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Abstract
Molecular dynamics (MD) simulations were performed to investigate the
structural stability of lysozyme and apo-α-lactalbumin under physiological
pH and solution. Upon introduction to the solution, apo-α-lactalbumin
showed lower stability than lysozyme with higher backbone root mean
square ﬂuctuation (RMSF) of the exposed residues and C-terminus, including secondary structure transition from α-helices to turns in residues
105-110. However, no noticeable changes were observed in the secondary
structure of lysozyme during the simulations. Subsequently, molecular
mechanics (MM) simulations were carried out to determine the preferred
orientation for adsorption of these proteins at poly (ethylene oxide) (PEO)
ﬁlms capped with hydroxyl and methoxy end-groups, based on the LenardJones (L-J) potential. Both proteins preferred to initially adsorb at hydrophilic surface with its side-on orientation which clef faces sideways. At
hydrophobic surface, the preferred orientation of lysozyme became a backon orientation which clef faces outward, whereas that of apo-α-lactalbumin
remained a side-on orientation.
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Chapter 1

Introduction
1.1

Protein Adsorption

Generally, once biomaterials are in contact with bioﬂuids, such as whole
blood or plasma, proteins adsorb within the ﬁrst few minutes and form a
layer. Moreover, multilayers may form as proteins may adsorb upon the
previously adsorbed layer. Non-speciﬁc protein adsorption is crucial to the
therapeutic eﬃcacy of the blood contacting material, as it is well known
that proteins at surfaces can lead to the initiation of several host responses.
Cells may function with the biomaterials through active sites provided by
this layer of adsorbed proteins. Moreover, these adsorbed layers may also
provide conditions suitable for bacterial colonization, leading to infection
and the eventual failure of the biomaterials ability to function in the desired
therapeutic capacity it was designed for.

1.2

Main Driving Forces for Protein Adsorption

Typically, adsorption of proteins on a selected surface in an aqueous solution is inﬂuenced by several factors related to the combined properties of
the surface, proteins, and solution. 1 For example, it has been theoretically
reported that lysozyme tends to adsorb on hydrophobic CH3 SAM surfaces
rather than on hydrophilic oligo (ethylene glycol) surfaces. 3 Moreover, it

1

has also been reported that denatured protein, particularly α-lactalbumin
without bound Ca+2 ions, adsorbed to a greater extent on stainless steel
coated with polyethylenimine (PEI) than it did under its native state with
bound Ca+2 ions. 5 The protein without bound Ca
on PEG-coated surfaces of various molecular

2+

ions adsorbed less

weights. 3

In addition, it has

also been reported that Arg+ at pH 7.0 was adsorbed on a SAM-COOH
surface, whereas the residue was repelled from the SAM-NH+3 surface. 3
Furthermore, it has also been reported that at high salt concentrations, in
an aqueous solution of pH 7.0, the extent of adsorbed lysozyme at negative
polystyrene decreased compared with the adsorbed extent of the protein
at a low salt concentration. 8
Several factors aﬀect protein adsorption on a given surface. As a result,
the mechanisms associated with protein adsorption are complex. 1 However, the investigation of these mechanisms is limited on an experimental
scale. Therefore, theoretical studies have been conducted. Theoretically
the main driving forces for protein adsorption processes may be classiﬁed
as Van der Waals (vdW), electrostatic (EL) and hydrophobic interactions,
hydrogen bonding, and subprocesses directly related to a proteins stability.
vdW interaction plays a role in all adsorption processes 6,34 with an
eﬀective range varying from a few to ∼ 20 Å . 27 It is also known that

vdW is dominated only where hydrophobic and EL interactions are weak,
such as in vacuum or in continuum medium. 20 vdW interactions can be
described by various types depending on the potential well selected, for
instance, there are two contributions of vdW interaction based on the
Lennard-Jones (L-J) potential well namely steric and dispersion terms.
The dispersion force being analogous to an instantaneous dipole-induced
dipole interaction between two atoms. The strength of the interaction being dependant on the size of the atom, since the larger atom poses a higher
polarizability and more dispersed electron clouds. On the other hand, the
steric term arising from the Pauli exclusion principle observed when two
atoms are repelled from each other when they are closer than the sum of
their two radii, as a result of overlapping of electron clouds.
2

