined to
imitate certain large-scale phenomena. CG models based on MARTINI force fields
represent the top-down approach where large scale molecular arrangements such as
lipid bilayers as well as the partitioning of proteins at those bilayers can be successfully
reproduced. [31,40] However the predetermined interaction potentials that do not have
a basis from the atomistic standpoint makes this approach not suitable for modeling
systems that display environment induced conformational transition.

The bottom-up approach makes use of several strategies to generate interaction
potentials. One of those strategies is to make use of the solvation free energies to
generate the interaction parameters for the CG model. [41] Free energy gives infor-
mation on the probability that a system adopts a state which can be used to construct
the interaction potentials. [42,43] An alternative method is to define interactions to
reproduce the radial distribution functions (RDF) where Boltzmann inversion can
be utilized. [44] The scheme is made effective by iteratively updating the potentials.
Using iterative boltzmann inversion (IBI) [35], the RDF of pure water system was
reproduced by mapping the atomistic water molecules into single CG beads. [45]

Villa et. al. developed a solvent-free coarse-grained model for peptides which
reproduced the aggregation of a dipeptide in solution [33] and then extended the
model to include the solvent parameters and mimicked the chirality of the atomistic
simulation. [29] Engin et. al. devised solvent-free CG model for diphenylalanine
that reproduced structural and thermodynamic properties qualitatively and showed

that these potentials were transferable for two other hydrophobic dipeptides, namely,
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valinephenylalanine and isoleucinephenylalanine. [46] In another study, the IBI was
modified to reproduce the Kirkwood-Buff integrals instead of the RDF and the CG
model for urea-water in was produced where the molecules were mapped onto single
beads. The model was transferable up to concentrations of 2 M. [47] The study
was expanded to reproduce the free energy for forming benzene clusters in urea-
water. [48] An informed selection of the initial potentials along with suppressing
many-body interactions in the RDF allowed representing the inhomogenous mixtures
where a system of liquid perfluoropolyether film coated on a carbon surface was
coarse-grained. [49] Although the coarse-graining is increasingly studied there are few
studies concerning modelling the environment dependent conformational transition
of peptides or proteins.

The purpose of this thesis is to understand the mechanisms of environment induced
conformational switch processes through computational simulations. The studies fo-
cus on structural and thermodynamic properties of the systems under inspection.
This thesis contributes to the literature by 1) displaying environment induced confor-
mational transition via atomistic molecular dynamics simulations and 2) presents a
coarse-grained model that can capture the environment dependent behavior. More-
over, it is shown that the aggregates behave as interfaces and produce the ordered
structures observed in interfaces.

Chapter 2 gives an outline of the concepts used in this thesis such as molecular
dynamics and algorithms and approaches applied in simulations. Furthermore, the
reader is briefly introduced to the free energy calculations used in this thesis. Then
the theory behind coarse-graining and different approaches to creating CG models
are mentioned in a concise manner.

In chapter 3 using atomistic MD simulations the hydrophilic/hydrophobic inter-
face was shown to trigger a structural change in phenylalanine dipeptide. Moreover
aggregates of these dipeptides were identified as generating micro-interfaces where
similar conformational switches observed in interfaces were detected. The second

part of the chapter presents coarse-grain models of diphenylalanine (FF) that are
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able to mimic the environment dependent conformational switches. The different ap-
proaches to determine the nonbonded interactions for the CG models are compared
where it is shown that the success of the CG model for systems that exhibit confor-
mational changes, also depends on the interactions that do not involve the peptide,
i.e. solvent-solvent interactions. This study was published in the Journal of Chemical
Physics in 2013. [50]

The focus of Chapter 4 is an amphiphilic 14-residue peptide LK«a14 that adopts
different secondary structures in bulk water and hydrophilic/hydrophobic interface.
The secondary structure of a single peptide is tested in bulk water and at the air/water
interface which is the simplest of hydrophilic/hydrophobic interfaces. Then the folding
and aggregation of a dimer in bulk water is shown as an evidence of aggregation
induced change in secondary structure is demonstrated. Later, self-assembly of LK«a14
is investigated by comparing the structural and thermodynamic properties as well as
the stability of various aggregates with different sizes. In the last section of the LK«14
studies, the coarse-grain model of a single LKa14 peptide is shown where the model
mimics the full-atomistic resolution model of a helical structure of a peptide in a
four-helix bundle.

As a concluding remark Chapter 5 presents an overview of the studies and sum-

marizes the findings.
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Chapter 2

THEORY

2.1 Molecular Dynamics

Molecular Dynamics ' (MD) is a simulation technique where the Newton’s equations
of motion for hard-sphere atoms are solved numerically for a number of steps. MD is
widely used in simulating biological processes such as protein folding, lipid layer for-
mation, aggregation, mutation etc. [51-54] The simulations allow access to atomistic
detail properties that are not easily accessible by experimental techniques. [55]

The potential energy, U consists of bonded and nonbonded parts.

U = Ubonded + Unonbonded (21)
Ubonded = Ubond + Uangle + Udihedral (22)
Unonbonded = UvdW + Uelectrostatic (23)

Upondeq consists of bond stretching, angle bending and dihedral angle energies and
the U, onbondea includes van der Waals and electrostatic contributions where the former
is represented as a typical 12-6 Lennard Jones potential and the latter a Coulombic

one (Eq. 2.4 and 2.5).

o @] e

Uelectrostatic(r) = Q1Q2 (25)

4megr

!The scope of this thesis is limited by classical models and therefore does not consider quantum
physics based methods such as ab initio MD. Thus when MD is mentioned, classical MD should
be understood.
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where o corresponds to the radius of the van der Waals interaction and € is the depth
of the interaction potential. ); and (), are charges, and ¢ is the permittivity of
vacuum. Note that the nonbonded interactions are composed of pair potentials. To
simplify the calculations multi-body effects are not taken into account.

The bonded interactions are defined as mass-spring systems.

Ubond = kr<r - TO)z (26)
Uangle = k@(e - 90)2 (27)
Udinedrat = k(1 + cos(ng — ¢)) (2.8)

where k., kp and ks are spring constants, r is the distance, 6 is the angle, ¢ is
the dihedral angle and n represents periodicity. 19, 6y and ¢y are the equilibrium
values of corresponding properties. Bond stretching has the fastest degree of freedom
among the bonded interactions and therefore limits the time step of the simulations.
Therefore bonds are usually constrained to a fixed length to be able to user larger

time steps and thus speed up the simulation [56].

Q= h?,;N, > eap(—H(p,r)dpdr (2.9)
where N is the number of atoms, is the inverse temperature, H(p,r) is the Hamilto-
nian.

The pair interactions for each atom pair are defined by force-fields. Most widely
used force fields in biological simulations are the versions of GROMOS, AMBER,
OPLS. These interactions determine the energy of the system. The most time con-
suming part of an MD simulation is the calculation of energies and forces. Force can
be calculated by taking the derivative of the potential energy with respect to position.
(Eq. 2.10)

_ou
or

Using MD simulation the property of interest, X can be calculated via Eq. 2.11.

F = (2.10)
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_ 1 M
X= E;X(ti) (2.11)

where X is the time average of X and M is the number of time steps. For ergodic

systems the time average is equal to the ensemble average, that is X = (X).

Long range interactions Considering that the number of atoms in a typical MD
simulation is on the order of 10* to 10°, calculation of interactions between all atoms
makes long time scales inaccessible. The workaround for this problem is exploiting
the range of nonbonded interactions.

When reading Eqs. 2.4 and 2.5 one should remember that the energy functions
that decay faster than 1/r3 diverge [57] which reveals that Lennard Jones interactions
are short ranged and electrostatic ones are long ranged. To this end, the fast decay of
van der Waals energy function is utilized by truncating at a cutoff distance. However
as Coulombic interactions decay slowly, truncation introduces serious artifacts. As a
workaround, Coulombic interactions are divided into short and long range contribu-
tions by a cutoff value and the former are calculated in real space whereas the latter

are calculated in Fourier space.

Unonbonded = Ushort + Ulong (212)

and the short and long range potential energy functions can be defined

Uvdw—short Ueciectrostatic—short
o\ 2 o\ erfelarg
Ushort = 4e [() - () ‘| +Q’LQJ# (213)
s rs rs
Uelectrostaticflong
erf(arg)
Ulong = QZQ](i (2]—4)
rs
where rg = |r; — r; + S| is the distance between the ions considering the periodic

images of the ion and S refers to the lattice vectors. erf(z) is the error function and

er fc(x) is the complement of the error function such that er f(z)+er fe(x) = 1. This
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approach is known as Fwald summation. The technique has been extended to various

related methods such as particle mesh Fwald.

Energy minimization MD simulations are dependent on initial positions which
should be a reasonable configurations close to the equilibrium value. However the
initial simulation box is usually not at the equilibrium but positioned close to it.
To this end energy minimization methods are performed to push the configuration
to an equilibrium. Note that the “equilibrium” mentioned here does not necessarily
correspond to the “chemical equilibrium” but to the “energy minimum” which is
usually close to the chemical equilibrium.

Steepest descent is a widely used energy minimization method where at each step
the system is moved to a lower energy configuration. The direction of the move is
defined by [58]

gk
S = —— 2.15
: |9k| ( )

and the next direction will be perpendicular to the previous direction such that g -

gr—1 = 0. Then the new coordinates are updated as
Thy1 = Tk + )\ksk (216)

where \j is the step size.

Energy

J

Figure 2.1: Schematic showing the downhill motion of energy minimization algo-
rithms. Figure was adapted from [58].

Parameter
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Energy minimization methods do not guarantee to find the global minimum from
an arbitrary position. That is, a conformation which is far away from the global
minimum may never reach equilibrium due to being stuck in a local minimum. Energy
minimization only carries the system downhill to the lowest energy, which could be a

local minimum position if the initial configuration is chosen properly (Fig. 2.1).

Integrator To integrate the equations of motion of a system one of the simplest
and most commonly used algorithm is the Verlet algorithm. The algorithm takes the
Taylor expansion of the position of the particle at previous and forward time steps of

At and sums them up (Eq. 2.18-2.19).

r(t+At) = r(t)+v(t)At + ";(;)At? + A?jgr +... (2.17)
r(t—At) = r(t) —v(t)At + J;EQAR - A;!gr +... (2.18)

where r(t) defines position, v(t) = 7(t) velocity and f(t) = 7(t) force and m is the
mass. Summing these two equations and truncating the higher order terms yield the
position at the next time step r(t + At).

f(t)

r(t+ At) = 2r(t) = r(t — At) + = ¢ (2.19)

The Verlet algorithm has been extended to different schemes such as welocity
Verlet and leapfrog where the former uses velocity to calculate the equations of motion
instead of position. Leapfrog method was employed as an integrator for simulations
in this thesis. The idea is to calculate the new positions by using the velocities at

half-integer time steps (Eq. 2.20-2.21).

r(t) —r(t — At)

o(t — At/2) = N (2.20)
ot +at2) = —'0 +££t+At) (2.21)

Rewriting Eq. 2.21 yields the updated positions.
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r(t+ At) = r(t) + Ato(t + At/2) (2.22)

where the forward half-integer velocity can be obtained from the Verlet algorithm.

v(t+ At/2) = v(t — At/2) + ijF(t) (2.23)

Thermostats For constant temperature simulations, the system is coupled to an
external heat bath. Periodically the velocities are rescaled to keep the temperature
at a desired value. There are a number of thermostats such as Berendsen, velocity-
rescaling, Nose-Hoover, Andersen and Langevin thermostats that use different ap-
proaches to rescale the velocities. The simulations in this thesis utilise velocity-rescale
algorithm. Velocity-rescale is a variant of Berendsen thermostat that retains its speed
and, unlike Berendsen thermostat, allows proper sampling the canonical ensemble.
The general approach is that all velocities are multiplied by a factor to match the

kinetic energy of the canonical ensemble.

o= \/% (2.24)
Ein
where « is the scaling factor, Ej;, is the kinetic energy and E, is the kinetic energy
drawn from the canonical distribution. This method ensures canonical distribution
while at the same time decreases fluctuations by spreading the change in kinetic
energy into multiple time steps.

_ dt Erin Epiny dW
AdEp = (Epin — Epin)— + 2, | —kin"hin ©77
kin = (B F )¢+ Ny J7

where Ej;, is the kinetic energy, Ny is the number of degrees of freedom, 7 determines

(2.25)

the time scale of the thermostat. [59] Here d Ey;, is the difference in kinetic energy that
evolves the system to the desired temperature while keeping the canonical distribution

Invariant.
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Barostats To keep the pressure at a constant value, one needs to use a barostat
which scales dimensions similar to thermostats scaling velocities. Berendsen baro-
stat was employed for the simulations in this thesis, the other available algorithms
are Parrinello-Rahman and Andersen. In isothermal-isobaric simulations (NPT), the
number of molecules, temperature and pressure are kept constant but the box dimen-
sions, therefore the volume, and energy are allowed to change.

The pressure, P can be calculated via

2

j J——
3

Ejin — Z) (2.26)

where V' is the volume, E};, the kinetic energy and = is the internal virial for pair-

additive potentials (Eq. 2.27).

where 7; is the position of ith particle and Fj; is the force between the particles 7 and
7.

P P,—P
— = 2.28
dt Tp ( )

where P is the pressure, P the target pressure and 7p is the pressure coupling con-
stant. [60]
The scaling factor p can be calculated via Eq. 2.29.
BAt

p=1-2—(R—P) (2.29)

where [ is the compressibility factor which can be chosen to match experimental
values of the system, where for water at 1 atm and 300 K 8 = 4.6 x 1075 bar!.

The bulk water simulations in this thesis use isotropic pressure coupling is, that
is, the box dimensions are multiplied with the same scaling factor, . However for

interfacial simulations the treatment of x and y dimensions is different from that of

the z dimension, therefore a semi-isotropic coupling is applied. The purpose for semi-
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isotropic coupling in interfacial simulations is to alleviate possible vacuum pockets

while keeping the area of the interface constant.

2.2 Free Energy Calculations

Free energy is an important measure that gives insight into the preferences of a system.
Free energy calculations are widely used in biological and chemical processes such
as ligand binding [61], conformational changes [62], solvation [63]. [64] Computer
simulations facilitate these calculations and are therefore increasingly utilized. Latest
improvements in computational power and algorithms paved the way for reliable free
energy estimations. [65]

The Helmholtz free energy A and Gibbs free energy G can be calculated by

A = —kTInQ(N,V,T) (2.30)
= —kTInQ(N,P,T) (2.31)

where £ is the Boltzmann constant, T is temperature and @ is the partition func-
tion. However () is dependent on the volume of the phase and therefore cannot be
determined directly. Furthermore, free energy of a system cannot be expressed as an
ensemble average. [66,67] One approach is to calculate the free energy differences AA
or AG between two states A and B, which is usually the parameter of interest. [68]

AA = —Tin 94 (2.32)

s

If the masses of states A and B are the same, which corresponds to different states
of the same molecule, then ratio of configurational integrals could be used instead of

partition functions which then gives

AA=—kTIn <ea:p (—le[AU])> (2.33)

where AU is the difference between the potential energies of the A and B states. As
free energy is a state function that does not depend on the path taken, one could

obtain AU irrespective of the path taken. This makes the calculation of free energy
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differences between two states easier by allowing a different reversible path that is
more convenient to obtain via simulations. [69]

Note that in computer simulations these reversible paths do not need to be natural
paths that exists physically. Considering 2.33 absolute free energy can be obtained
through constructing a reversible path by employing non-interacting ghost particles
in the thermodynamic cycle. [64]

Several methods have been put forward to calculate free energy difference along
a trajectory such as umbrella sampling, thermodynamic integration, free energy per-
turbation, slow growth, non-equilibrium work and constraint force pulling. [70] The

first two of these methods are used in this thesis.

Thermodynamic Integration Thermodynamic integration modifies the Hamil-
tonian by introducing a coupling parameter such that the Hamiltonian becomes
H(p,q, \). Here the coupling parameter defines the two states with A =1 and A\ = 0,
and a number of simulations are run for different A values between 1 and 0. The free

energy difference between the states can be obtained via

AN=1) — Z d\ <8U A >A (2.34)

which uses the ensemble average of the difference in potential energy with respect
to A, and performs Gaussian quadrature along A. The process should satisfy the
inequality 92A4/9\* < 0 which can be used to test validity of the simulations. [71]
Thermodynamic Integration is used in calculating solvation and ligand binding free
energies. For particle insertion methods, A = 0 corresponds to the solute behaving as
a ghost particle that does not interact with its environment, and A = 1 is the state

where solute-environment interactions are fully represented.

Umbrella Sampling Umbrella sampling is a method designed to extract the free
energy difference of two states by applying a bias potential to the parameter of interest
along the reaction coordinate. [72] The reaction coordinate is divided into n overlap-

ping windows wherein the parameter of interest is biased towards a target value. [73]
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Umbrella sampling is generally applied to calculate ligand binding energy [61], and
solvation of a particle.

As the system contains a bias potential, one must remove the effects of the bias
to calculate PMF. To this end, weighted histogram analysis (WHAM) method can
be utilised. [74] One could get the unbiased probability distribution P(§) using the
histograms of each window

> gi thi(€)

P() = + =1 (2.35)
> n;g; exp[—B(w;(€) — fj]

where h;(€) is the histogram of the ith window, (5 is the inverse temperature 1/kgT,
with kg being the Boltzmann constant, 7" temperature. n; is the number of data
points in jth window, f; is the free energy constant, N, is the number of windows.
gi is given by the equation g; = 1+ 27; where 7; is the integrated autocorrelation time
of the ¢th window. [75,76]

The integrated autocorrelation time
At

where R;(At) is the normalized autocorrelation function for the ith window. Using

the unbiased probability distribution, the PMF could be obtained

- P(¢)
W (& :—611n< ) 2.37
© P(&) 230
where & is a reference point along the reaction coordinate that makes the PMF zero,

W (&) = 0.

Using the trajectories, &;, of each window in umbrella sampling simulations, new
trajectories, £, are generated by randomly selecting the data points where the prob-
ability of choosing each data is the same. Here, the superscript b denotes bootstrap,
referring to the fact that the actual trajectories are resampled to obtain a new set
of trajectories, namely the bootstrap trajectories. One can think of the bootstrap
data as hypothetical observations. While forming these new trajectories, each data is

allowed to be selected multiple times.
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Histograms, h?, of the new set of trajectories are calculated which are then used
to generate the bootstrap PMFs, W} where k denotes the index of bootstrap sets,
from 1 to Ny, N, being the total number of the bootstrap sets. The uncertainty of
the PMF W (¢) is equal to the unbiased standard deviation of N, bootstrap PMF's

Wi(&7)-
> (wp - )
e = B

where o(€) is the unbiased standard deviation and (W?) is the average of the bootstrap
PMFs. [75]

(2.38)

The GROMACS toolkit g wham allows three approaches to calculate the error
estimate. One is that, the errors can be calculated from the bootstrap analysis as
described above. This approach quantifies the uncertainties correctly if each um-
brella window samples the phase space effectively (the more technical definition is
the equality of the autocorrelation time of each window). However, for simulations of
inhomogenous systems such as those involving large biomolecules, e.g. membranes,
the assumption that each histogram h; is a representation of the underlying distribu-
tion, underestimates the errors and therefore needs to be modified.