EL interaction plays a major role in protein adsorption especially when
charges of a protein and a surface are non-zero. According to Coulombs
Law a charged particle generally attracts an oppositely charged particle,
while repelling a likely charged particle. Consequently, if a protein and biomaterial surface have opposite charges, EL interaction can also promote
adsorption with eﬀective range of ∼ 60 nm. 27 For instance, Norde et al. 8

reported that lysozyme, which is positively charged at pH 7.0 was strongly
adsorbed at negatively charged poly (styrenesulphonate). Another example reported by Norzita et al. 5 was that a positively charged lysozyme was
unfavorable and a negatively charged α-lactalbumin was favorable to adsorb at positively charged polyethylenimine (PEI) (pH=7.2).
Hydrophobic interactions can be long-range with an eﬀect over ∼ 10

nm. 27 The interaction is well known as being the impetus for the ag-

gregation of hydrophobic solute in an aqueous solution, which plays an
important role in several processes such as the self-assembly process, protein stabilization, and protein adsorption in an aqueous solution. 27 Generally, a hydrophobic solute does not form hydrogen bonds with water
molecules; therefore, its hydration shell is not as strong as that around
a hydrophilic solute, where hydrogen bonds form between the solute and
water molecules. Without the formation of solute-water hydrogen bonds,
the hydration shell of the hydrophobic solute is easily perturbed during
protein adsorption. The destruction of the hydration shell gives rise to the
amount of the free energy of adsorption in terms of favorable entropy due
to the reordering of water molecules. Moreover, several authors, 15,19 also
reported that density ﬂuctuation around the hydrophobic solute was very
high. Since, ﬂuctuation and compressibility are theoretically directly related to each other 12 , the area around the hydrophobic solute was highly
compressible. High density ﬂuctuation surrounding a hydrophobic solute
has been used to explain why adsorption of proteins at hydrophobic surfaces induced more conformational changes of the adsorbed proteins than
that at hydrophilic surfaces. 28,29 Since high density ﬂuctuation above hydrophobic surfaces induced motion of the adsorbed protein over the surface and consequently large conformational change of the adsorbed pro3

teins. 10,11,20,22
Hydrogen bonding is a short range interaction with an eﬀect over
∼1-2 Å. 27 As a result, number of hydrogen bonds formed between water

molecules and a solute aﬀects strength of a hydration shell surrounding
the solute. The higher the number of hydrogen bonds formed between the
solute and water molecules, the stronger the hydration shell is. Strong hydration shell surrounding a solute cannot be perturbed easily while another
solute approaches. 30,47 To consider adsorption processes, if the biomaterial
surface forms a large number of hydrogen bonds with water molecules, a
hydration shell surrounding the biomaterial surface will be very strong.
Hence, when a protein approaches to the biomaterial surface, the strong
hydration shell will generate repulsive force at the protein. 30,47 Moreover,
strong hydration shell can also reduce favorable entropy resulted from perturbation of the hydration shell while the approaching protein may induce
restructuring of water molecules in the shell. Therefore, this can reduce
adsorption of a protein at biomaterial surface. 27 Accordingly, hydrogen
bonding is considered one of the main driving forces of protein adsorption. 27
Protein stability is also an important factor that can generate favourable
entropy during the adsorption process. Soft proteins, such as α-lactalbumin,
that have a low structural stability, have a strong tendency to change their
conformation upon adsorbing compared to hard proteins such as lysozyme;
thus, the adsorption of the soft protein, especially on hydrophobic surfaces,
usually increases the system entropy through the release of water molecules
associated with both the protein and the biomaterial. 1 Consequently, this
gives rise to the extent of adsorption energy. Moreover, it has also reported that hydrophobic residues of denatured proteins are exposed to an
aqueous solution more than when the protein is in its native structure. 15
Accordingly, the denatured protein can also promote further adsorption
via subsequent hydrophobic interactions.

4

1.3

PEO and Its Ability to Resist Protein Adsorption

Polyethylene oxide (PEO,H-(OCH2 CH2 )n -OH) is an electrically neutral
polymer that is highly soluble and very mobile in aqueous solutions at low
temperatures, compared to other polymers. 21 As a result of these interesting properties, PEO has been selected as one of the best candidates for
non-fouling surfaces. The hydrophilic nature of PEO has been of interest
to several authors. 41,42,43 The unique hydrophilicity of PEO was explained
by Ronald et al. 9 several years ago to be a result of a good ﬁt between
the ether oxygen of PEO and the tetrahedral lattice of water. The ether
oxygen of PEO being able to ﬁt into the water lattice without signiﬁcantly
disturbing the tetrahedral network of water (oxygen-oxygen distance =
2.85 Åbetween neighbors and 4.7 between next-nearest neighbors); hence,
Ronald et al. 9 concluded that PEO was highly soluble. PEOs high degree
of hydrophilicity also corresponds to a large number of hydrogen bonds
formed in its hydration layer. The electrostatic attraction between the
negative potential of the lone pair of electrons of ether oxygen and the
positive potential of the OH bond of water was believed to be the driving
force behind the formation of hydrogen bonds, as reported by Weitz et al. 42
Moreover, it was reported that the hydration shell of PEO was very stable
and well ordered with the contribution of negative enthalpy and entropy
of hydrogen bonds formation in the hydration shell at room temperature
or even higher temperatures (450 K). 41,43 The degree of hydrogen bond
formation also depends on the density of the PEO chains. If the chains
are too dense, the number of hydrogen bonds determined in the hydration shell is generally fewer than in cases of optimum chain density. 41,43
In contrast, in cases of low PEO chain density, even water can penetrate
well into the PEO chains. The number of hydrogen bonds formed is low
because of limitation of interacting sites for hydrogen bonds formation. 3
Another interesting property of PEO is its mobility. PEO is known
to be a very mobile polymer. 21 This may be explained by its structure
having no bulky chemical groups, being comprised of single bonds along
5

the chemical backbone, and by its electric neutrality; thus, this leads to
a small eﬀect of steric and electrostatic hindrance. Moreover, Davies et
al. 16 reported from dipole relaxation that reorientation in PEO chain is
a marked freedom and the carbon-oxygen linkage of the PEO chain behaves like a ball-and-socket joint in which carbon or cation atom behaves
like a ball which is allowed to move freely, whereas oxygen behaves like a
socket to accommodate the carbon atom. They also found that the average
movement of longer units were more freely to move than a single unit. 16
The ﬂexibility of PEO has attracted several authors. For example, Zeng
et al. 3 studied the ﬂexibility of ethylene oxide (OEG), and reported that
OEG SAM was more ﬂexible and disordered than SAM terminated with
OH and CH3 (S(CH2 )4 (EG)4 )OH > S(CH2 )11 OH > S(CH2 )11 CH3 )). The
disordered structure of OEG SAM enhanced water penetration into the
OEG ﬁlm to form hydrogen bonds with ether oxygens of the OEG SAM;
thus, in the study the number of hydrogen bonds formed in the hydration
layer of OEG SAM was more than those formed in case of the other two
SAMs. Moreover, it is reported that as the PEO chain length increased,
chain ﬂexibility increased, as experimentally reported by Han et al. 48
PEOs ability to resist protein adsorption is known to be the result of
its two unique properties, described above. For example, Jie et al. 3 observed lysozyme adsorption on HS(CH2 )4 (EG)4 )OH, HS(CH2 )11 OH and
HS(CH2 )11 CH3 surfaces. They found that total forces exerted on the
lysozyme were mainly generated from the water shell, and that the magnitude of the forces was closely related to the number of hydrogen bonds in
the PEO hydration shell. PEOs packing density also aﬀected its ability to
resist protein adsorption in terms of the stability of the hydration shell, as
mentioned above. Furthermore, Jeon et al. 49 also reported that the best
condition for preparing a PEO non-fouling surface was at an optimum PEO
chain density with a longer chain length. However, Unsworth et al. 17 reported that the ability to resist adsorption of ﬁbrinogen was not diﬀerent
when the PEO chain length increased (MW of 750 and 2000) at the optimum chain density (0.5 nm−2 ). Moreover, Norzita et al. 5 reported that
negatively charged apo-α-lactalbumin adsorbed to surfaces modiﬁed with
6