If the umbrella windows cannot sample the phase space effectively, the advice is
to increase the same windows with different initial configurations. Histograms of all
windows are then pooled together to form a group of ”complete histograms”. Each
histogram (including the multiple runs for each window) is treated as an ”individual
observation” and a new set of histograms are selected from the ”complete histograms”
group, where multiple selections are allowed. Compared to the above method, no new
trajectories or histograms are generated. Instead available histograms are resampled
and the error estimate is calculated using the bootstrapped PMFs. This approach
ensures a more accurate error estimate for the simulations where the phase space is
hard to sample.

In the “complete histograms” method, one should pay attention to the overlap of

the bootstrapped histograms to obtain a correct PMF. If the randomly chosen his-
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tograms leave a gap along the reaction coordinate then PMF could not be calculated
correctly. Instead of choosing the histograms randomly, histograms can be grouped
along the reaction coordinate and each group can be separately bootstrapped to avoid
any possible gaps in the reaction coordinate. [77]

The third method, called “Bayesian bootstrapping of complete histograms” en-
sures the overlap of the histograms by assigning random weights, w;, to all histograms
to avoid a non-intersecting set of histograms. The probability of choosing a histogram

becomes w; instead of 1/n. [78]

2.3 Replica Exchange Method

Complex molecules such as proteins, membranes, polymers etc. have rugged free
energy landscapes with many local minima separated by high energy barriers. Ad-
equately sampling the phase space for such systems requires A number of copies of
the system with different temperatures are run in parallel and at regular intervals an
exchange between neighboring replicas is attempted. The exchange is accepted based
on a Metropolis criterion shown in Eq. 2.39. The idea is to excite the system with
the help of high temperatures and to scan for other low energy conformations that

were otherwise unavailable due to high energy barriers.

Replica 4 se—
MD

Replica 3 Temperature — :

MD exchange

Replica 2 Temperature
MD X exchange
Replica 1 T> Rejected === —

Figure 2.2: Schematic flow of replica exchange molecular dynamics simulation. Repli-
cas at different temperatures are run in parallel and at regular intervals exchanges

between replicas are attempted. The diagram is taken from Riken Research Web-
site [79]
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Figure 2.2 shows a schematic flow of REMD, where replicas of the same structure
at different temperatures are run in parallel, independent of each other. At regular
intervals, the configurations of the neighboring replicas are exchanged based on a
probability criteria shown in Equation 2.39. The exchanges should be done often to

sample the phase space adequately.

P(1 <> 2) = min(1, exp

(o~ o) W - 0] (2.39)

kpTy  kpTh

where P(1 < 2) is the probability of an exchange between replicas 1 and 2. kg is the
Boltzmann’s constant, T} and 15 are the temperatures and U; and U, are the instanta-
neous potential energies of replicas 1 and 2. [80] As a result, high energy conformations
including the ones that are kinetically trapped are replaced by conformations with
lower energies.

The minimum temperature is chosen to be the temperature of the system and
maximum temperature should be chosen such that the conformations can escape out
of local minima. The temperatures are distributed to obtain an exchange probability.
As the number of degrees of freedom increases the temperature difference between the
neighboring replicas should be smaller. Therefore for large systems, if one wants to
set a high temperature, then the number of replicas should be high. One alternative
is to keep the number of replicas low and decrease the exchange probability. However,
reducing the exchange probability leads to lower number of successful exchanges and
therefore delays sampling of the phase space. [81]

The idea is extended to various parallel tempering methods such as Hamilto-
nian replica exchange which allows the use of a Hamiltonian H(q,p) as a variable
between replicas instead of temperature. Gibbs sampling extends exchanges to non-

neighboring replicas, speeding convergence.

2.4 Coarse-Graining

To alleviate the high demand of computational power demanded for simulating large

systems or for longer time steps, alternative techniques such as coarse-graining may
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be used. CG decreases the number of degrees of freedom of a system by representing
a group of atoms as a single superatom. As a side hand rule, the masses of the
superatoms should be similar, and the regions that have different properties (such as
backbone vs. sidechain) should be mapped to different superatoms. However these
are flexible and act as mere suggestions instead of rules. As the CG model has less
number of degrees of freedom some information regarding the atomic model will be
lost. Therefore the important part is to clearly define and focus on the properties to
be reproduced. [39]

Although there are several approaches for determining the interactions between
these superatoms, there is no single recipe that guarantees reproducing the parameter
of interest. One approach is to define the interactions between the superatoms by
matching the solvation free energies of their atomistic counterparts [41]. Another
example is Boltzmann inversion (BI) method that aims to match the atomistic radial
distribution function (RDF). [44] The BI method has been extended to an iterative
scheme that updates the pair potentials gradually. [35,45] Force matching aims to

mimic the atomistic forces. [37]
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Chapter 3

PHENYLALANINE DIPEPTIDE: A TWO-STATE
SYSTEM FOR INVESTIGATING CONFORMATIONAL
TRANSITION

3.1 Introduction

Peptide aggregation may be triggered by environmental changes such as change of
solvent, pH or concentration. Such cases are visible especially for the amphiphilic
peptides at hydrophilic/hydrophobic interfaces where the hydrophobic and the hy-
drophilic aminoacid residues of the peptides interact selectively with the solvents.
[82-84]

Well known examples of the interplay of conformational change and aggregation
or partitioning at interfaces are the misfolding of proteins upon amyloid aggregation
[85,86], or more generally the induction of higher [-sheet content by aggregation
[87] or by the presence of an interface [88,89]. Such examples are important for a
large variety of fields, such as biomedical research, food science, or material science
[90-95] where folding, aggregation, interaction with interfaces, and partitioning of
hydrophobic and hydrophilic residues influence each other.

In order to better understand the structure formation in peptide aggregates knowl-
edge of the relevant interactions, driving forces, pathways and assembly mechanisms
is essential. Here, molecular simulation can be a valuable tool to provide microscopic
structural and thermodynamic insight into such systems, complementing experimen-
tal data and analytical models.

However, the processes of aggregation and conformational change generally occur

at time scales on the order of hundreds of microseconds to days, where the molecular
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simulations of all-atomistic models are not able to simulate due to computational re-
strictions. To this end, coarse-grain models are employed where the atomistic degrees
of freedom are reduced to enable access to higher time scales. The CG models are
engineered to mimic the desired properties of their higher resolution counterparts.

A common problem associated with the CG models is that the interaction pa-
rameters are generated to represent one thermodynamic state. However, the process
of conformational switch contains at least two distinct states: e.g. one state may
be the configuration of the peptide in bulk water, and the other state may be the
configuration at the hydrophobic/hydrophilic interface. Therefore representing the
two different environments with one set of interaction potentials presents problems in
terms of reproducing the structural or thermodynamic properties of target systems
which are more detailed.

Available methods for parametrization of nonbonded interaction potentials can be
divided into two general categories: (i) thermodynamics-based methods where the CG
parameters are refined so that the system displays a certain thermodynamic behav-
ior [96-100] or (ii) structure-based methods where the CG system aims at reproducing
the configurational phase space sampled by an atomistic reference system [101-113].
Inherent to the process of coarse graining, the resulting CG models typically suf-
fer from representability problems [114]: i.e. a structure-based approach does not
necessarily yield correct thermodynamic properties such as solvation free energies or
partitioning data while thermodynamics-based potentials may not reproduce micro-
scopic structural data such as the local packing or the structure of solvation shells.
Thus, a careful assessment of the system and problem of interest needs to be made
before choosing an appropriate coarse graining strategy.

Closely related problems arise from the limited transferability of CG models: all
CG models (in fact also all classical atomistic forcefields) are state-point dependent
and cannot necessarily be transferred to different thermodynamic conditions such as
temperature, density, concentration, system composition, phase, etc. or a different

chemical or molecular environment such as a certain chemical unit being part of



Chapter 3: Phenylalanine dipeptide: A two-state system for investigating conformational
transition 24

different macromolecular chains. Structural and thermodynamic representability and
state-point transferability questions are often intimately linked, since the response to
a change in state point corresponds to representing certain thermodynamic properties,
and intensive research is currently devoted to this problem [109,110,115-121].

To study biomolecular processes such as peptide aggregation and biomaterials
structure formation, CG models are often developed based on smaller less complex
reference systems (individual peptides, subsystems, etc.). Consequently, it is essential
to achieve transferability among different concentrations and environments, to main-
tain correct partitioning and solvation properties, and to reproduce coupling between
conformational behavior and environment.

Diphenylalanine (FF) repeat unit has been suggested by several experimental as
well as computational studies as an important motif in amyloid formation. FF is
a minimal molecule which exhibits the conformational transition seen in proteins
upon formation of amyloid fibrils. And it is important to understand why and how

proteins/peptides display such a conformational switch.

Figure 3.1: Molecular packing of diphenylalanine. Taken from [122].

Diphenylalanine (FF) assumes an extended conformation when immersed in bulk
water and when placed at hydrophilic/hydrophobic interfaces and in aggregates
(Fig. 3.1), FF adopts a compact conformation (Fig. 3.2). The conformational switch
of FF coupled by its small size makes FF an ideal molecule to study the effect of



Chapter 3: Phenylalanine dipeptide: A two-state system for investigating conformational
transition 25

H3*N C—N COO~

Figure 3.2: Diphenylalanine molecule. Taken from [122].

non-bonded interactions on its conformational behavior. Here we first demonstrate
this environment-induced conformational switch using all-atomistic MD simulations.
Our aim is to generate a transferable CG model of FF that is able to mimic this
conformational switch.

This study focuses on the interplay between bonded and nonbonded interac-
tions, in particular upon the transition from a bulk water environment to a hy-
drophilic/hydrophobic interface, i.e. cyclohexane/water. The all-atomistic resolution
of an FF molecule is used as the model system, and the study demonstrates how one
can parametrize a CG model capable of representing the conformational properties

of the molecule in two different environments.

3.2 Methods

Atomistic MD simulations were performed for a single FF molecule in bulk water and
in a cyclohexane/water biphasic system representing the behavior at a hydropho-
bic/hydrophilic interface by using GROMACS 4.5 simulation package [123]. For the
bulk water simulation a cubic box with a dimension of 5 nm is used and it contains
4123 water molecules. The cyclohexane/water biphasic system for the interface sim-
ulations is performed in a box of size 4x4x6.5 nm’s and contains 1601 water and 267
cyclohexane molecules. Box sizes are chosen to be larger than twice the largest cut-off
value to prevent interactions with periodic images.

Atomistic simulations were obtained by using the leap-frog integrator with a time-

step of 2 fs. GROMOS 53a6 force-field [124] is used for the FF molecule and SPC/E
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model [125] for water. Hydrogen bonds were constrained with Lincs algorithm [126].
Temperature is set to 298 K via velocity-rescaling algorithm [59] with a coupling time
constant of 1 ps. For bulk water simulations isotropic Berendsen pressure coupling at a
reference pressure of 1 atm with a coupling time constant of 1 ps and a compressibility
of 4.5e-5 bar~! is used. For the cyclohexane/water interface simulations semi-isotropic
pressure coupling is used such that the pressure along the z direction is maintained at
1 atm and dimensions of the box in x and y directions are held constant. Electrostatic
interactions are handled by particle mesh Ewald (PME) [127] with a Coulomb cutoff
of 1 nm.

The conformational distributions of the atomistic simulations of FF in both en-
vironments are used as the references for devising the CG model. The atomistic
reference systems were mapped on to the CG model representations of the molecules
by using VOTCA package [128], while maintaining the same number of molecules.
CG simulations were performed in canonical ensemble (NVT) to avoid large volume
fluctuations. The volume of the CG box was reduced, to match the reference pres-
sure of 1 atm: for bulk water simulations a cubic box of length 4.74 nm and for the
interface simulations a rectangular box of size 4x4x6 nm’s . VDW interactions were
cut off at 1.4 nm. For the CG simulations a larger timestep (5 fs) was used, which
accelerates the CG simulations by a factor of 2.5, while maintaining correct sampling
for the stiffest bond in our CG model. All remaining simulation parameters were kept
identical to the atomistic case.

Surface tension of the atomistic and CG interface systems were calculated from
the difference between the normal and the lateral pressure as described in detail in
the Gromacs manual [129] Eqns. 3.61 and 3.62. All molecular visualizations were
performed by VMD [130].

Block analysis method was used to check the convergence of the probability dis-
tributions for all systems. Analysis results for atomistic and CG interface systems are
given in Supplementary information Figs. S1 and S2.

Free energy calculations were performed by thermodynamic integration using Ben-
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nett acceptance ratio (BAR) method. [66,131] The free energy calculation simulations
are performed under isothermal-isobaric ensembles (NPT) with stochastic dynamic
integrator [132], using Berendsen pressure coupling [60].

Umbrella sampling [133] was used for PMF calculations where a harmonic con-
straint potential was applied between the centers of mass of the water slab and the
FF dipeptide. Cosine weighting [134] was applied for the center of mass of the water
slab. FF dipeptide is pulled along the direction perpendicular to the interface (z-
direction) with a pull rate of 0.01 nm/ps with a harmonic constant of 1000 kJ mol~!
nm 2 and snapshots of the system are taken at regular intervals. Energy minimization
using the steepest-descent algorithm and an NVT equilibration for 50000 steps were
subsequently applied to each of these snapshots which were then used as the initial
configurations for the umbrella sampling windows. Each constraint distance for the
full-atomistic and CG simulations were sampled for 10 ns and 50 ns, respectively.

Weighted histogram analysis method [74] was used to obtain the PMF curves.

3.3 Conformational Transition Upon Environmental Change

In its crystal structure, FF adopts a cis-like conformation, where the two phenyl rings
point in the same direction (see Fig. 3.1) [122]. Here, it will be shown that a single
FF molecule in water displays a trans-like conformation, and that the corresponding
structural change can be triggered by exposure to a hydrophobic interface or aggre-
gation. As such, the FF molecule is an ideal model system for our study, and in order
to understand and characterize the conformational preference of the FF molecule we
will first present the results of three different atomistic simulations.

When a single FF' molecule is simulated in bulk water, the molecule adopts a
trans-like conformation as shown in Fig. 3.3 bottom. Such a conformation relaxes
the backbone dihedral angles, but the hydrophobic phenylalanine side chains are
separated from each other and fully hydrated. The different conformations of FF can
best be characterized via a dihedral angle between four superatoms (also indicated

in Fig. 3.3). Note that, later these superatoms are also going to be used as the
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Figure 3.3:  Diphenylalanine peptide in cis-like conformation at the cyclohex-
ane/water interface (top) and in trans-like conformation in bulk water (bottom).
Mapping of the peptide to a 4 bead CG model (PBBP, P for sidechain and B for
backbone beads) is also shown. Solvent molecules (shown as continuum for visual
clarity) are mapped on to single beads: W and C for water and cyclohexane, respec-
tively.
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interaction sites in the CG model, i.e. they reflect the mapping scheme that relates the
CG beads with the atomistic coordinates of FF. Two superatoms which are positioned
in the respective centers of mass of the phenylalanine rings will be referred to as P.
The backbone and charged end-groups of the FF molecule will be represented by two
identical superatoms, which are located at the positions of the two C, atoms and
which will be referred to as B. The probability distribution for the dihedral angle
among PBBP superatoms in bulk water is peaked at an extended conformation with

a maximum around -150 degrees (Fig. 3.4 solid black line).
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Figure 3.4: Probability distribution for the PBBP dihedral angle from atomistic
simulations. In bulk water (solid black line), the molecule adopts an extended struc-
ture. At the cyclohexane/water interface the molecule adopts a cis-like conformation
(dashed blue line), highly distinct from bulk water behavior, but similar to the crys-
tal structure (solid red impulse). In a finite-concentration solution of FF peptides
molecules can switch from a trans-like to a cis-like conformation (probability distri-
bution for such a molecule is shown with dashed brown line), when presented with a
hydrophobic interface formed by a small cluster of FF molecules.

In atomistic simulations of a biphasic cyclohexane/water environment, the FF
molecule (initially placed in the water layer) quickly adsorbs to the interface, and
adopts a cis-like conformation as indicated in the representative snapshot in Fig. 3.3
top. The dihedral probability distribution at the interface (Fig. 3.4 dashed blue
line) is very distinct from the bulk water distribution and its maximum matches
perfectly with the dihedral adopted in the crystal structure [122] (shown with the red

impulse line in Fig. 3.4). Phenyl side chains are driven into the cyclohexane phase via
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Figure 3.5: A diphenylalanine in cis-like conformation (shown in yellow) at the in-
terface of a nano-cluster of diphenylalanine molecules in water. Water molecules
are not shown for clarity. The nano-cluster of FF molecules presents a hy-
drophilic/hydrophobic interface, which enables the transition of the corresponding
molecule to a cis-like conformation. Peptide residues within 4 A of the corresponding
peptide are shown in red color.

hydrophobic forces and this force triggers an environment mediated conformational
transition in the molecule.

The conformational transition observed at the interface can also take place in bulk
water with a finite concentration of FF molecules as observed in both the simulations
presented here and previously by Jeon et. al. [135] As the FF molecules start forming
an aggregate the hydrophobic environment, provided by the surrounding phenylala-
nine side chains, lower the energy barrier for the transition to a cis-like conformation.
As a result, a certain fraction of the FF molecules sample the cis-like conformation
during the simulation. In the presence of multiple FF molecules, the hydrophobic en-
vironment provided by the neighboring FF molecules could lower the energy barrier
for transition to the cis conformation. We have performed an atomistic simulation
with 101 FF molecules and 15274 water molecules, where all of the FF molecules are
initially in trans conformation and randomly distributed in the box. Simulations are
performed in the NPT ensemble with identical settings to the single FF molecule in

bulk water simulations. In Fig. 3.6 both the probability distribution averaged over
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all of the FF molecules, and the distributions for selected FF molecules are given.
Molecule 6 represents the behavior for the majority of the FF molecules, it remains in
trans conformation through out the 200 ns simulation. On the other hand molecules
9, 26, 28, 42 and 69 switch to the cis-conformation during the simulation as seen
from the probability distributions similar to the behavior of molecule 24 for which
the timeline is given in Fig. 3.7 and histogram of the dihedral probability distribution
is given in Fig. 3.4.
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Figure 3.6: Probability distribution of the dihedral angle from a finite-concentration
solution of FF peptides. Dihedral distribution averaged over all of the peptides, as
well as the results for individual distributions for selected FF molecules are shown.

A representative snapshot for the conformation of such a molecule is shown in
Fig. 3.5. The yellow colored molecule displays a cis-like conformation when its
sidechains are in contact with a hydrophobic/hydrophilic interface of a nano-cluster
of neighboring molecules. The dihedral distribution of the corresponding molecule
clearly shows (Fig. 3.4 dashed brown line) two peaks, one corresponding to the trans-
like (characteristic for bulk water environment) and one to the cis-like (characteristic
for the interface behavior) conformation. This behavior is not specific to a single

molecule, but can be seen for many such molecules (Fig. 3.6). Note that this con-
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formational transition is only temporary as seen in the time line evolution of the
dihedral angle (Fig. 3.7). During the 200 ns simulation, FF molecules form small

clusters, however no stable nucleus for crystallization is observed.
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Figure 3.7: Dihedral angle among PBBP superatoms of the molecule in Fig. 3.5
as a function of simulation time. Unlike the peptide in bulk water (where only
trans-like conformation is observed), in a solution of peptides in water, formation
of nano-clusters with hydrophilic/hydrophobic interfaces enables sampling of the cis-
like conformation.

Based on these observations on the atomistic model of the FF molecule, in the
next section we will develop a coarse-grained model which can capture the behavior

in these two distinct states.

3.4 Transferable CG Model

A common approach in development of coarse-grained models is to adopt a Hamilto-

nian with separate terms for bonded and nonbonded interactions:

ch = chgnded + UTCLQ (31)

onboned

where U is the total coarse-grained potential. Similarly, bond-length, angle-bending

and dihedral interactions are included into the Hamiltonian as separate terms.

Upondea = Ur? + Up” + U’ (3.2)
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Often the parametrization of the different terms is done independently, implying
that the relevant degrees of freedom are decoupled, or even if the resulting bonded
and nonbonded distributions are weakly correlated, the coarse-grained model will
successfully mimic the all atom case and display an identical or similar coupling.
Hence, the strategy to devise nonbonded interactions plays no role for parametrization
of the bonded potentials. A discussion on these assumptions, where they fail, and
how the problems can be overcome has already been provided elsewhere [136,137].
Conformational probability distributions, obtained by mapping the atomistic con-
figurations to the respective coarse grained coordinates, can be used to obtain poten-

tials of mean force (PMF) for each interaction [101,138,139].

U(r,T) = —kgT In(P“(r,T)/1*) + C, (3.3)
U“(0,T)=—kgT In(P9(0,T)/sin(0)) + Cy (3.4)
U6, T) = —kpT In(P“(¢,T)) + Cy (3.5)

where P(r,T) is the bonded, P%(6,T) is the angle-bending, and P%(¢,T) is the
dihedral distribution. kg is the Boltzmann constant, 7" is the temperature, and C'’s
are constant values.

The next section will introduce the CG solvent models for water and cyclohexane

and present the performance of the models by comparing with the AA solvent models.

3.4.1 CG Solvent Model

To analyze the conformation of the FF molecule both in bulk water and at the cy-
clohexane/water interface, an explicit solvent CG model is used. Both the water and
cyclohexane solvent molecules are mapped onto one bead per molecule (W for water
and C for cyclohexane), which is positioned at the center of mass of the corresponding
solvent molecule. For the parametrization of the nonbonded solvent-solvent interac-
tions a Lennard-Jones 9-6 potential is used. The radii (o) for the Lennard-Jones
interaction are matched to the first peak in the radial distribution functions in the

AA simulations. The depth of the Lennard-Jones interaction (¢) is tuned to reproduce
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AA solvation free energies of the respective groups, which are measured via thermo-
dynamic integration [140]. All free energy values (both from AA and CG simulations)
that are discussed in the following, as well as the € and o values for all solvent param-
eters are listed in Table 3.1. The respective potentials are also graphically depicted

in Fig. 3.8.

Ref./Sol. || System | VAW Elec. Total € o
kJ/mol | kJ/mol | kJ/mol | kJ/mol | nm

W/W AA 9.02 -39.24 | -30.22 - -
CG -28.36 - -28.36 4.64 | 0.288

c/C AA -17.60 - -17.60 - -
CG -16.95 - -16.95 4.0 0.547

W/C | AA | 286 . 2.86 ; ;
CG-FE 2.71 - 2.71 1.33 0.455
CG-ST | -10.62 - -10.62 3.19 | 0.455

C/W | AA | 917 ; 9.17 ; ;
CG-FE | 1144 - 114.4 1.33 0.455
CG-ST | 41.30 - 41.30 3.19 10455

Table 3.1: Solvation free energies of water and cyclohexane molecules for the con-
stituent subphases of the interface system measured from atomistic (AA) simulations.
Van der Waals and electrostatic contributions, as well as the change in total free en-
ergy are listed. Lennard-Jones interactions, where parameters ¢ and o are tuned to
reproduce the measured atomistic free energy, are used for the nonbonded interac-
tions of water (W) and cyclohexane (C) CG beads. Parametrization of the W-C
interaction is done in two different ways: 1) CG-FE: solvation free energy of water in
cyclohexane (W /C) is used as reference. 2) CG-ST: interaction is tuned to reproduce
the surface tension of the biphasic system.

The pure solvent (i.e. W-W and C-C) interactions are parametrized to match the
AA thermodynamic integration results from the self-solvation of the corresponding
molecules. For the parametrization of the (mixed) W-C interaction the case is a

little more ambiguous: in principle one has two reference values from the solvation
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of cyclohexane in water C/W and from the solvation of water in cyclohexane W /C,
and ideally the mixed interaction should reproduce both values.

As a first approach the CG W-C interaction was tuned to reproduce the AA
solvation free energy of water in cyclohexane (W/C). The CG free energy changes
linearly with the depth of the potential €, and after a few iterations the depth was
set as €=1.33 kJ/mol, which yields the CG solvation free energy of W/C to 2.71
kJ/mol — fairly close to the AA result of 2.86 kJ/mol. Using this interaction function,
the CG solvation free energy of cyclohexane in water (C/W) is measured as 114.4
kJ/mol, which is an overestimation compared to the AA result (9.17 kJ/mol), i.e.
cyclohexane beads are too strongly repelled from the aqueous phase. If, alternatively,
one chooses to tune the CG interaction potential for W-C to match the C/W AA
solvation free energy, one obtains a very deep W-C interaction (data not shown).
This model results in a negative W /C solvation free energy, i.e. the solvation of
water in cyclohexane becomes highly favorable, destabilizing the interface. Hence,
this model clearly leads to unphysical results. It turns out that with the approach
chosen one cannot simultaneously reproduce both the W/C and the C/W solvation
free energy in the CG simulations. The first CG model — tuned based on the W /C
solvation free energy — will be referred to as CG-FE solvent model in the remainder
of the text.

The W-C interaction determines the interfacial properties of the system such as
surface tension which gives information about how the two slabs interact, e.g. the
amount of mixing at the interface. To be able to successfully mimic the AA system,
interfacial properties should also be taken into account in the CG model. To this end,
we compared the surface tension of the CG-FE model with that of the AA model and
observed that the CG-FE model yields a surface tension of 157 £ 0.3 mN/m, a value
much higher than the surface tensions of AA cyclohexane/water simulation which is
51 £ 0.1 mN/m. The surface tension results show that the amount of repulsion at
the interface between the cyclohexane and water molecules is higher for the CG-FE

model compared to that of the AA model. Moreover, given the ambiguity discussed
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Figure 3.8: CG non-bonded interaction potentials for the solvent beads (Lennard-
Jones parameters are given in Table 3.1). W-W and C-C interactions are shown
with solid black and blue lines, respectively. Two different potentials are used for the
W-C interaction, where either the solvation free energy of water in cyclohexane (CG-
FE, dashed black line) or the surface tension of cyclohexane/water system (CG-ST,
long-dashed blue line) is taken as a reference.

above the W-C interaction potential can be tuned to yield a correct surface tension.

To this end, the W-C interaction potential was alternatively tuned to reproduce
the surface tension of the cyclohexane/water system with the target surface tension
of that of the AA simulations where the surface tension of the new CG model was
obtained as 50.4 4+ 0.75 mN/m. The resulting model will be referred to as CG-ST
solvent model where ST refers to surface tension. Figure 3.8 shows that the W-C
potential is significantly deeper than that of the CG-FE but not as deep as the dis-
carded free-energy model tuned from the C/W solvation which led to mixing of the
solvents and destabilized the interface. Therefore CG-ST by construction better rep-
resents the interface properties. However, this is achieved at the cost of the solvation
free energy of W/C calculated as -10.62 kJ/mol, i.e. water is now more favorable
inside the cyclohexane phase. However the solvation free energy for C/W is found
to be 41.30 kJ/mol, a value that is closer to that of the AA model of 9.17 kJ/mol
than the CG-FE model which yielded a far off value of 114.4 kJ/mol (see Table 3.1).
These results show that unlike the CG-FE model, the CG-ST model does not take
sides between reproducing the solvation free energies of W/C and C/W and instead
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makes a sacrifice, improving the latter at the expense of the former.

As a further comparison of the CG solvent models with the AA model, radial
distribution function (RDF) of water-water and cyclohexane-cyclohexane superatoms
are obtained for the biphasic system with two cyclohexane/water interfaces (i.e. the
interfaces at the top and bottom of the simulation box). AA simulation trajectory is
mapped to the CG model and g(r) is calculated for the mapped system. Figure 3.9
shows the comparison of the RDF results for the CG-FE and AA models. Consider-
ing that the pair interaction potentials were parametrized to reproduce solvation free
energy of the corresponding molecules, the match between AA and CG g(r) curves is
surprisingly good. The pair potential used for the cyclohexane-cyclohexane interac-
tion among CG beads yields a good representation of the cyclohexane phase. However,
pair potential used for water-water interactions yield an over structured distribution
compared to the atomistic case, which is typical for Lennard-Jones representation of

water molecules.
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Figure 3.9: Comparison of water-water (W-W) (black color) and cyclohexane-
cyclohexane (C-C) (blue color) radial distribution functions in AA (solid lines) and
CG (dashed lines) simulations.

Figure 3.10 depicts the density profile of the cyclohexane/water system for AA
(solid lines) and CG-FE (dashed lines) models. CG-ST yields a slightly broader in-
terface (not shown), due to the lower surface tension compared to CG-FE. Water and

cyclohexane molecules’ profiles are shown with black and blue lines, respectively. CG
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water beads display a higher density, since the model is tuned to capture the solva-
tion free-energy via spherically symmetric Lennard-Jones potential. The amplified
undulations observed in the CG representation of cyclohexane is a finite size arti-
fact. Small number of molecules and presence of two sharp interfaces leads to an over
structured density profile for cyclohexane and formation of a diffuse layered-structure
is observed with 7 layers on the average. As verified by the g(r) curves the CG cy-
clohexane beads are still in liquid phase and molecules diffuse freely in between the
diffuse layers. Hence, we conclude that the solvent model we use is adequate for the

CG model development for FF molecule.
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Figure 3.10: Density profile of water (black color) and cyclohexane (blue color) phases
in AA (solid lines) and CG (dashed lines) simulations.

In the next section, we present our approach to developing a transferable coarse-
grained model for FF, and demonstrate its success and drawbacks compared to the

all-atomistic simulations.

3.4.2 CG FF Model

The CG model for FF used here is composed of four beads depicted in Fig. 3.11, with
masses of the sidechains assigned to the P beads and the mass of the backbone atoms
and the end groups distributed equally to the two B beads. The P beads are mapped

to the center of mass of the phenylalanine groups and B beads are mapped to the C,
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atoms. Despite mapping onto a single atom, the mass of the B beads are the sum of

the masses of the backbone atoms as shown in Table 4.3.

beads position mass atoms used for calculating mass
P COM of phenyl ring 77.106 07 C51 C§2 Cnl an CC H51 H52 Hnl an Hg
B Cq 72.0871 NH; C, Cs C O

Table 3.2: Coarse-grain mapping for diphenylalanine showing the position of the
superatoms, mass, and the atoms used for calculating the mass of the superatoms.

One alternative mapping could be the inclusion of the Cg atom to the P bead. The
reason behind the choice in this study was to be able to represent in the CG model the
distance between the phenylalanine sidechain and the backbone observed for the AA
model. When the P beads were mapped onto the Cg atoms, the resulting distribution
of the pseudo-dihedral and the angle motions failed to capture the difference in the
orientation of FF between the bulk water and the cyclohexane/water interface. Other
alternatives where the B beads are positioned at the center of mass of the backbone
atoms, yield complex dihedral distributions where the contrast between bulk water
and the cyclohexane/water interface is not as pronounced as the mapping used in this
study.

This small molecule represents an interesting challenge for coarse-graining method-
ology. In order to design a coarse-grained model which can capture the behavior of
the molecule both in bulk water and at the cyclohexane/water interface, one has to
reconsider the assumption of the decoupling of bonded and nonbonded interactions
where the latter encompass solvent-solvent as well as solute-solvent interactions. The
dihedral angle PBBP displays an environment driven transition, from a trans-like
conformation in bulk water to a cis-like conformation at the interface. It cannot be
taken for granted, that the combination of a dihedral potential based on the bulk
dihedral angle distribution (which strongly favors the trans state) with the CG non-

bonded interactions of P and B beads with the solvent molecules will result in an
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Figure 3.11: Mapping scheme for FF. The phenyl rings are mapped onto the P
superatoms (brown) and the backbones are represented by the C superatoms (blue).

identical change in conformation when the molecule is placed at the interface. One
would rather expect that the transition behavior should be strongly dependent on the
type of parametrization of the nonbonded CG model, in particular one would suspect
the nonbonded interaction of P and B beads with the solvent molecules to be relevant.

As discussed above, the environment-driven conformational transition of FF can
be successfully represented in this mapping scheme via the PBBP dihedral angle.
Since the solvent superatoms are not polarizable and in the present simulations no
peptide-peptide interactions are considered, the B beads on the peptides do not carry
any charge.

With this mapping the CG FF model requires 3 bond, 2 angle, and 1 dihedral angle
as bonded interactions, and nonbonded interaction potentials between the peptide and
the solvent molecules. As a further simplification, we ignored the small differences in
bond and angle distributions between bulk water and at the interface, and focused
primarily on the dihedral angle. The interaction potentials for bonds (PB, BP, BB)
and angles (PBB, BPP) are obtained via Boltzmann inversion (Eqns 3.3, and 3.4)
of the corresponding probability distributions in bulk water (see Figs. 3.13 and 3.14).

The bonds are represented via harmonic potentials (Table 3.3), whereas the angle
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Bond 7o (nm) | k, (kJ/(mol x nm?))
P1-B1 0.382 16.9x103
B1-B2 0.384 82.0x103
B2-P2 0.386 21.6x10°

Table 3.3: Equilibrium bond length and spring constant for the harmonic potentials
connecting the CG beads. Beads are numbered from C-terminus to N-terminus.
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Figure 3.12: Angle potentials for the P1-B1-B2 and B1-B2-P2 angles obtained via
Boltzmann inversion of the corresponding atomistic probability distributions.

and dihedral potentials are represented in tabular form (Figs. 3.12-3.16) where all are
fitted to the Boltzmann-invert of atomistic distributions. The resulting distributions
from the CG model and comparison with the atomistic bulk and interface simulations
are given in Figs. 3.14 and 3.4. For the bond and angle distributions the CG model
reproduces the AA system well. Hence the focus was on the dihedral angle PBBP.
Despite the dramatic change in the dihedral angle upon transfer of the molecule
from bulk water to the interface, the bond length and angle distributions show only
modest changes. For each bond and angle distribution the bulk and interface results
are shown in Figures 3.13 and 3.14, with solid and dashed lines, respectively. Except
for a small shift in the BB bond length, in general bond lengths remain identical in
bulk water and interface simulations. For the bond angle distributions, a bimodal

distribution is observed for both BBP and PBB angles. Even though one can see a
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slight shift in peak location and change in height, compared to the dihedral angle

these can be considered as secondary minor changes.
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Figure 3.13: Probability distributions for bonds between FF superatoms (BB, PB and
BP) from atomistic simulations in bulk water and at the cyclohexane/water interface.
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Figure 3.14: Probability distributions between the BBP and PBB superatom triplets
from atomistic simulations in bulk water and at the cyclohexane/water interface.

Since the PBBP dihedral angle is coupled to the nonbonded interactions, firstly

the initial parametrization of the nonbonded interactions between the peptide and

the solvent molecules will be shown. Similar to the solvent parametrization, these

are also derived based on the solvation free energy of fragments representing the re-

spective groups obtained via thermodynamic integration. Note that the derivation of

parameters based on molecule fragments is potentially problematic since free energy



Chapter 3: Phenylalanine dipeptide: A two-state system for investigating conformational
transition 43

is not per se additive, but these fragment-based parameters serve as a good initial
guess. The free energy change upon transfer of the relevant group from vacuum into
the bulk solvent medium is obtained from AA simulations. The relevant solvation
free energy values measured from AA simulations, and the Lennard-Jones parameters
for the matched CG interaction and the resulting CG free energy values are shown in
Table 3.4. Ethyl-benzene is used in atomistic free energy calculations to parametrize
the CG P beads. For the B beads, the solvation free energy of zwitterionic diglycine is
computed since a smaller charge-neutral atomistic reference would have been difficult
to construct. Half of its transfer free energy is used for the initial parameterization
of the CG model. Peptide-peptide B-B and B-P interactions are not included, since
we are only interested in a single FF' molecule. The P-P interaction is set as a purely
repulsive Lennard-Jones potential (short ranged interaction with a cut-off at the min-
imum), representing only the excluded volume effect in the CG simulations. The
nonbonded interaction potentials which play an important role in the FF molecule’s

conformational behavior are shown in Fig. 3.15.
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Figure 3.15: CG nonbonded interaction potentials between the FF and solvent beads
(Lennard-Jones parameters are given in Table 3.4).

3.4.8 Parametrization of the Dihedral Potential

In this section, the parametrization of the CG dihedral potential PBBP and the
performance of the FF CG model in the CG-FE and CG-ST solvent models will be
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Ref./Sol. || Sys. | VAW | Elec. Total € o
kJ/mol | kJ/mol | kJ/mol | kJ/mol | nm
P/W AA 9.08 -9.19 -0.11 - -
CG | -0.21 - -0.21 2.81 0.288
P/C AA | 2336 | - | -2336 | - ;
CG | -23.21 - -23.21 4.515 | 0.547
*B/W AA | 2881 | -283.6 | -254.8 - -
CG | -119.0 - -119.0 10.31 | 0.288
B/C AA | -18.62 - -18.62 - -
CG | -9.78 - -9.78 4.0 0.547

Table 3.4: Solvation free energy of FF fragments (that are mapped to the CG beads)
in the respective solvents obtained from AA simulations. CG beads’ nonbonded
interactions are represented via Lennard Jones interactions, where the depth e and
radius o of the interaction are fitted to reproduce the AA free energy. *For the
B/W interaction CG bead is tuned to reproduce half of the hydration free energy of
zwitterionic diglycine. Results with the modified P /C interaction are also shown for
the different solvent models used: CG-FE and CG-ST.

discussed. Firstly, the behavior of the CG model in bulk water in the absence of
an explicit dihedral potential will be investigated. In bulk water both CG solvent
models are identical since the W-C interaction only concerns the systems with the
cyclohexane/water interface.

The interaction potential for the PBBP dihedral angle is shown in Fig. 3.16.
This dihedral potential is obtained by Boltzmann-inverting the PBBP dihedral angle
distribution of the atomistic bulk water simulation.

The first problem arises from the spherical bead representation of the phenylala-
nine side chain, which has a planar geometry. The single-bead representation of P
prevents penetration of CG water beads into the space between the two sidechains,
and as a result, unlike the AA bulk water simulation, the CG simulation yields a cis-

like conformation (Fig. 3.17 dashed brown line). This can be overcome if the diameter
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Figure 3.16: Dihedral potential for the P1-B1-B2-P2 obtained via Boltzmann inver-
sion of the corresponding atomistic probability distribution.

of the P-W interaction is reduced from (initial) 0.5 nm to 0.28 nm which corresponds
to the o of the W-W interaction. With these “reduced size” P beads, the CG model
yields a uniform dihedral angle probability distribution (Fig. 3.17 solid brown line). In
other words, with all other bonded and nonbonded interactions defined, this CG FF
model has no dihedral preference on its own in bulk water. Therefore, to capture the
atomistic behavior in bulk water, one can simply Boltzmann invert the atomistic di-
hedral probability distribution in bulk water to obtain an effective dihedral potential.
After adding this dihedral potential, the CG model is perfectly capable of representing
the bulk water behavior, as shown in Fig. 3.17 (dashed blue line). Alternatively, if
one obtains a dihedral potential by Boltzmann inverting the AA simulation’s dihedral
distribution at the interface, a cis-like conformation is observed also in bulk water as
expected (solid blue line in Fig. 3.17), i.e. not the appropriate bulk behavior.

For all the atomistic and coarse-grained systems the convergence of the simulations
is checked by block analysis. The probability distributions for the dihedral angle of FF
molecule in atomistic and coarse-grained simulations is shown in Figs. 3.18 and 3.19,
respectively. The 100 ns simulations are divided into two equal halves, and probability
distribution is compared for these two blocks.

Next, we use this CG model which reproduces the bulk water behavior (with re-

duced size P-W interaction and dihedral potential obtained from BI of the bulk water
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Figure 3.17: Bulk water: Comparison of PBBP dihedral angle probability distri-
bution from CG simulations with the atomistic reference (solid-black line). Without
an explicit dihedral potential, single-bead representation (see text) of the P beads
leads to a cis-like conformation (dashed brown line). When the size of the P beads
is reduced, a flat dihedral distribution is obtained (solid brown line). Thus, dihedral
potential obtained via Boltzmann Inversion (BI) of the atomistic reference in bulk
water (dashed blue line) reproduces the correct behavior. On the other hand, BI of
the interface distribution fails in bulk water (solid-blue line).
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Figure 3.18: Comparison of the dihedral probability distribution of the atomistic
simulations at the water/cyclohexane interface for the 0-50 ns and 50-100ns intervals.

distribution) for the biphasic system with a cyclohexane/water interface. Fig. 3.20
shows that in the CG-ST solvent model the dihedral distribution at the interface is
not correct: the FF molecule remains in a trans state (Fig. 3.20 brown line). In the
CG-FE solvent model (Fig. 3.20 blue line) however, the FF molecule undergoes a tran-

sition towards a cis-like state, with a dihedral distribution that is shifted compared to
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Figure 3.19: Comparison of the dihedral probability distribution of the free energy
based coarse grained model (CG-FE) simulations at the water/cyclohexane interface
for the first 50ns and 50-100ns intervals.

the AA result, but that nevertheless qualitatively displays the correct conformational
transition. Therefore it could be argued that unlike the CG-ST model, the CG-FE
model mimics a conformational transition upon changing the environment from bulk
water to cyclohexane/water interface. This is in a sense quite a remarkable difference
since the two solvent models only differ in the interaction between cyclohexane and
water, i.e. the interface properties, there is no difference in the direct interaction be-
tween the peptide and the solvents. Nevertheless, one of the two models mimics the
environment-driven conformational transition, and the other does not. Remarkably,
the model that displays the transition is not the model that had been parametrized
according to the surface tension, i.e. the interface behavior but the one where the
solvation free energy of water in cyclohexane is reproduced. This supports the view
that although the conformational transition is structural the underlying forces that
exhibit this transition are thermodynamic.

The behavior of FF at the interface is analyzed further, to understand the transi-
tion, as well as to investigate what would have to be done to reproduce the conforma-
tional change at the interface. To this end, we first compared the relative positions
in the dimension normal to the interface plane (namely the z-dimension) of the FF

molecule with respect to the interface among AA and CG models. The positioning
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Figure 3.20: Cyclohexane/Water interface: Comparison of PBBP dihedral angle
probability distribution from CG simulations with the atomistic reference (black line).
CG model uses reduced P-W interaction radius and dihedral potential based on BI
of atomistic bulk water dihedral distribution. The CG solvent model with surface
tension tuned W-C interaction fails to capture the correct dihedral behavior (CG-
ST, brown line), whereas the W-C interaction tuned to reproduce solvation free
energy of a water molecule in cyclohexane solvent (CG-FE, blue line) yields a fairly
close result.

at the cyclohexane/water interface is calculated as follows: the distance between the
center of mass of the FF molecule and water is calculated and the half height of the
water slab is subtracted from this distance. The height of the water slab is determined
by the point where the density of water is reduced to its half. As far as the positioning
of the FF molecule at the interface is concerned, in both CG solvent models the FF
molecule is submerged somewhat towards the water side of the interface compared to
the AA reference, with the CG-FE model being closer to the AA result (see Fig. 3.21
blue and brown lines).

Next, we calculated the orientation of the molecule with respect to the interface
to observe the orientation of the FF molecule and test the performances of the CG
models in reproducing this structural behavior. Figure 3.22 shows the orientation of
the FF molecule with respect to the interface, where the CG model does not display
the broken symmetry observed in the atomistic simulation. The distribution of the
orientation angle v has a maximum at v = 90 degrees in the CG model. Here, v

denotes the angle between the interface normal and the normal of a plane fitted to



Chapter 3: Phenylalanine dipeptide: A two-state system for investigating conformational

transition 49
6 ; AN —
oL ; CG-FE

: CG-ST —
4 L
= 3
o
2
1
O _ 1 |
-1 -0.5 0 0.5 1
r (nm)

Figure 3.21: Probability distribution for the distance of FF from the interface. Un-
like the AA simulation (solid black line), where the molecule is placed right at the
interface, CG model yields a submerged FF molecule with both of the tested solvent
models (CG-FE and CG-ST shown with blue and brown lines, respectively), with
CG-ST model displaying looser adsorption to the interface.

the four beads of the CG peptide where the former corresponds to the unit vector
in z direction and the latter is calculated by using the vectors from the center of
the B beads to each P bead (normal of the B.P; and B.P, vectors where the ¢
subscript indicates center). The corresponding snapshots in Fig. 3.23 illustrate the
~ angle. With the lower resolution of the CG model, failure of the model to capture

this broken symmetry is not surprising.
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Figure 3.22: Probability distribution for the orientation angle (v) of the molecule
with respect to the interface for atomistic (solid black line) and CG model with two
different solvent models (solid blue line for CG-FE and solid brown line for CG-ST).

~90°

Figure 3.23: Snapshots showing the orientation of CG model of FF peptide with
respect to interface. The snapshot on the left corresponds to an orientation of ap-
proximately 90° and the one on the right to an angle of30°
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3.4.4  Modifying the CG models

Considering the PBBP dihedral angle distributions in Fig. 3.20 the CG-ST model
failed to capture the conformational transition at the interface and CG-FE still shows
a finite probability for the trans. This section will answer the questions of 1) how
should the nonbonded interactions be arranged to achieve a structural change upon
moving from bulk water to the cyclohexane/water interface and 2) how does the
CG-FE model respond to similar changes introduced to the CG-ST model. Both CG
models are modified to reproduce such a behavior and the modified model is compared
to the previous findings.

Note that the CG-ST model captures the atomistic dihedral distribution in bulk
water. Therefore any modifications to the nonbonded interactions that involve water
will also harm the correct trans behavior of the CG FF in bulk water. Keeping this
in mind, the safest approach is to modify the FF-cyclohexane interactions, after all,
it is the cyclohexane/water interface properties we are trying to reproduce. The two
options are changing the B-C (the backbone-cyclohexane) or the P-C (the sidechain-
cyclohexane) interactions. The effect of the interactions of the backbone of the peptide
on the cis-trans conformations is lower than that of the phenyl sidechains.

To this end, we chose to modify the P-C interaction which affects the positioning
of the sidechains the most and at the same time does not disturb the bulk water
behavior. Upon several trials, it is found that if the depth of interaction is increased
then the dihedral distribution mimics the distribution observed in the AA model.
Remember that although the CG-FE model displayed conformational transition, the
PBBP dihedral distribution at the cyclohexane/water interface was shifted and the
FF molecule spent more time at the trans conformation compared to those of the AA
model. To this end, we increased the depth of the P-C interaction for the CG-FE
model and we found that a potential with a lower value compared to that of the CG-
ST model was necessary for reproducing a dihedral distribution closer to that of the
AA. Such a difference is expected as the unmodified CG-FE model already displayed

a near cis behavior in cyclohexane/water interface whereas the unmodified CG-ST
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model exhibited trans behavior.

The modified P-C potentials along with the unmodified ones can be seen in Fig-
ure 3.24 and the necessary parameters needed to generate the potentials are presented
in Table 3.5. The PBBP dihedral distributions of the modified CG models can be
seen in Fig. 3.25 where the first peak (around —50°) of the modified CG-ST model as
well as the height of the distributions are imitated exactly and there is a slight shift
both in the position and the height for the second peak (around 45°). The position
of the first peak of the modified CG-FE model is also moved to the correct position
observed in AA but the probability of observing this peak is a little higher than the
one in AA. The position of the second peak is the same as the position of the peak
for the CG-ST, which suggests that this slight inaccuracy cannot be fixed with tuning
the P-C interaction alone. Overall it could be argued that the modified CG models

perform better in terms of dihedral distribution compared to the unmodified ones.
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Figure 3.24: CG nonbonded interaction potentials between the FF and solvent beads
(Lennard-Jones parameters are given in Table 3.4). For the P-C potential the mod-
ified CG interactions are also shown for both the CG-FE (solid brown line) and the
CG-ST models (dashed brown line), which correct the dihedral distribution at the
interface.

Table 3.5 presents the solvation free energy of ethylbenzene in cyclohexane for the
AA model and the solvation free energy of the corresponding superatoms, namely P
in a solvent of C for the CG models. Remember that the P-C interaction potential of

the unmodified CG models were generated to match the solvation free energy of ethyl-
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Figure 3.25: Cyclohexane/Water interface: Comparison of PBBP dihedral angle
probability distribution from CG simulations with the atomistic reference (solid black
line). CG model uses reduced P-W interaction radius and dihedral potential based
on BI of atomistic bulk water dihedral distribution. The CG solvent model with
surface tension tuned W-C interaction fails to capture the correct dihedral behavior
(CG-ST, solid brown line), whereas the W-C interaction tuned to reproduce solvation
free energy of a water molecule in cyclohexane solvent (CG-FE, solid blue line) yields
a fairly close result. By increasing the attraction for the P-C interaction both CG
models can be enhanced to yield a better match with the AA result (dashed blue and
dashed brown line for CG-FE and CG-ST solvent models, respectively).

benzene in cyclohexane in AA. The solvation free energies of the CG models with the
modified P-C interactions steer away from the solvation free energy of ethylbenzene
in cyclohexane for the AA. As the depth of the P-C interaction for the CG-ST was
increased more than that of the CG-FE, we observe a larger difference in solvation
free energy for the CG-ST. Therefore, if one wants to reproduce the exact distribution
of the AA model, one has to sacrifice from the free energies.

Figure 3.26 compares the positioning with respect to the interface of modified
CG models with those of the unmodified ones and the AA. The unmodified CG
models yielded a submerged FF in bulk water whereas in the AA the peptide was
positioned exactly at the interface. Increasing the depth of the P-C potential made
the interaction of the peptide with the cyclohexane more favorable. Therefore the
position of FF is shifted to the interface for the modified CG models compared to the

unmodified ones. Here, the modified CG-ST presents an almost exact match with



Chapter 3: Phenylalanine dipeptide: A two-state system for investigating conformational
transition 54

Ref./Sol. Sys. | VAW | Total € o
kJ/mol | kJ/mol | kJ/mol | nm

P/C AA | -23.36 | -23.36 - -

CG | -23.21 | -23.21 | 4.515 | 0.547
mod-P-C CG-FE | CG | -54.30 | -54.30 7.00 | 0.547
mod-P-C CG-ST | CG | -72.59 | -72.59 8.40 | 0.547

Table 3.5: Solvation free energy of ethylbenzene in cyclohexane obtained from AA
simulations and the corresponding solvation free energies of P in solvent of C shown
along with those of the modified CG-FE and CG-ST models. The nonbonded inter-
actions of the CG models are represented via Lennard Jones interactions, where the
depth e and radius o of the interaction are fitted to reproduce the free energy of the
AA model. Note that as the atoms of the cyclohexane molecule does not have any
partial charges the electrostatic contribution equals to 0 and is not shown.

the AA. However these improvements come at another cost. Looking at the results
for the orientation with respect to interface, the modified CG models show an almost
identical distribution which is narrower compared to the unmodified CG and the AA
models. As the P beads have a more favorable interaction with the C beads the FF
peptides spend less time with the orientation where the P beads are positioned closer
to W beads, which mimic water molecules.

Since we assumed that the conformational transition of the molecule is driven
by the segregation forces that are only present at the interface, we calculated the
potential of mean force for pulling the FF molecule from the middle of the water
layer to the middle of the cyclohexane layer. The PMF curves corresponding to the
transfer to the interface for the AA and CG systems are shown in Fig. 3.28. The
atomistic system shows a 20.6 kJ/mol change in free energy upon adsorption of the
molecule to the interface. The minimum of the potential is positioned right at the
interface, in agreement with the free simulation results shown in Fig. 3.26. The CG-
FE model (Fig. 3.28 solid blue line) yields a similar adsorption free energy (23.6

kJ/mol). However, unlike the atomistic system, the potential minimum is located
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Figure 3.26: Probability distribution for the distance of FF from the interface. Mod-
ified P-C interaction enhances both of the CG models (dashed lines), where modified
CG-ST case yields almost a perfect match with atomistic results.

slightly below the interface (also in agreement with the results shown in Fig. 3.26).
The CG-ST solvent model shows a weaker adsorption to the interface (solid brown
line), i.e. in this aspect it shows less agreement with the atomistic reference (solid
brown line).

Although the behavior of the FF inside the bulk cyclohexane phase is not within
the scope of this study we analyzed the performance of the CG models in that regard.
Fig. 3.29 shows the PMF curves to transfer the FF from bulk water phase to the
cyclohexane phase. The plots are shifted such that V() = 0 when FF is at the center
of the bulk cyclohexane. All of the CG models fail to capture the initial point for the
drop in free energy for transferring FF from bulk cyclohexane to the interface. This
drop does not begin until FF is 0.9 nm away from the interface whereas the same
property for AA is 1.5 nm. This inconsistency might be fixed by increasing the range
of the potentials for the peptide-cyclohexane interactions. The CG-ST solvent model
predicts the slope of the PMF for the same transfer better than the CG-FE which has
a steeper slope compared to the AA. The atomistic PMF for transferring the dipeptide
from bulk water to bulk cyclohexane is best reproduced by the CG-FE model whereas
the CG-ST model underestimates this free energy difference. Increasing the depth

of the P-C interaction (dashed lines) decreases the difference in favorability of the
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Figure 3.27: Probability distribution for the orientation angle (v) of the molecule
with respect to the interface for atomistic (solid black line) and CG model with two
different solvent models (solid blue line for CG-FE and solid brown line for CG-ST).
Upon modification of the P-C interaction, both CG-FE and CG-ST case yields a
narrower distribution compared to the atomistic results (dashed lines).

solvents by the FF and therefore do not yield a good estimate for free energy values
compared to those of the AA. Therefore free energy estimates are worse for the CG
models with the more favorable P-C interaction compared to the unmodified CG
models.

An interesting difference between the CG-FE and CG-ST results is that the CG-
FE PMF curve rises more steeply compared to the AA PMF when the molecule is
dragged into the cyclohexane phase. The analysis of the trajectory shows that this
is a direct consequence of the hydration shell of the FF molecule. For the CG-FE
solvent model, the reduced W-C interaction potential results in a stripping of all the
water molecules in the hydration shell of FF as the molecule is pulled out of the water
layer. In contrast, the CG-ST successfully mimics the AA results in this regard and
maintains part of the hydration shell of the FF molecule as the molecule enters the

cyclohexane phase (see Fig. 3.30).
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Figure 3.28: Potential of mean force, V(r), for the transfer of FF from bulk water
to the cyclohexane/water interface. CG-FE solvent model yields the closest match
to the atomistic result in terms of depth (solid blue line), whereas CG-ST solvent
model displays a weaker attraction towards the interface. In both cases the minimum
is shifted towards the water side of the interface. Modification of the P-C interac-
tion pulls down the PMF curve to much deeper values, largely overestimating the
adsorption energy (dashed lines).
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Figure 3.29: Potential of mean force, V (r), for the transfer of FF from bulk water to
the bulk cyclohexane. The plot is the full form of Fig. 3.28 showing the transfer to
the cyclohexane phase.
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Figure 3.30: Snapshots showing the hydration shell when FF is pulled into the cy-
clohexane phase from the bulk water. The CG-ST solvent model (middle) where
the surface tension matches that of the AA, correctly captures the hydration shell of
the AA (left) whereas the cg-FE (right) which yields a higher surface tension value
compared to AA, fails.
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The results shown so far suggest that tuning the dihedral potential alone is not
necessarily sufficient to capture the desired conformational behavior for the CG system
in both bulk water and at the cyclohexane/water interface. Even though the affinity
towards the interface (i.e. the PMF of the entire molecule) is reproduced fairly nicely
with the fragment-based free-energy-tuned peptide-solvent interactions, the cis-trans
conformational transition is not necessarily correctly represented by the CG model.
Disconcertingly, in the present system the outcome appears to be depending on the
solvent-solvent interactions, i.e. on parameters that do not involve the peptide at all
and that may in some more complex scenarios of many-component systems not be
free for parameter changes.

Therefore the options have been investigated (involving the peptide-solvent inter-
actions) to reproduce the correct conformational behavior in both solvent scenarios.
One possible solution involves increasing the strength of the interaction between the
cyclohexane and phenylalanine side chain beads (see Fig. 3.15, dashed brown line,
labeled mod-P-C), so that the segregation forces are further enhanced. Since the
P-C interaction is used only in the interface simulation, the bulk water behavior of
the molecule remains unaffected. For each of the two CG solvent models the depth
of the modified P-C (listed in Table 3.4) is chosen such that at the interface the AA
cis-dihedral distribution is more or less exactly reproduced — overruling the dihedral
potential which favors a trans-like conformation. Interestingly, for both CG solvent
models the interaction has to be substantially deepened to achieve the effect, even
though in the CG-FE case the unmodified model had already shown a qualitatively
quite acceptable distribution. As shown in Fig. 3.25 with dashed lines, after this
modification the CG model correctly captures the interface dihedral distribution with
both CG solvent models. The position with respect to the interface is also improved
compared to the original CG model (Fig. 3.26 dashed brown line), surprisingly CG-
ST model now outperforming the CG-FE model. The orientation of the molecule still
yields a maximum at v = 90 degrees (Fig. 3.27) and is much narrower compared to

the AA result. However, this improvement takes place at the cost of the adsorption
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free energy: the modified CG model (by construction — due to the stronger P-C
affinity) exhibits a much larger driving force towards the interface (Fig. 3.28).

3.5 Concluding Remarks

Results presented here show that with respect to sampling of conformations, trans-
ferability of CG models cannot be taken for granted. The model system, dipheny-
lalanine, displays distinctly different conformations in bulk water compared to the
cyclohexane/water interface. The pseudo dihedral angle labeled as PBBP favors a
trans-like conformation in bulk water, whereas it switches to cis-like conformation
at the cyclohexane/water interface. The same conformational transition is also seen
upon aggregation of FF molecules into nano-tubes. Hence, if one desires to capture
the surface adsorption or aggregation of such a molecule via a CG model, the model
should display an identical conformational transition.

Such a conformational cis/trans transition is not automatically captured by the
CG model, even if the parametrization of the nonbonded interactions is done based
on the partitioning forces that are the origin of this conformational transition. Fur-
thermore, the ability to reproduce the conformational transition may depend on pa-
rameters of the solvent models that do not involve the peptide at all and that merely
affect the behavior of the interface. Between the two different solvent models tested,
the CG-ST solvent model, where the mixed solvent-solvent interactions had been
parametrized according to surface tension, did not induce the conformational transi-
tion at the interface at all, even though the model showed quite good results for the
surface affinity. The CG-FE model on the other hand, where the water-cyclohexane
interaction is parameterized to mimic the solvation free energy of water in cyclohex-
ane, yields a fairly good result in capturing the dihedral distribution at the interface
and representing the adsorption free energy from water to the cyclohexane/water
interface.

Finally, the study showed that the interface dihedral distribution for both of these

CG solvent models can be corrected by reparametrizing the P-C interaction. This
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modification not only affects the conformational behavior, it also significantly im-
proves the position of the FF molecule at the interface. However, one sacrifices the
correct adsorption strength of the FF to the interface, as seen in the PMF curves in
Fig. 3.28. The crucial role that the correct representation of the water interface has
on the conformational transitions of the peptide suggests that, improved representa-
tion of structural and thermodynamic properties of water could potentially eliminate
the need for reparametrization of peptide-solvent interactions.

The entire study shows that one has to reconsider the separation of bonded and
nonbonded interactions for the parametrization of CG models. The subtle interplay
between the conformational preference of the molecule, the solvation properties of its
fragments, and even interactions in the environment that do not directly affect the
solute molecule at all have to be taken into account. This study showed that one way
to correctly capture the conformational preference is to adjust the nonbonded inter-
actions, rather than playing with the dihedral potential. This modification corrects
the conformational preference of the molecule at the interface and reproduces the
conformational transition, but one sacrifices the exact reproduction of the adsorption
free energy to the interface.

The parametrization presented here was intended mainly to understand the inter-
play of the relevant driving forces for such an environmentally-driven conformational
transition and how they can be correctly accounted for in the CG model. The four-
bead CG model used may be problematic for reproducing the full aggregation behavior
including the formation of microscopically accurate structures, since the backbone is
likely to be too coarsely represented and sidechains might fail to capture the aromatic
nature of the phenylalanine sidechains. Representation of sidechain conformations
could potentially be improved by using an angle dependent potential [141]. Alterna-
tively, a similar parametrization can be introduced for the MARTINI representation
of FF molecule, which has been recently shown to exhibit interesting aggregation
behavior for FF [142]. In the long run it would also be interesting to use a solvent

free model to study large scale aggregation (without an interface). In that case the
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transition

crucial interactions that will have to be balanced are the hydrophilic and hydrophobic

interactions between the various peptide beads.
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Chapter 4

ENVIRONMENT INDUCED CONFORMATIONAL
TRANSITION AND AGGREGATION OF LKa14
PEPTIDES

4.1 Introduction

The previous section showed the conformational transition of FF from bulk water to
the hydrophilic/hydrophobic interface. One of the main reasons for studying FF was
that it is a small molecule that is easy to simulate at atomistic scale. Furthermore,
FF allowed a coarse-grain model with only four beads with a total of two different
types which reduced the total number of interactions. This chapter expands the pre-
vious chapter by investigating the conformational transition between bulk water and
the hydrophilic/hydrophobic interface using a more complex molecule, i.e. an LK
peptide. LK peptides are composed of hydrophobic leucine (L) and hydrophilic ly-
sine (K) residues and they display amphiphilic properties at hydrophilic/hydrophobic
interfaces and are widely studied as a result.

The adsorption and the conformational preference of different LK peptides were
examined at hydrophilic/hydrophobic interfaces by many studies. (KL),,K series of
peptides have been shown to form anti-parallel S-sheets when bound to lipids. [143]
In another study featuring several LK peptides that adopted a-helical conformations
the hydrophilic/hydrophobic interface was found to be the main driving force that in-
duces conformational transition. [144] Kang et. al. reported the antimicrobial effects
of twelve helical LK peptides where a tryptophan was used as a residue that separates
the hydrophilic and hydrophobic side in the helical wheel projection. [12] The exper-

iments of Beven et. al. with LK peptides of various sizes argued the carpet-model
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for the disruption of the bacterial cell where initially the peptide partitions at the
membrane interface, then changes its conformation, and disrupts the cell. [145] An-
other study found that the antimicrobial activity helical LK peptides was augmented
with increasing charge interactions whereas increasing the hydrophobic interactions
resulted in enhanced hemolytic activities. [146] Experiments with LK, variants re-
vealed a threshold length of 12 residues over which aggregation was detected. [147]
The LKa14 peptide used in this study is a short peptide of 14 amino acid residues
with a hydrophobic periodicity of 3.5 to allow an a-helical structure. Degrado and
Lear synthesized this peptide and analyzed its concentration dependent secondary
structure and aggregation along with two more LK peptides, namely LK514 and
LKa7. [148] In their work Degrado and Lear determined that one can engineer such
peptides to obtain the desired secondary structure making use of the hydrophobic
periodicity where a periodicity of 3.5 yielded a-helix and a periodicity of 2 produced
beta-sheet. It has been shown that periodicity is more important than the propensities
of amino acid residues for the secondary structure. [149] Degrado and Lear found that
the peptide should be long enough to assume the a-helix where the 14 residue long
LKal4 is a-helix but the 7 residue long is not. With another set of LK peptides twelve
residue was found to be the threshold for the a-helix. [150] The requirement for S-sheet
was found to be lower where a 7 residue long LK 37 peptide yielded a §-sheet structure.
In the same study they also found that the LKa14 aggregates to form a four heliz
bundle at high peptide and chloride concentrations. The a-helix allows the peptide to
partition its hydrophobic and hydrophilic residues as seen in Fig. 4.1 where the green
residues are hydrophobic leucine and the blue ones are charged lysine residues. This
conformation favors a minimized exposure of the hydrophobic residues with the polar
water molecules. Moreover, various spectroscopic techniques yielded an a-helical
LKal4 on the polystyrene and fluorocarbon surfaces where the leucine sidechains
adsorbed onto and the lysine sidechains positioned opposite to the surface. [151-157]
Few computational studies featured LKa14. Deighan and Pfaendtner investigated

the dynamics of adsorption of LKa14 and LKSG15 on the self-assembled monolayer
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Figure 4.1: Helical wheel representation of LKal14 showing the separation of hy-
drophobic leucine residues (green) and hydrophilic lysine residues (blue).

surfaces using metadynamics and reported the adsorption free energy values for both
peptides [158]. Another study compared the behavior of LK peptides in solution and
at the functionalized surfaces for force-fields of CHARMM?22, AMBER94 and OPLS-
AA using replica exchange MD method where CHARMM?22 yielded conformations
that agree with the experimental results the most but the short simulation times of
12 ns in the study introduces the question of adequate sampling. [159] None of these
studies addressed the question of the dynamics of folding and aggregation of LK«a/14.

This study explores the environment induced conformational transition of
LKal4 as well as its aggregation properties both in bulk water and at the hy-
drophilic/hydrophobic interface, i.e. vacuum/water which is the simplest of such
interfaces. The next section will present the methods and the necessary parameters
used in this study. Then the results of the all-atomistic model of LKal4 will
be discussed, the secondary structure will be compared in bulk water and at
the vacuum/water interface. Then the LKal4 aggregates in bulk water will be
investigated where different aggregate sizes will be compared in terms of stability.

The aggregates will also be tested at the interface with the dimer having the focus.
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Figure 4.2: Atomistic view of KL peptide in bulk water (bottom) and at the vac-
uum/water interface (top). The translucent grey area represents the water slab. At
the vacuum/water interface the lysine (blue) residues reside inside the water whereas
the leucine (red) sidechains extend into the vacuum. The sidechains are shown with
licorice and the backbones are shown with new cartoon representations.

Before the concluding remarks, preliminary results for coarse-graining the LKal14

will be provided.

4.2 Methods

The sequence of the peptide studied is Ace-(LKKLLKL)o-Nme. To mimic the neutral
pH environment, lysine sidechains are protonated and the system is neutralized using
chloride ions. The amount of chloride ions inserted to neutralize the system increases
the chloride concentration higher than the lowest experimental threshold value of
concentration required to form helical structure [148]. Degrado et. al. reports that
both the aggregate formation and the alpha helical secondary structure are unstable
at low peptide and low chloride concentrations. Therefore if one wants to simulate
the same level of low chloride concentration as in the study by Degrado et. al., one
needs a much larger box size.

Simulations were conducted using the 4.5.6 version of GROMACS software pack-
age [160] with the leap-frog integrator employing the GROMOS 54a7 force-field [161]
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and explicit SPC/E water [125]. All bonds were constrained with LINCS algo-
rithm [56] to enable a time-step of 2 fs. Velocity-rescaling algorithm [59] was used to
fix temperature at 298 K with a coupling time of 1 ps. For bulk water simulations
isobaric-isothermal ensemble was utilized fixing the pressure at 1 atm with isotropic
Berendsen pressure coupling [60] with a pressure relaxation time of 1 ps for both the
solvent and the peptide. The isothermal compressibility of 4.5x107° bar~! which
corresponds to that of pure water was used for the system. Long range electrostatic
interactions were calculated by particle mesh Ewald (PME) [127] with a Coulomb
cutoff of 1 nm. Van der Waals interactions were truncated at 1.4 nm. Twin range
cut-off method was applied with a neighbor-searching distance of 1.0 nm to 1.4 nm
where neighbor list was updated every 10 steps.

Vacuum/water interface simulations were done in canonical ensemble. The single
LKal4 simulations were run for 1 pus. The first 100 ps of the simulations were treated
as equilibrium. The system was energy minimized with steepest-descent algorithm for
2000 steps, then three equilibration simulations were performed for 100 ps where the
heavy atoms, the backbone atoms and the C, atoms were constrained respectively.

16 replicas were set up for replica exchange simulations [80], with temperatures
varying between 298 K and 375 K for the bulk water case, and 298 K and 366 K for
the vacuum/water interface. The temperatures for the replicas were determined by
the temperature predictor for parallel tempering simulations [162]. For the bulk water
case, each replica was run for 1 us with NPT ensemble where the reference pressure
is set at 1 atm and for the vacuum/water interface each replica was run for 300 ns
with NVT ensemble. An exchange between neighboring replicas was attempted every
1000 steps. The average exchange probability was determined to be 0.19 for the bulk
water environment.

To enhance conformational sampling for both bulk water and vacuum /water inter-
face environments, half of the peptides in replicas at low temperatures were initiated
from alpha-helix, and the remaining replicas were initiated from random coil. The

secondary structure of the peptide was determined from DSSP algorithm [163].
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Potential of mean force (PMF) [164] calculations of umbrella sampling simulations
[165] were done with weighted histogram analysis method [74] (WHAM) using g_-wham
[75] toolkit of GROMACS package. One of the LK peptides is pulled away from the
remaining group with a pull rate of 0.01 nm/ps using a harmonic constant of 1000
kJ/mol™! nm~2. The snapshots taken at regular intervals are energy minimized and
then equilibrated under NVT ensemble for 50000 steps. The resultant structures
are then used as initial configurations of umbrella sampling windows. The distance
between the centers of mass of the backbone atoms of the peptides is fixed in three
dimensions for the bulk water simulations and in two dimensions for the vacuum /water
interface simulations. For the cases of trimer, tetramer and pentamer, one of the
peptides is pulled away relative to one of the remaining closest peptides.

All visualizations were produced by VMD [166] and secondary structures were

detected by STRIDE algorithm [167].
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4.3 Environment Driven Conformational Transition of LKa14 Peptide

In this section, firstly the effects of bulk water on the secondary structure of a sin-
gle LKa14 is analyzed where the free MD simulations showed insufficient sampling
for the molecular orientations. To scan the conformational space more effectively,
advanced sampling technique of replica exchange is applied and the range of struc-
tures obtained from these simulations revealed an intrinsically disordered system. The
next section discusses the induced stability by the vacuum/water interface which is
the simplest of hydrophobic/hydrophilic interfaces. Similar to the bulk water system,

replica exchange method is applied to confirm the equilibrium structure of a-helix.

4.3.1 Bulk Water Simulations

The full a-helix structure of LKal14 in bulk water exposes the hydrophobic leucine
sidechains to polar water molecules which is expected to decrease the stability of a-
helix. To observe the effects of water on the helical conformation, a single LK«a14
peptide was simulated in bulk water with an initially a-helical secondary structure for
1 ps. The full-helical structure was not conserved and throughout the simulation the
peptide adopted various conformations as shown in Fig. 4.3. The solvent accessible
surface area (SASA) of the leucine sidechains (middle plot in Fig. 4.3) quantifies
the premise that the full-helical conformation exposes hydrophobic regions to water
molecules and therefore the LKa/14 peptide seeks a compact conformation such as the
snapshots in 575 ns and 811 ns which yield lower SASA values for leucine sidechains.

MD simulations containing structural reorientations such as folding and unfolding
are strictly dependent on initial velocities as well as initial conformations. One simu-
lation corresponds to a single point that may not be representative of the equilibrium
structure of the system. To this end, we restarted the previous simulation with differ-
ent initial velocities. Figure 4.4 shows the time evolution of the secondary structure
of a single peptide in bulk water for four simulations with different initial velocities
each started from full-a-helix structure. All of the simulations exhibit unfolding of

a-helix to a degree, i.e. partial (top) or full (DSSP plots 2-4 in Fig. 4.4. The second
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Figure 4.3: A single LKa14 in bulk water: The snapshots are hand-picked to represent
different conformations observed throughout the simulation. The solvent accessible
surface area of the hydrophobic leucine sidechains are plotted vs. time (middle). Time
evolution of the secondary structure of a single LK«a14 in bulk water color coded for
each residue (bottom) along with the corresponding snapshots show that full-helical
conformation was not stable and the peptide adopted various conformations including
random-coil, and half-helix-half-random-coil.
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simulation (second from top in Fig. 4.4) displayed a -sheet formation unlike the other
simulations. The third simulation showed full unfolding to a random coil secondary
structure with no refolding to helix whereas in the third simulation refolding to first

half-helix-half~-random-coil and then to a-helix was observed.
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Figure 4.4: Time evolutions of the secondary structure of the LK« 14 peptide in bulk
water for the remaining 2 simulations with different initial seeds. For each simulation
the initial secondary structure of a-helix was not stable, however for the figure in
the middle a refolding into a-helix was observed. In general, the peptide assumed
a variety of secondary structures including half-a-helix half-random coil, beta sheet
and random coil.

Taking into account all of the five single LKa14 in bulk water simulations, no

unique stable secondary structure was observed, i.e. all conformations displayed tran-
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sitions between each other. Even the S-sheet observed for over 1 us (second plot in
Fig. 4.4) unfolded (1300-1500 ns). Although the dominant secondary structure was
observed to be a-helix among all simulations, this is the result of the initial condition
bias. Because when a single random coil LKa14 was simulated inside bulk water,
no switch to a helix was observed (Figure 4.5). These results suggest insufficient
sampling due to the ruggedness of the energy landscape of a single LKa14 in bulk

water.

Time (ns)
[] Coil il B-Sheet [ B-Bridge [l Bend [] Turn [Jli] A-Helix [ 3-Helix

Figure 4.5: A single LKa14 peptide in bulk water initiated from a random structure.
The peptide did not fold into a-helix, but instead formed an unstable beta-sheet.

To determine the range of conformations and the conformational preference for
a single LKa14 peptide in bulk water the conformational space has to be properly
sampled. However as shown the atomistic MD simulations fail to effectively sample
the whole conformational space, at least in a reasonable amount of time. To overcome
this sampling issue, one needs to use phase space enhancing methods.

Replica exchange molecular dynamics (REMD) method was applied to overcome
any possible local minima in the potential energy surface and enhance conformational
sampling. Several copies of the system with different temperatures were simulated in
parallel for a single LKa14 peptide in bulk water. The temperature for the replicas
were chosen to be between 298-520 K [162] for with 40 replicas with an average
exchange probability of 0.22. The first eight replicas were initiated from an a-helical
peptide whereas the remaining replicas started with a random coil peptide.

The time evolution of the secondary structure of the 40 replica conformations
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which travel through different temperatures can be seen in Figure 4.6. The peptides
adopt a variety of secondary structures throughout 1us and do not show an unique
stable equilibrium conformation. The peptides alternate between alpha-helix, random
coil, beta-sheet and half-helix-half-coil. Lack of an unique stable secondary structure
indicates a low transition energy between these conformations.

For each replica the mean number of residues with a-helix, beta-sheet, and
random-coil secondary structures versus temperature was calculated (Figure 4.9).
With increasing temperature the number of residues adopting random-coil increases
that of helix and beta-sheet decreases as expected which is expected and one of
the reasons why such high temperatures were chosen. At room temperature the
helix turns out to be more likely than beta-sheet with a small difference where the
probability of observing a-helix peaks at 335 K.

The REMD results for a single LKa14 in bulk water suggest that LKa14 lacks a
unique conformation in bulk water, hence acts as an intrinsically disordered peptide.
Note that conformations of the peptide are rather different from a random coil. In
bulk water the conformational space of the peptide exhibits several distinct structures,

none of them being fully stable and therefore.
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Figure 4.6: Replica exchange MD in bulk water: Time evolution of the secondary
structure of each replica conformation for a single LK« 14 peptide in bulk water. None
of the simulations converge to a single secondary structure which indicates that for a
single LKa14 in bulk water there is no unique equilibrium secondary structure. The
plots are ordered in increasing temperature from left to right and top to bottom.
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Figure 4.7: Most populated 6 conformations (from left to right and top to bottom) for
the REMD simulation at 298 K for a single LK«14 in bulk water. The conformations
are calculated using Jarvis-Patrick clustering algorithm [168] with a number of near-
est neighbor cutoff of 60. The backbone is drawn with NewCartoon representation
and colored according to secondary structure. The lysine (blue) and leucine (white)
residues are shown as Licorice.
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Figure 4.8: Matrix showing the exchanges between replicas for the REMD simulation
in bulk water. The x scale represents the replica ids and the color bar represents the
initial replica ids. The amount of mixing of the REMD simulations is correlated by
the amount of mixing in this figure.

..... 292225555 alpha-helix ==
""" random-coil =—@=——
i beta-sheet —3¢—

Mean no. of residues
O H N W H» U1 O N 00 ©
T

| | | | |

250 300 350 400 450 500 550
Temperature (K)

Figure 4.9: Mean number of residues with the shown secondary structure vs temper-
ture.
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4.8.2  Vacuum/Water Interface Simulations

Due to its amphiphilic property LKal4 acts as a surfactant changing the behav-
ior of the interface. However, the interaction is mutual and the interface induces
structural changes to the surfactants. In order to understand the effects of a hy-
drophobic/hydrophilic interface on the amphiphilic LKa14, a single LK«14 peptide
was simulated at the vacuum/water interface. When a full a-helical LKa14 peptide
was initially submerged in water, the peptide moved towards the interface in 20 ns and
stayed there for the duration of the simulation with a stable alpha-helical secondary

structure for 1 us except for small unfolding of terminal groups.(Fig. 4.10)

Residue

0 200 400 600 800 1000
Time (ns)
[] Coil il Bend [ ] Turn [Jij A-Helix
Figure 4.10: Time evolution of the secondary structure of the LKal4 peptide at

the vacuum/water interface color coded per residue. The alpha helical secondary
structure of the peptide is not disrupted for the duration of the simulation.

To alleviate the possibility for the stable LKa14 to be a local minimum kinetically
trapped in the energy surface of the system, we restarted the vacuum/water interface
simulations with a random coil peptide initially submerged in bulk water. Fig. 4.11
shows the snapshots and the time evolution of the secondary structure of the simula-
tion. After several attempts, the peptide moved to the interface in 40 ns and stayed
there for the whole simulation time. Around 450 ns partial folding was observed and
in 800 ns the peptide folded into a full a-helix conformation.

The induced stability of the a-helical conformation is due to the amphiphilic
nature of the LKal4 peptide. The hydrophobic leucine sidechains face the vacuum

side and the polar lysine sidechains extend into water. This partitioning can be seen
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Figure 4.11: Time evolution of the secondary structure of single LK«14 simulation at
the vacuum/water interface which is initially random and folds into a-helix.
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Figure 4.12: Single LKa14 at the vacuum/water interface: mean of the distance
between the centers of mass of hydrophobic leucine sidechains and the charged NHj
groups for a single peptide at the vacuum/water interface. The plot shows the amount
of partitioning: as the distance between these groups increases partitioning increases.
Initially the peptide is submerged inside the water slab, and moves to the interface in
40 ns (see Fig. 4.11). The a-helix conformation at the interface maximizes partitioning
by preventing the hydration of leucine sidechains.

in the snaphost at the right in 4.11 where the polar lysine sidechains (blue licorice)
extend into water and hydrophobic leucine sidechains (white licorice) face the vacuum
side. The partitioning is quantified in Figure 4.12 by plotting the distance between the
center of mass hydrophobic leucine sidechain and the positively charged NHj3 group.
This distance increased as the peptide moves to the interface and is maximized when
LKal14 adopts a full-a-helix secondary structure.

Fig. 4.13 shows the solvent accessible surface area for hydrophobic leucine
sidechains for the simulation shown in Fig. 4.11. The adsorption of peptide to the
interface shields the leucine sidechains (initial drop in Fig. 4.13) and the full a-helix
minimizes the water-exposed area of the hydrophobic groups.

The LKa14 peptide displayed a strong adsorption force to the interface and the
interface triggered a folding into full a-helix unlike the bulk water environment where
the full a-helix peptide unfolded. To determine the range of conformations for the
LKal4 in bulk water and to be sure if the folding observed in vacuum/water envi-
ronment was not a rare event we performed replica exchange MD simulations for a

single peptide in both environments.
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Figure 4.13: Mean of solvent accessible surface area for leucine sidechains for a single
LKal4 at the vacuum/water interface. The peptide is initially random coil and
submerged in bulk water. The initial drop corresponds to the peptide moving to the
interface. The area of hydrophobic leucine sidechains exposed to water is minimised
when the peptide adopts full a-helix (see Fig. 4.11). The area of the leucine sidechains
facing vacuum is subtracted from the total area of the leucine sidechains accessible
from scanning the protein surface to achieve the SASA.

To determine the equilibrium structure for a single LKa14 at the vacuum/water
interface and remove the possibility of the full a-helical conformation to be a local
minimum, we performed REMD simulations at the vacuum/water interface. The
REMD simulations for single LK«a14 at the vacuum/water interface contained 16
copies where the temperatures ranged between 298-366 K with an average exchange
probability of 0.15. Similar to the replicas in bulk water REMD simulations, here
the first 8 replicas were initiated from an a-helix LKa14 whereas in the remaining
replicas the peptides were random coil.

Figure 4.14 shows the DSSP timeline data for each replica. The peptides were
initially positioned to be at the vacuum/water interface and in none of the replicas
drifting of the peptide away from the interface observed. The LKal14 peptides that
started from a helical conformation did not change their secondary structures whereas
the remaining replicas which were started with a random-coil folded to alpha-helix,
where the last replica to fold did so in 300 ns.

In all the replicas, the peptides that adopted a full a-helix secondary structure
displayed a partitioning of hydrophobic leucine and hydrophilic lysine residues. The
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Figure 4.14: Replica exchange MD at the vacuum/water interface: Time evolution
of the secondary structure of a single LKa14 peptide between temperatures 298-366
K. Secondary structure content was evaluated with the DSSP algorithm. The plots
are ordered in increasing temperature from left to right and top to bottom.
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amphiphilic properties of the LKa14 peptide favor the alpha-helix conformation at
the vacuum/water interface whereas in bulk water the lack of strong driving forces
decreases the probability of helical conformation. Therefore the a-helix is the equilib-
rium structure for a single LKa14 peptide at the vacuum/water interface compared
to the bulk water case where no equilibrium secondary structure was observed.

The computational results lack direct comparison to experimental findings due to
the absence of an experimental method that allows monitoring the conformation of
a single peptide. However one can estimate the structural preference from the dilute
peptide solution. Degrado and Lear suggested that in dilute solution LKa/14 peptides
converge to random coil. [148] The REMD simulations yielded unstable a-helices and
have shown that a single LK«a14 is intrinsically disordered without an unique stable

conformation.
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4.4 Aggregation of LKa14 Peptides

Degrado and Lear observed that LK«a14 peptides form helical aggregates in bulk water
at high chloride and peptide concentrations. [148] To determine the stability of ag-
gregates for the atomistic model, we examined aggregates of LK«14 of different sizes.
We started by analyzing the aggregation of two LKa14 peptides into a dimer both in
bulk water and at the vacuum/water interface, and compared their secondary struc-
tures. Then using the PMF curves obtained through umbrella sampling simulations
we investigated the stability of the aggregate.

To further examine the aggregation properties of LKa14 peptides, the larger size
aggregates of trimer, tetramer, pentamer and octamer were simulated in bulk water
where none of the aggregates dissociated. With the help of umbrella sampling simu-
lations we compared the PMF curves for extracting one peptide from the aggregate.

Among those aggregates, the tetramer was found to be the most stable aggregate size.

4.4.1 Bulk Water Simulations

Dimer Two LKal4 peptides can merge in two different fashions, namely the parallel
or antiparallel orientation. The literature falls short on any suggestions regarding
which orientation is the preferred one. Therefore we simulated the dimer of a-helix
for each orientation for 1 us. Fig. 4.15 provides the time evolution of these simulations
as well as the snapshots from each simulation. A single full a-helical LKa14 peptide
was unstable in bulk water whereas the dimer no unfolding was observed excluding
the intermittent unfolding of the end residues. For 1 us a-helix was stable for both the
parallel and antiparallel orientations. Such stability of the a-helix was observed when
a single peptide was placed at the vacuum/water interface where the dehydration
of the hydrophobic leucine sidechains led to partitioning of the hydrophobic and
the hydrophilic residues which stabilised the a-helix. Similarly, here, the added a-
helix LKa14 peptide with its leucine sidechains all facing one side creates a micro-
interface for the other peptide that delivers a hydrophobic surface which contributes

to the helical stability. On this micro-interface a hydrophobic core forms that shields
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hydrophobic leucine sidechains from water molecules pushing the lysine sidechains to
gather on one side and thus to be fully hydrated in water (Fig. 4.15 snapshots). This
partitioning of the hydrophobic and hydrophilic residues induces the stability of the
a-helical secondary structure.

anti-parallel parallel
Wi

Residue

Residue

200 400 600 800 1 OIOO
Time (ns)
[] Coil [l Bend [ ] Turn il A-Helix [ 3-Helix [ ] Chain_Separator

Figure 4.15: Time evolution of the secondary structure for a dimer of LK«a14 in bulk
water for antiparallel (top) and parallel (bottom) orientations. The a-helix secondary
structure is stable for both orientations for the duration of the simulation. In the
snapshots, the lysine sidechains (blue licorice) extend into bulk water whereas the
leucine sidechains (white licorice) form a hydrophobic core. The peptide backbone is
colored according to secondary structure with NewCartoon representation of VMD.
The ACE cap residues are drawn with orange licorice.

Both of the simulations shown in Fig. 4.15 are started from an anti-parallel oriented

dimer whereas one of those switched to parallel formation in the beginning of the
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simulation as seen in the angle timeline plot in Fig. 4.16. The same plot reveals that
the parallel one displayed an 80° of inter-dimer angle for about 100 ns. For more than
850 ns no major change was observed for the anti-parallel oriented dimer where after
850 ns the inter-dimer angle shifts to 30° converting the anti-parallel into a parallel.
Therefore with these two simulations we observed that these two orientations can
convert into each other on microsecond scales. Moreover, the peptides in the LK«a14
dimer in bulk water are not perfectly aligned and are positioned with a non-zero
angle with respect to each other. The histograms of the inter-dimer angle between
the peptides are plotted in Fig. 4.16 where the parallel orientation peaks at 30° and
the anti-parallel one at 150°.

When the dimers are oriented in parallel with respect to each other the distance
between the center of mass of backbone atoms is lower than the one in anti-parallel
yielding 0.97 nm for the former and 1.06 nm for the latter (Fig. 4.16), i.e. the dimers
are positioned closer to each other when they are aligned in parallel. The distance
of anti-parallel oriented dimer fluctuates between 0.8 and 2.2 nm, displayed as minor
peaks in the distance histogram in bottom left of Fig. 4.16 where such peaks are
non-existent for the parallel one. The correlation between the inter-dimer distance
and the inter-dimer angle is provided in Fig. 4.17.

The peptides simulated in Fig. 4.15 were initially aggregated and folded. To
alleviate the possibility for these aggregated forms with stable helical conformations
to be a local minimum structure, we started another simulation with two separated
(with 2.45 nm between centers of mass of backbone atoms) LK«14 peptides in bulk
water each with a random conformation and simulated for 1 us. Fig. 4.18 provides
the snapshots, timeline evolution of the secondary structure, water exposed area of
the leucine sidechains and the minimum distance between the peptides. As can be
seen from the secondary structure plots (second plot from above) one of the peptides
starts to fold into an a-helix conformation around 50 ns and finishes the folding process
before the two peptides merge at 180 ns (the merging can be detected from the drop

minimum distance plot at the bottom of Fig. 4.18). The peptides make contact from
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Figure 4.16: Comparison of parallel and anti-parallel orientation of LK«a14 dimer in
bulk water: Timeline of inter-dimer distance and inter-dimer angle (top) and the
corresponding histograms (bottom). The distance is the distance between the centers
of mass distance of the backbone atoms. The angle is the angle between the vectors
passing through the backbone of the peptides, where the first and last 3 residues are
not taken into account due to occasional unfolding of the end residues. The parallel
orientation adopts an average inter-dimer angle of 30° and an inter-dimer distance of
0.97 nm where the anti-parallel one yields 150° and 1.06 nm.
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Figure 4.17: Distance angle correlation for a LKa14 dimer in bulk water for peptides
aligned in parallel (left) and anti-parallel (right)

the end residues where the leucine sidechain of the one with the random conformation
hooks onto the leucine sidechain of the folded peptide. After merging in parallel
orientation the peptides do not dissociate and remain as an aggregated dimer for the
rest of the simulation. The peptide that has the random coil structure firstly forms a
half-helix at 580 ns, and at 750 ns folds into a full a-helix. The folding and aggregation
observed in this simulation agrees with the results of the previous ones that the
aggregate induces stability for the a-helix in bulk water. The solvent accessible surface
area of the leucine sidechains (plot in the middle in Fig. 4.18) decreases once the
peptides merge and form a hydrophobic core. This shielding of hydrophobic residues
prevents the aggregate from dissociation throughout the simulation and the folding
maximizes this shielding.

Both the anti-parallel and parallel orientations of the dimer displayed transitions
between each other. To quantify the strength of these orientations in bulk water we
performed umbrella simulations and pulled one peptide from the dimer relative to the
other for each orientation and the corresponding potentials of mean force (PMF) can
be seen in Fig. 4.19. Both of the conformations yield similar PMFs with a depth of
46 kJ/mol indicating that both are equally valid conformations for a dimer in bulk

water. The PMF curves suggest that until the distance between the peptides is 2.5
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Figure 4.18: LKa14 dimer in bulk water: Two initially unfolded and separately posi-
tioned LKa14 peptides in bulk water first associate and then fold. Snapshots hand-
picked from the simulation are shown along with the time evolution of the secondary
structure. Solvent accessible surface area for the leucine sidechains is plotted (third
from above) and the minimum distance between the peptides is presented (bottom).
The initial drop in both the minimum distance and SASA plots correspond to the
association that takes around 180 ns.
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nm the peptides attract each other, however if the inter-dimer distance is larger than
2.5 nm the peptides repel. Note that the initial distance was 2.45 nm in the previous
simulation where the two initially separated random coil peptides aggregated and
folded into a-helix. A different simulation that started with two full a-helix with a
separation distance of 3.5 nm between the centers of mass of their backbone atoms, did
not show any aggregation and the peptides for 250 ns and the full a-helical secondary

structure was unstable.
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Figure 4.19: PMFs for separating one peptide from a dimer for parallel and anti-
parallel orientations. The depth of the PMFs are the same for both orientations
which suggests that they are equally preferable. The convergence for the PMF was
checked by block analysis. Entropic correction was applied to the PMFs.

The source of the repulsion at large distances is the positively charged NH3 groups
at the end of the lysine sidechains creating an electrostatic repulsion at large distances
which makes the aggregation of the molecules harder at low concentrations. This is
tested by comparing the PMFs for pulling a peptide from an anti-parallel oriented
dimer with the charged lysine sidechains and the uncharged ones. Removing the
charges from the NH3 group lends a flat PMF at large distances whereas the charged
one yielded a negative slope (Fig. 4.20).

The repulsion that takes place at large distances highlights an important aggrega-
tion mechanism in bulk water. We found for two full a-helical LKa14 peptides that
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Figure 4.20: PMFs for separating one peptide from an anti-parallel oriented LK«a/14
dimer in bulk water obtained by umbrella simulations comparing the peptides where
the lysine sidechains are charged and uncharged. The PMF of the charged peptides
shows a decreasing slope after 2.5 nm which corresponds to a repulsion whereas the
uncharged peptides display a flat PMF at large distances. Therefore the repulsion
observed is of electrostatic origin. Entropic correction was applied to the PMFs.

are initially separated from each other, it took more than 300 ns to form a dimer.
(Fig. 4.21) whereas the peptides that were initially random coil formed a dimer in
45 ns. The disordered structure of the LKa14 peptides covers a larger volume and
thus increases the probability of making contact with the nearby peptides through
the hydrophobic leucine sidechains. Whereas the full a-helical state is disadvanta-
geous in that regard because all of the leucine sidechains are restricted to one side of
the peptide and the repulsive electrostatic interaction hinders any association. This
an example of the fly casting mechanism which proposes that the random structures
have a higher probability to aggregate compared to ordered structures [169].
Frequency histograms were used to test the choice of windows in umbrella simula-
tions (Fig. 4.22). Each window was chosen such that the distribution of the property
of interest, i.e. distance between the center of mass of backbone atoms for the dimer,
intersects with the histogram of the neighboring windows. The height of the his-
tograms only show the length of the simulations and do not imply convergence which

was determined by block analysis. The width of the histogram curves are affected by
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Figure 4.21: LKa14 dimer in bulk water: Initially, the peptides are full a-helix and
separated. The peptides merged after 300 ns and a-helix for one of the peptides the
full a-helix was not stable between 180-340 ns. Compared to the previous simulations
where two randomly oriented peptides merged in 40 ns (Fig. 4.18) here the formation
of the dimer takes more time. The reason behind this increased time for aggregation

is the electrostatic repulsion observed at large distance as seen from the PMF curves
in Figs. 4.19 and 4.20.
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Figure 4.22: Frequency histograms for the umbrella simulations for pulling one peptide
from the anti-parallel dimer. The histograms should intersect if one wants to achieve
a reliable PMF curve.

The LKal4 dimer in bulk water was stable and the dimer induced an ordered
a-helical secondary structure unlike a single LKa14 in bulk water where the a-helix
unfolded and there were no unique equilibrium structures. This stability was as a
result of the leucine sidechains generating a hydrophobic core inside the dimer, shield-
ing the hydrophobic residues from water molecules and the charged lysine sidechains
extended into water. The PMFs results showed that the anti-parallel and parallel
orientations were equally preferable. It is suggested that for two LKal4 peptides
to aggregate random structures have a higher chance compared to the full a-helix
conformations due to the increased probability of leucine sidechains making contact.
The electrostatic repulsion at large distances because of the charged lysine sidechains
hinder aggregation especially for full a-helix peptides where the short hydrophobic
leucine sidechains are restricted to one side of the peptide. Next, the larger size ag-
gregates in bulk water, namely the trimer, tetramer, pentamer and octamer will be

discussed.
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Larger Size Aggregates Experimental results suggest that LKa14 peptides fold
into larger aggregate size than dimer. Degrado and Lear argued the most stable
aggregate size being the four helix bundle in bulk water. [148] To analyze the aggre-
gation properties of the larger aggregate size we simulated the full a-helical LKa14
aggregates of trimer, tetramer, pentamer and octamer in bulk water. The stability of
the aggregates are analyzed and the secondary structures are monitored.

The secondary structure throughout the simulation trajectory for each simulation
is portrayed in Fig. 4.23. The peptides are aligned in anti-parallel fashion where the
neighboring peptides were aligned in head-to-tail. Throughout the simulations, none
of the peptides in the aggregates displayed unfolding except for brief partial unfolding
at the end residues which is expected due to hydration. The peptides maintained their
aggregated form although the initial orientation of the peptides with respect to the
neighboring peptides in the aggregate changed. The hydrophobic leucine sidechains
formed a hydrophobic core and the lysine sidechains stretched into bulk water.

The snapshots of the aggregates can be seen in Figure 4.24. Each peptide in the
trimer have a non-zero angle with its neighbor peptide. The third peptide added to
the dimer shields leucine sidechains compared to a dimer. The neighboring peptides
in the tetramer are positioned in anti-parallel fashion. During the simulation the two
dimers in the tetramer sometimes display shifts in angle from a parallel orientation.
There are cases where the dimers are oriented at a perpendicular angle. These shifts
increase the distance between the charged NHj groups.

The added peptide to the pentamer forces the leucine sidechains away from the
hydrophobic core the tetramer formed to the added peptide. However, this orientation
brings the lysine sidechains closer introducing an instability for the tetramer and
a continuous orientation and positioning during the simulation. Both the relative
orientation and the positioning of peptides in octamer seems off where the leucine
sidechains of the peptides at one end of the aggregate are oriented towards bulk
water. Furthermore, the tetramers inside the octamer are not aligned and each one

does not form a hydrophobic core because of the incorrect orientation of the leucine
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Figure 4.23: Time evolution of the secondary structure for each residue for trimer,
tetramer, pentamer and octamer in bulk water color coded for each secondary struc-
ture.
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Figure 4.24: Snapshots for the trimer, tetramer, pentamer and octamer simulations
in bulk water.
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sidechains. Considering that the charged lysine sidechains cover the outer region of
the tetramer, additional tetramer near the one should be repelled.

As all the aggregates were stable during the simulations, to quantify the strength of
each aggregate size we performed umbrella sampling simulations. The aggregation free
energy of a single LKa14 peptide to the aggregates of trimer, tetramer and pentamer
in bulk water was calculated. The octamer was omitted because the strength of the
aggregate is expected to be lower than the ones simulated here because in the free
simulation it adopted random orientations as discussed. Furthermore simulating the
octamer has a high computational cost. In the pulling simulations, a single LK«a14
peptide is pulled away relative to a peptide in the aggregate at a constant pull rate
and at regular intervals snapshots of the system are taken. These snapshots formed
the initial configuration of the umbrella sampling simulations where a harmonic spring
was added between the center of mass of the backbone atoms of the pulled peptide
and a reference peptide inside the remaining aggregate. Potential of mean force for

aggregation was calculated using weighted histogram analysis.
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Figure 4.25: PMF curves obtained by umbrella sampling simulations for pulling away
a single LKa14 peptide from the LKa14 aggregate. The tetramer has the highest
depth among the four aggregates with the trimer and the pentamer having the next
highest depth. Error bars are smaller than the point sizes, therefore may not be
clearly visible.
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Figure 4.25 shows the PMF curves obtained from umbrella sampling simulations
where the pulling of one peptide from the tetramer has the highest depth of -88
kJ/mol making the tetramer as the most stable aggregate size. The contribution of
a single peptide to the aggregate is similar for trimer with a depth of -62 kJ/mol and
pentamer with a depth of -58 kJ/mol. The dimer had a depth of -50 kJ/mol and thus

was found to be the least stable aggregate among the four aggregate sizes.
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Figure 4.26: Umbrella PMF curves for pulling away a single LKa14 from the dimer,
trimer, tetramer and pentamer compared to dividing the octamer into two tetramers.

If we pull the octamers and divide them into two tetramers, we obtain a PMF as
seen in Figure 4.26 which has a depth around 65 kJ/mol but is still lower than pulling
away one peptide from the tetramer.

Figure 4.27 shows the difference in SASA between the aggregate and the sum
of individual peptides. Dividing the SASA difference with the number peptides in
the aggregates octamer yields highest shielding of hydrophobic residues. However as
discussed before, Figure 4.24 shows that the aggregate structure of octamer seems
distorted and it is possible that the octamer will split into two tetramers. However
further simulation is hampered by high computational demand. Ignoring the prob-
lematic octamer SASA results, tetramer displayed the second highest shielding with

an average of 6.25 nm? per peptide whereas the trimer and pentamer had 5 nm? and
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Figure 4.27: Difference in solvent accessible surface area between the aggregate and
the sum of the individual chains, compared for different aggregate sizes of trimer,
tetramer, pentamer and octamer. That is the sum of the SASA for individual chains
is subtracted from the SASA of the whole aggregate and plotted according to time.
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3 nm? respectively.

To sum up, among the aggregate sizes from two to five, the tetramer allows the
highest shielding of the hydrophobic residues as well as the highest distance between
the charged NH3 groups. The peptides are oriented to form a hydrophobic core
inside the aggregate and the charged lysine sidechains are extended outwards into
water. The hydrophobic core of the dimer exposes the hydrophobic leucine sidechains
to water molecules from the sides of the aggregate. Adding another peptide to the
dimer reduces this exposure, the dehydration of hydrophobic leucine sidechains is
maximized in the tetramer formation.

Larger size aggregates are shown to be stable in bulk water and similar to the
dimer case, full a-helical secondary structure was conserved. In agreement with the
experimental results, tetramer has been shown to be the most stable aggregate size
displaying highest shielding for the hydrophobic leucine sidechains from polar water
molecules. Next, the effect of vacuum/water interface on the LKa14 aggregates will

be examined.

4.4.2  Vacuum/Water Interface Simulations

In the previous section we showed that the vacuum/water interface induced stability
of a-helix for a single LKa14. And in bulk water the dimer was stable and aggregation
induced a stable a-helix secondary structure. To test the stability of the aggregate
at the vacuum /water interface we simulated the LKa14 dimer and observed that the
aggregate was not as stable as it was in bulk water. The secondary structure for
the LKa14 dimer is documented in Fig. 4.28. The a-helix is stable throughout the
simulation time of 1 us and the peptides exhibit the partitioning of the hydrophobic
leucine and hydrophilic lysine residues (snapshots in Fig. 4.28), similar to the single
LKal4 at the vacuum/water interface simulations.

The timeline for the inter-dimer distance and inter-dimer angle along with the
histograms for each are compared with those of the bulk water simulations in Fig. 4.29.

For the vacuuum/water environment, the distance between the centers of mass of the



Chapter 4: Environment Induced Conformational Transition and Aggregation of LKa14
Peptides 100

—“ PN
aoooO,

Residue

I
0

200 400 600 800 1000
Time (ns)
[ ] Coil i Bend [ ] Turn ] A-Helix [ ] Chain_Separator

Figure 4.28: Time evolution of the secondary structure for a dimer at the vac-
uum/water interface.
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backbone atoms ranged between 1 and 4.5 nm with three distinct peaks at 1.05, 1.39
and 1.66 nm in the distance histogram whereas in bulk water, the distance remains
stifly around 1 nm. Compared to the bulk water, here the peptides prefer to be
positioned at a larger distance making the inter-peptide interaction weaker but not to
the point that causes a stable dissociated structure. Although the dimer dissociates
several times (inter-dimer distances larger than 3 nm), in each case they return to form
an aggregate. The histogram of the inter-dimer angle has a broader peak compared
to that of the bulk water simulation and there were random short-lived switches to

parallel orientation.
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Figure 4.29: LKal4 Dimer in bulk water (red) and vacuum/water (green) inter-
face. Timelines: Inter-dimer distance (top), inter-dimer angle (2nd from above).
Histograms: inter-dimer distance (bottom, left), inter-dimer angle (bottom,right).
Unlike bulk water the aggregate is loosely positioned with a weaker drive to form a
stable aggregate.

The histogram for the inter-dimer distance showed three distinct peaks and the
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correlation between the inter-dimer distance and inter-dimer angle in Figure 4.30
reveals 5 highly populated conformations defined in Table 4.1. The snapshots for
these conformations are displayed in Fig. 4.31. The anti-parallel orientations are
heavily populated compared to the parallel ones. This is not the result of an initial
conformational bias because switches to parallel orientation are observed which switch
back to anti-parallel. If the LKa14 dimer is started in a parallel fashion, an identical
distance-angle correlation plot is obtained (data not shown). Among anti-parallel
orientations, the conformations with larger distances between the center of mass of the
peptide backbone are more probable compared to smaller distances which is thought

to be the result of repulsive charge-charge interactions between the lysine sidechains.
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Figure 4.30: Inter-dimer distance vs inter-dimer angle correlation for a LKa14 dimer
at the vacuum /water interface. The anti-parallel orientation is more populated com-
pared to the parallel one and the dimer does not dissociate but instead prefers to
position with larger distances. The three distinct peaks are can be seen in Fig. 4.31.

To quantify the dimer stability we generated PMF curves using umbrella sam-
pling simulations and compared the strength of the dimer for the bulk water and
vacuum/water interface. Figure 4.32 exhibits the PMF curves for dissociation of a
dimer in bulk water and at the vacuum/water interface. The deeper PMF curve (48

kJ/mol) for bulk water agrees with the free MD simulations that the dimer is more
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Table 4.1: Highly populated conformations for a LK«a14 dimer at the vacuum/water
interface defined in terms of inter-dimer distance and inter-dimer angle obtained from
the correlation plot in Fig. 4.30.

basin 1 basin 2 basin 3 basin 4 | basin 5
distance | 0.98-1.27 | 1.27-1.49 | 1.53-1.8 | 0.95-1.18 | 1.26-1.6
angle 159-175 | 138.5-166 | 153.5-179 | 4.80-24 | 2.5-33.5

stable compared than the vacuum/water interface. The preference of anti-parallel
orientations were documented for the free simulations with the distance-angle cor-
relation plots in Fig.4.30 and the umbrella simulations yield a deeper curve for the
anti-parallel. The peptides displayed electrostatic repulsion at inter-peptide distances
larger than 2.5 nm whereas the PMF curves of the vacuum/water pulling simulations
are flat at distances larger than 2.5 nm.

The decrease in dimer stability upon interacting with the vacuum/water interface
is the result of the disruption of the hydrophobic core. In bulk water the hydrophobic
leucine residues face each other and shield from the water molecules whereas at the
vacuum/water interface the leucine sidechains extend into vacuum, thus making the
formation of such a stable core unnecessary because the leucine sidechains are already
dehydrated. This conformational change decreases the number of hydrophobic inter-
actions and thus weakens the attraction between the peptides compared to the bulk
water case.

The weaker attraction within the dimer at the vacuum/water interface is the result
of the reduced distance between the charged lysine sidechains. Figure 4.33 indicates
the histogram of the minimum distance between charged lysine sidechains. Note that
the distance between the center of mass of backbone atoms between the anti-parallel
orientation in bulk water and the basin 1 (inter-dimer distance: 1.05 nm, inter-dimer
angle 160°) of the vacuum/water interface are similar, however the lysine sidechains of
peptides are positioned closer to each other at the vacuum/water interface. Therefore

electrostatic repulsion between the charged NH3 groups drives the peptides away to
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Figure 4.31: Representative snapshots of high probability conformations for a LKa14
dimer at the vacuum/water interface. The top three figures are the anti-parallel
orientations and correspond to the peaks observed in distance angle correlation plot
in Fig. 4.30. The ones at the bottom are parallel orientations. Lysine and leucine
residues are colored blue and red, respectively, and the ACE cap is colored gold with
CPK representation.
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Figure 4.32: Comparison of PMF curves for separating one LKal4 peptide from
a dimer in bulk water and vacuum/water interface obtained with umbrella sampling
method. The bulk water PMF is deeper than those for the dimer at the vacuum /water
interface. The anti-parallel orientation has a higher depth compared to that of the
parallel in vacuum/water interface. Note that the at distances larger than 2.4 same
simulations were used as windows for the vacuum/water simulations because at these
distances the anti-parallel and parallel orientations are not meaningful and only the
separation distance matters.

increase this distance, increasing the probability of the orientation in basin 3 (inter-
dimer distance: 1.65 nm, inter-dimer angle 170°). In bulk water the lysine sidechains
are positioned with a larger distance which contributes to the stability of the dimer.

The attraction between the hydrophobic leucine sidechains stabilised the aggregate
in bulk water. Therefore as the number of contacts between these residues increases
the conformation should be more stable. To see the effect of interactions of leucine
sidechains between the different conformations observed in the correlation plot in
Fig. 4.30 we calculated the number of contacts between the leucine sidechains for
each conformation seen in Fig. 4.31. Using the RDF between the leucine sidechains
for the tetramer, found as the most stable aggregate in bulk water, we chose a thresh-
old distance of 0.67 nm which includes the first peak (Fig. 4.35). Fig. 4.34 shows
the average number of inter-peptide contacts where with increasing inter-peptide dis-
tance the number of contacts decreases and the parallel conformations yield aligns

leucine sidechains closer. However the most populated conformation of all, basin 3,



Chapter 4: Environment Induced Conformational Transition and Aggregation of LKa14

Peptides 106
3.5 -
bulk-antiparalle| e——
3 r bulk-paralle| e—
air/water basin-1 e———
25 air/water basin-3 e——
— 2
& 15t
1 —
0.5
0 1 | |
0.2 04 06 08 1 1.2 14 16 18 2 2.2

r (nm)

Figure 4.33: Histogram of the minimum inter-peptide distance between charged N
atoms at the end of lysine sidechains for bulk water and basin 1 and 3 of vacuum/water
interface.

has the second lowest number of contacts, suggesting the distance between the leucine
sidechains have very little effect on the final conformation for the vacuum/water inter-
face simulations. The leucine sidechains are already dehydrated by facing the vacuum
side and to increase the number of interactions one has to position the peptides closer
to each other which at the same time reduces the distance between the charged lysine
sidechains increasing the electrostatic repulsion. Therefore the electrostatic repul-
sion and dehydration of the leucine sidechains are the dominant forces at play in
vacuum/water interface simulations.

Figure 4.36 shows the SASA of the dimer minus the sum of the SASA for the
individual peptides for an LK«al14 dimer in bulk water and at the vacuum/water
interface. Note that for the vacuum/water interface the figure illustrates the effect
of dimer formation on hydrophobic leucine and hydrophilic lysine residues and does
not consider the penetration of the water molecules to the residues extending into
vacuum.

For all dimers there is no difference in the SASA of the hydrophilic lysine residues
between the dimer and the individual peptides except for the last 50 ns of the par-

allel oriented dimer in bulk water where the difference is small compared to the
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Figure 4.34: Mean number of inter-peptide leucine-leucine sidechain contacts for each
highly populated conformation defined in Table 4.1. The snapshots for these confor-
mations are shown in Fig. 4.31. The threshold distance was determined to include
the first peak of the RDF (shown in Fig. 4.35) for the tetramer which was the most
stable aggregate size in bulk water.
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Figure 4.35: RDF of leucine-leucine sidechains
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hydrophobic residue. The SASA plots suggest that the dimer formation is dominated
by hydrophobic leucine residues. Table 4.2 compares the solvent accessible surface
area for leucine sidechains for each simulation system, single and dimer in bulk water
and at the vacuum/water interface. The decrease in SASA when a single LK«14 in
bulk water moves to the vacuum/water interface is because of the partitioning of the
hydrophobic and hydrophilic residues shielding the hydrophobic leucine sidechains as
discussed before. Compared to the single in bulk water, the dimer reduces the expo-
sure of leucine sidechains to the water molecules by the aid of the hydrophobic core.
The difference of SASA between the single and dimer at the vacuum/water interface
simulations is not significant and therefore the SASA values can be treated as equal.

Overall, the SASA plots are in accordance with the previous findings. The ag-
gregated LKa14 peptides form a hydrophobic core in bulk water preventing water

penetration and thus stabilizing the aggregate.

bulk water vacuum/water

single dimer single dimer

7.11 | 4.83(68%) | 1.70 (24%) | 2.26 (32%)

Table 4.2: Area of hydrophobic leucine sidechains that are exposed to water molecules
for LKa14 in nm?. For the cases involving a dimer, exposure of leucines per peptide
is calculated. Comparison of the SASA values with the single peptide in bulk case is
listed as percentages. The errors for each case are lower than 0.01.

When eight LK« 14 peptides are placed at the vacuum /water interface and aligned
in anti-parallel fashion on the surface in a row as shown in Fig. 4.37, and simulated
for 100 ns, the aggregate immediately disintegrates and the peptides are positioned
randomly. The final snapshots of the simulation are denoted in Fig. 4.38. There are
two loosely interacting dimers in the final snapshot where one adopts the conformation
shown in basin 3 and the other adopts basin 1. However these dimers are short-lived
and the peptides disassociate to either form another dimer with or roam freely at

the interface. The peptides remain at the interface for the duration of the simulation
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Figure 4.36: Difference between solvent accessible surface area of dimer and sum of
individual peptides in bulk water for anti-parallel (top) and parallel (middle) orien-
tations and for dimer at vacuum/water interface (bottom).
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and the hydrophobic and the hydrophilic residues are partitioned with the a-helix
secondary structure remaining stable (Fig. 4.39). This simulation shows that at the
vacuum/water interface the larger size aggregates observed in bulk water are not

stable.

Figure 4.37: The initial configurations for eight LK«14 peptides at the vacuum /water
interface

top

Figure 4.38: The final conformations for eight LKa14 peptides at the vacuum/water
interface. All the peptides remain a-helix and are positioned at the vacuum/water
interface with hydrophobic and hydrophilic residues partitioned as discussed before.
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Figure 4.39: Time evolution of the secondary structure for eight LKal14 peptides

simulated at the vacuum/water interface. Except intermittent unfolding of the end
residues, a-helix structure is stable for all peptides.
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This section analyzed the aggregation properties of LKa14 in bulk water and at
the vacuum /water interface. Unlike the single LK«14 in bulk water, here, two LK«a14
peptides adopted stable full a-helices. The driving force for the aggregation was the
hydrophobic core formed by the leucine sidechains that shielded hydrophobic regions
from the water molecules. Therefore, the peptides act as molecular interfaces that
induce conformations similar to the hydrophilic/hydrophobic interfaces. Larger size
aggregates of trimer, tetramer and pentamer were also stable with each LK«a14 adopt-
ing a full a-helix. Among the aggregates of dimer, trimer, tetramer and pentamer the
four helix bundle, i.e. the tetramer was found to be the most stable one via umbrella
pulling simulations. However the vacuum/water interface decreased the stability of
the aggregates replacing the hydrophobic core with the partitioning of the hydropho-
bic and hydrophilic residues. Two LKal4 peptides at the vacuum/water interface
formed a weakly interacting aggregate that were positioned at such a distance that
allows hydrophobic interaction while at the same time minimizes the electrostatic
repulsion between the charged lysine sidechains.

Systems that exhibit conformational transition and aggregation phenomena re-
quire a large system and/or a long amount of time. For example, it took more than
a month to simulate a single LKa14 in bulk water for 1 us using 24 threads and
the simulations of four helix bundle in bulk water lasted more than two months us-
ing 40 threads. The computational requirements for simulating larger size systems
increases exponentially. Therefore, to study such large system, the LKal4 can be
coarse-grained to reduce the number of degrees of freedom. To this end, next section

discusses the preliminary results for coarse-graining the LK«a14 peptide.
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4.5 Coarse-grain Model of the LKa14 Peptide

In this section the preliminary results for the coarse-grain (CG) model of the LK«14
peptide will be introduced. The CG model is able to reproduce the helical nature
observed in the atomistic tetramer simulations. The hydrophobic/hydrophilic inter-
face was mimicked by a wall that favors the superatoms corresponding to the leucine

sidechains and disfavors the remaining supertoms.

Mapping Scheme The atomistic LKa14 molecule was mapped to the CG model
where the details are presented in Table 4.3. The leucine sidechains were represented
with one superatom, L, the lysine sidechains were represented by two beads KC and
KN where the former contains the C'H, CHy CHy and the latter includes the CHy-NH;
atoms. CA superatom is chosen as the C, atom and the remaining main chain C-O-
N-H atoms are represented with CIN superatom. All of the superatoms are placed at

the center of mass of the atom groups they represent.

Figure 4.40: The CG mapping scheme for the atomistic LKa14 peptide. The coloring
of superatoms are as follows: L are red, KC and KC are blue, CA and CN are cyan.
The radius of the superatoms were tweaked to contain their atomistic counterparts
and are arbitrary.

Bonded Interaction Potentials A single peptide was simulated in implicit water
with all the non-bonded interactions removed to obtain the contribution of bonded

distributions minus the contributions from the non-bonded interactions. The resulting
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beads | mass atoms
CN | 43.025 CONH
CA | 13.019 C,

L | 57116 | C5 C, Cyy Csy
KC | 42.081 | CjC, Cy
KN |42.081 | C, NHj

Table 4.3: Definition of the beads of the CG model of LKa14 and their masses

distributions will be compared with the distributions of the atomistic tetramer in bulk
water. The bonded interaction distributions are listed in Figures 4.41-4.44. Based on
these distributions the bonded interaction potentials were constructed.

Except the CA-CN and the KC-KN bonds (Fig. 4.41), the remaining bond-
stretching distributions yield close curves. The difference in KC-KN is expected due
to the relatively long sidechain and therefore this difference will not be addressed.
However the more important distribution that hints the difference between the a-
helix in the tetramer and the extended conformation obtained in implicit water is the
C'A-CN bond which forms the backbone of the peptide. One should keep in mind
that additional parameters also influence the CA-CN as will be discussed.

Considering the backbone-backbone angles, there is a slight shift in CA-CN-CA
angular distributions. The contrast between the helix and the extended is visible
in the CN-CA-CN angles with its broader peak having a long tail. Both of the
sidechain-backbone angles of CN-CA-L and CN-CA-KC' display a broader peaks due
to the extended behavior in implicit water as expected and the position of the major
peaks are slightly shifted. However the reverse of these angles are almost identical for
the two atomistic simulations. The difference in the CA-KC-KN angle distribution
is small which concerns the lysine sidechain.

Fig. 4.43 compares the distributions for the proper dihedral angles of the tetramer

(red curve) and the implicit water simulations (green curve). The backbone dihedral
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Figure 4.41: The coarse-grain mapped bond-stretching distributions for the tetramer
(red) and the single peptide in implicit water with the non-bonded interactions ex-
cluded (labeled as vacuum-excl with green).
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Figure 4.42: The CG mapped angle-bending distributions for the tetramer (red) and a

single peptide in implicit water
as vacuum-excl).

with non-bonded interactions excluded (green labeled
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Figure 4.43: The coarse-grain mapped dihedral distributions for the tetramer and the
single peptide in vacuum with non-bonded interactions excluded.

distributions for CA-CN-CA-CN and CN-CA-CN-CA reveal the difference between
the helical conformation in the tetramer and the extended one in implicit water. To
this end, our main aim will be to reproduce the transition in distribution between the
dihedral angles and then, if necessary, tune the bond-stretching and angle-bending
interactions. Similar curves obtained by both simulations for the improper dihedral
angle distributions (Fig. 4.44) allow us to focus on matching the dihedral angles

instead.
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Figure 4.44: The coarse-grain mapped improper dihedral distributions for the
tetramer (red) and a single peptide in implicit water with non-bonded interactions
excluded (green labeled as vacuum-excl).
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Non-bonded Interaction Potentials The backbone dihedral angle (CA-CN-CA-
CN and CN-CA-CN-CA) and the distance between the CN;-CN;,, atoms contain
the difference regarding the transition between the random structure adopted in bulk
water and the a-helix assumed at the hydrophilic/hydrophobic interfaces. These dis-
tributions obtained from the atomistic tetramer and the implicit water simulations
are shown in Figure 4.45. The tetramer adopts a CN-CA-CN-CA dihedral angle at
-65° and a small peak at -155° is also visible whereas the distribution in implicit water
yields a major peak at -155° and a minor one at -65°, i.e. the values pertaining to the
peaks are identical but the height of the distributions are reversed. The distribution
of the distance between CN;-CN;.4 atoms in the tetramer has a major peak at 0.6
nm which is the characteristic i, i+4 hydrogen bonds between the backbone N-H and
C-O groups in the a-helix. For the CG model to imitate the atomistic a-helix con-
formation then the CN;-CN;,4 distances should be brought to 0.6 nm. To sum up,
the switch between the random structure and a-helix is visible in the distance distri-
butions of CN;-CN; 4 and the CN-CA-CN-CA dihedral distributions and using these
distributions as a guide we will aim to reproduce the atomistic tetramer distributions
in our CG model.

The bonds in the CG model were defined as harmonic springs and their param-
eters can be found in Table 4.4. Fig. 4.46 plots the tabulated angle potentials that
are determined by Boltzmann-inverting the angular distributions obtained from the
atomistic LKa14 in implicit water without any defined nonbonded interactions. In
terms of dihedral interactions, only the proper backbone dihedral angles are defined
and represented by tabulated potentials as shown in Fig. 4.47. No potential interac-
tion is defined for the proper dihedral angles corresponding to the sidechains, instead
these are determined via implicit dihedral potentials which are plotted in Fig. 4.48.

When the CG model is simulated in implicit water, the distribution of the CA-
CN-CA-L dihedral angle yielded a minor peak at 120° whereas such a dihedral angle
was not observed in atomistic simulations. To prevent the CG model sampling this

unwanted region we assigned a dummy improper dihedral potential to this angle as
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Figure 4.45: Distributions from tetramer and vacuum atomistic simulations for back-
bone dihedrals (top): CA-CN-CA-CN (left) and CN-CA-CN-CA (right) and CN;-
CN;44 distance distribution (bottom). The difference between a random coil and
a-helix is highlighted in CN-CA-CN-CA dihedral angle and the CN;-CN, 4 distance
distributions.

Bond | (nm) | k, (kJ/mol xnm?)
CN-CA | 0.2112 95210
CA-CN | 0.1952 457481

CA-L 0.263 62476.3
CA-KC | 0.259 85700.8
KC-KN | 0.3194 72640.4

Table 4.4: Equilibrium bond length and spring constant for the harmonic potentials
connecting superatoms in the LKa14 CG model.
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Figure 4.46: Tabulated potentials for angle interactions used in the LKa14 CG model
obtained via Boltzmann-inverting the related angular distributions of the atomistic
tetramer simulations in bulk water.
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Figure 4.47: Tabulated potentials for the proper backbone dihedral interactions.
These potentials are the Boltzmann-inverted forms of the corresponding distributions
of atomistic tetramer simulations in bulk water.
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Figure 4.48: Tabulated potentials for implicit dihedral interactions.

displayed in Fig. 4.49 at the right. After applying this potential the modified CG

model produces a correct distribution.
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Figure 4.49: Dihedral distribution of CA-CN-CA-L for the CG without the dummy
improper dihedral potential (red) and with it (green), compared to that of the atom-
istic tetramer. The improper fix potential is displayed at the right.

Using the interaction potentials shown above the CG model fails to reproduce the
CN;-CN; 4 distance distribution of the atomistic tetramer, i.e. the a-helix structure.
Therefore one needs additional interactions such as pair potentials between the CN;-
CN;.4 beads. The pair potential is chosen to be the Boltzmann invert of the CN;-
CN;, 4 distance distributions from the atomistic tetramer simulation where the LK«a14
peptides adopted stable a-helix conformations. Fig. 4.50 presents the distributions

obtained with different pair potentials. The pair interaction generates the correct
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CN;-CN; 4 distribution (green curve) compared to the CG model without any pair
interactions (red curve). Reducing the depth of the pair potential had the same effect
as smoothing the curve, i.e. they both increased the width of the distribution curve.
Because the area of the potential well larger than 0.6 nm reduces probability of the
peak value in CN;-CN;, distribution by allowing higher distances favored by the
CG model without the pair interactions. The CG model with the pair interaction

potential (green curve in the left plot in Fig. 4.50) mimics the helical conformation.
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Figure 4.50: Different tabulated potentials used for the CN;-CN; 4 interaction (right)
and the corresponding CN;-CN;, 4 distance distributions (left). Without any defined
pair interactions the CG model fails to reproduce the a-helix (cg-p0) and the Boltz-
mann inverted form of the C'N;-CN;, 4 distance distribution for the atomistic tetramer
reproduces the correct distribution of the atomistic tetramer in bulk water (cg-p1).

Up until now, we used the dihedral interaction potentials obtained from the atom-
istic tetramer distributions, although these potentials yield a-helix in bulk water, the
distributions these potentials are derived from contain the contributions from other
nonbonded interactions. Therefore when using these backbone dihedral potentials,
we consider some of the nonbonded interactions twice: the first is with the dihedral
potential, and the second with those interactions explicitly defined. On the contrary,
deriving the dihedral potentials from the atomistic implicit water simulations with
the excluded nonbonded interactions, yields potentials obtained only by the atoms
considered. Furthermore, we also want our CG model to reproduce the random struc-
ture obtained in bulk water. To this end, we will examine the effects of using the

backbone dihedral potentials obtained from the atomistic implicit water simulations.
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The backbone dihedral distributions are compared for the CG models that em-
ploy dihedral potentials derived from the implicit water and the tetramer simulations
(Figure 4.51). As expected, the former yields identical backbone distributions to the
atomistic water simulations whereas the CN;-CN;, 4 distance is slightly shifted to the

left.

Dihedral CA-CN-CA-CN Dihedral CN-CA-CN-CA
25 25
Ccg-vacBBdih em— Cg-vacBBdih em—
2 L cg-tetBBdih = 2 L cg-tetBBdih e
atm-tetramer ——— atm-tetramer
atm-vacuum-exc| = atm-vacuum-excl
15 . 15F
= =
R & a1t
0.5 0.5+ A
0 | I - Il (| 1 J O P | ]
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 1 0 1 2 3 4
¢ (radians) ¢ (radians)

Distance CNi-CNi4

Ccg-vacBBdih em—
cg-tetBBdih em—
atm-tetramer
atm-vacuum-excl

P(r)
-
o
T 1 1 1 1 1 11711

il il J
0 02 04 06 0.8 1 1.2 14 16
r(nm)

Figure 4.51: Distributions comparing the CG models with the tetramer derived back-
bone dihedrals and the implicit water derived ones. No pair potential between the
CN;-CN; 4 beads were used. The CG models display similar distributions to to those
of their atomistic counterparts.

The CG models shown in Fig. 4.51 were defined without any CN;-CN; 4 pair po-
tentials. If one adds the CN;-CN;,4 pair interaction potentials onto the CG model
with the backbone dihedral potentials derived from the implicit water then one at-
tains the exact CN;-CN;,4 distance distributions as that of the atomistic tetramer
but the backbone dihedral angles are not correctly reproduced and fall between the
distributions of the two atomistic simulations (Fig. 4.52).

To mimic the hydrophilic/hydrophobic interface at the CG scale, one can use a wall

that selectively interacts favorably with the L beads (imitating hydrophobic leucine
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Figure 4.52: Backbone dihedral angle (top) and CN;-CN;,4 distance distributions
(bottom) comparing the CG models with and without the CN;-CN;, 4 pair potentials
for the CG model with the backbone dihedral potentials derived from the atomistic
implicit water simulations.

sidechains) and repels KC and KN beads (imitating hydrophilic lysine sidechains).
The CG model should yield a helical structure that reproduces the atomistic tetramer
CN;-CN; 4 distance distribution. We already showed that the pair interaction poten-
tial in the C'N;-CN;,4 beads produces an a-helix. Therefore first we analyze the effect
of the wall on the CG model without the pair potentials. Fig. 4.53 shows the distance
distribution for the CG models with different wall-L potential interactions. The in-
teraction between the L beads and the wall do not have any effect on the CN;-CN;4
interactions. Although the peptide adsorbs onto the wall, there is no change in sec-
ondary structure without the CN;-CN;, interaction potentials. The alignment of the
CG model at the wall is depicted in Fig. 4.54.

The inability of the wall to induce a change in secondary structure complicates the
results. As can be seen in Fig. 4.55 the pair potential seems to be the only parameter

that induces a stable helical conformation where the L-wall interaction potential be-
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Figure 4.53: Distribution of the distance between CN;-CN,; 4 compared to different
depths of wall potentials without the CN;-CN; 4 defined (cg-w0.1, cg-w.5, cg-21 where
cg-w0.1 means the wall potential obtained from that is a counterpart for the inter-
action for the atomistic leucine-interface is multiplied by 0.1). The CN;-CN; 4 pair
potential (cg-ii4p) is defined as the inverse of the atomistic tetramer distributions.

Figure 4.54: Snapshot of CG LKa14 on the wall where the wall is shown with a black
line.
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tween the was decreased to 1/10th of that of the previous simulation. The changes in
L-wall potential do not effect the resulting C'N;-CN;,, distance distributions. Further-
more, the radii of the interaction of the remaining beads with the wall was also found

to play no part in triggering a change in CN;-CN, 4 distance distributions (Fig. 4.56).
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Figure 4.55: Histograms of the CN;-CN;,, distances (left) obtained by the corre-
sponding tabulated potentials of used to represent the CN;-CN;,, pair interactions.
Here the wall potential is multiplied by 0.1 and the CN;-CN;,, potentials are scaled.
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Figure 4.56: Tabulated interaction potentials of superatoms (right) with the wall
except the L bead(i.e. CA-wall, CN-wall, KC-wall, KN-wall) and the distribution of
their distances from the wall (left).

Preliminary results for a LKa14 CG model were presented where introducing the
CN;-CN;,4 pair potentials yielded a helical conformation. A wall was introduced
which attracts L beads that are the CG counterparts of the atomistic hydrophobic
leucine sidechains, that generates a surface mimicking a hydrophobic/hydrophilic in-
terface. However, the interaction potential of the L beads was found to play no part

in the CN;-CN;, distance distributions, and therefore the helical structure.
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4.6 Concluding Remarks

This study documents the different behaviors of LKal4 in solution and at
hydrophilic/hydrophobic interfaces. Using 1 ps long MD simulations and replica-
exchange MD simulations a single LKa14 peptide in solution was found to yield a
variety of structures including a-helix, random-coil, 5-sheet and in-between variants
of these whereas at the vacuum/water interface the random structures of the peptide
folded into a stable a-helix and the helices remained folded. The a-helix adopted
at the vacuum/water interface was enabled by the partitioning of hydrophobic and
hydrophilic residues, the former accumulating on the vacuum side and the lysine
sidechains extended into water. The stability of this conformation was because of
the dehydration of the hydrophobic leucine sidechains.

The aggregation of LKa14 in bulk water was investigated, where unlike the lack
of an unique structure for a single peptide, two LK«a14 peptides were shown to ag-
gregate and form a stable a-helix. Therefore the added peptide behaved as a micro-
interface that induced folding into a-helix with similar partitioning observed at the
vacuum/water interface simulations, i.e. the hydrophobic leucine sidechains formed
a hydrophobic core and the charged lysine sidechain faced the water molecules. The
dimer was shown to have identical preferences for the anti-parallel and parallel orien-
tations where MD simulations featuring the LKa14 dimer yielded transitions between
these orientations.

Comparing the stability of the larger aggregate sizes of trimer, tetramer, pentamer
and octamer, it was found that the a-helical conformation was stable with leucine
residues concentrating in the inner region of the aggregate shielded from the water
molecules. The free energy of removing a peptide from the aggregate was computed
via umbrella sampling simulations for aggregates of dimer, trimer, tetramer and pen-
tamer and the tetramer was found to have the deepest PMF curve suggesting the four
helix bundle as the more stable aggregate among. The solvent accessible surface area
of the hydrophobic leucine sidechains supported the findings.

The simulation of two LK«a14 peptides yielded weakly interacting peptides with
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larger inter-peptide distances, in contrast to the two peptides in bulk water. Fur-
thermore, the umbrella simulations supported the free MD simulations with lower
depth PMF curves for separating the peptides compared to the findings in bulk water
environment. The disruption of the hydrophobic core was proposed as the culprit
for this decreased inter-peptide interaction strength where at the interface the lysine
sidechains were forced to be closer to each other if the LKa14 dimer adopted the bulk
water conformation. Thus, the interplay between the charge repulsion of NH3 groups
and the attraction of the hydrophobic sidechains resulted in an unstable inter-peptide
distance throughout the simulation.

Finally, the study showed a preliminary coarse-grain model of the LKa14 where
the atomistic helical conformation was mimicked only by the pair potentials between
the i,i+4 backbone atoms.

The entire study reports environment dependent folding of LK«a14. The helical
stability was allowed by preventing the exposure of the hydrophobic regions. Simi-
larly, for the a-helix in the aggregates was made possible by the peptides acting as
hydrophobic micro-surfaces. The main driving forces for conformations were found
to be the electrostatic repulsion of lysine sidechains and the attraction between the

leucine residues.
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Chapter 5

CONCLUSION

Structure of a protein depends not only on the sequence but also on the environ-
ment. For example, hydrophilic/hydrophobic interfaces promote folding and aggrega-
tion exploiting the amphiphilic nature of proteins by partitioning the hydrophobic and
hydrophilic residues. Studying these systems help us to understand the mechanisms
and driving forces behind these phenomena by determining the effects of specific in-
teractions that pariticipate in these processes. Here, molecular simulations are useful
tools that enable monitoring the system at atomistic scale.

To this end we chose a short peptide that allows an easier modeling and simu-
lation. We analyzed the environment-driven conformational transition for FF and
showed that at the cyclohexane/water interface the molecule adopts a different con-
formation than the one in bulk water. Furthermore, we observed a similar conforma-
tional transition when FF formed aggregates where the neighboring peptides created
a molecular interface mimicking the effects of a macromolecular one. However we also
showed that even for such a simple peptide, observing these processes via atomistic
MD simulations required a long amount of time making these studies harder for larger
size systems.

Using the solvation free energy values and the radial distribution functions as
a starting point we developed a two-state CG model that successfully mimics the
bulk water and the interface behaviors. The success of the free energy approach
indicated that the underlying forces between these transitions are thermodynamic.
Furthermore, we showed that the solvent interactions between the solvent molecules
that do not include the peptide interactions influence the final conformation of the

peptide.
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In the second study, a more complex amphiphilic LKa14 peptide which was de-
signed to have a separated hydrophobic and hydrophilic residues when adopted a heli-
cal conformation was studied. Using microsecond long advanced sampling techniques
we showed that in solution the peptide does not adopt a stable secondary structure.
This intrinsically disordered behavior is alleviated when the interface restricts the con-
formations which allow hydrated hydrophobic residues and thus the peptide adopts
a stable a-helix. This environment dependent behavior was also observed when the
peptides self-assemble to form aggregates. The formation of the hydrophobic core
between the peptides favored the accumulation of the peptides stabilising the helical
secondary structure. Therefore it has been shown that the neighboring peptides act
as molecular interfaces and thus similar to macromolecular interfaces, induce more
ordered conformations.

Larger size aggregates of LKal14 were observed to be stable where each peptide
adopted helical conformations. We measured the stability between the aggregates
of different sizes and compared the PMFs for dissociating each bundle. Among the
studied aggregates, the four helix bundle displayed the highest stability and which was
confirmed by comparing the amount of dehydrated hydrophobic sidechain residues.
Then we illustrated the importance of i,i+4 hydrogen bonds using the CG model of
LKal4 where the a-helical conformation was made possible only via pair potential
interactions between the relevant beads.

In this thesis we have analyzed the complex interactions behind the environment
dependent behaviors of amphiphilic peptides and the difficulty of observing the fold-
ing and aggregation processes via atomistic resolution simulations. We achieved a
free energy based two-state CG model that is transferable between two distinct en-
vironments and we highlighted the significance of thermodynamic forces behind the

structural changes.
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