PEI-PEO (350, 2000, and 5000 MW) comb-like structures PEO surfaces,
and silica coated on bare stainless steel. These studies indicate that even
PEO, which is very highly hydrated and mobile cannot prevent adsorption
of all types of proteins.

1.4

Lysozyme and α-lactalbumin

Lysozyme and α-lactalbumin have been studied since the middle of the
twentieth century and, thus, are considered well-characterized proteins.
It is interesting that these two proteins share a similar size, shape, and
folding patterns, as well as number of disulﬁde bonds. Lysozyme and αlactalbumin have an approximately ellipsoid shape with nearly the same
molecular weight, 14 kDa. In addition to the similarities in size and shape,
their three dimensional folds are also homologous, with a cleft separating
the larger helical portion and the smaller portion of β-sheet. The similarity
in folding patterns is believed to be a result of 35-40 % in sequence similarity. 35 Lastly, both proteins are also composed of four disulﬁde bonds.
Despite the homological characteristics of both proteins, their functions
are far diﬀerent. Lysozyme is involved with binding and cleaving the
glycosidic bond in sugar, while α-lactalbumin takes part in lactose synthesis. 35 Moreover, lysozyme and α-lactalbumin also have diﬀerent stabilities. The structure of lysozyme was reported to be more stable than that
of α-lactalbumin with � GT hermal and � GDenaturant of +4.1 and +4.0 in
case of lysozyme and +1.5 ,and +1.9 in case of α-lactalbumin 28 , where
� GT hermal and � GDenaturant are changes in free energy as aresult of
denatured and native states of a protein due to temperature and pH, respectively. 28 In addition, it is reported that α-lactalbumin is a bound Ca2+
protein at primary and secondary sites. 35 Besides, only the bound Ca2+
ion at the primary site plays an important role in the structural stability
of α-lactalbumin. (More information can be found in Chapter 3.). Additionally, the bound protein with Ca2+ ion at this primary site shows higher
stability than that without a bound Ca2+ ion. 35 . It is worth noting that
α-lactalbumin under the unbound Ca2+ ions is called apo-α-lactalbumin,
7

while the protein under its native conformations (with bound Ca2+ ions
) is called holo-α-lactalbumin. Moreover, their isoelectric points (pI) are
also diﬀerent: lysozyme being around 11, while holo α-lactalbumins is ∼
4.5.

1.5

Atomistic Simulations

Classical based atomistic modeling is generally used to examine behaviours
of big systems such as a system of biomolecules containing more than 104
atoms. Molecular mechanics (MM), Monte Carlo (MC), and molecular
dynamics (MD) are three well-known types of classical based simulations.
Among the three potential-based methods, MM is diﬀerent from the other
two methods in that during simulations, the eﬀect of thermal motion is
not taken into account. Furthermore, MM is also called the energy minimization or geometry optimization method because it is commonly used to
minimize the potential energy of the system. Additionally, MM has been
used in place of MC simulations to select the most preferable- interacting
sites between biomolecules like antigen-antibody, enzyme-substrate and
protein-surface because of computationally cheaper cost. 51,52,53,54,55 Due
to the fact that MC and MD techniques incorporate the eﬀect of temperature, they can be used to calculate thermodynamic properties. All atoms
in MD simulations are moved following Newton’s second law of motion
to reproduce the time evolution of the system in the phase space. Unlike
MD, the atoms in MC are moved following a a probalilistic algorithm to
recapitulate the statistics of energy and spatial distributions for a canonical ensemble in thermal equilibrium. Therefore, to deal with dynamical
properties of a system, MD is required rather than MC. 13,14

1.6

Scope of the Thesis

Since the internal stability of proteins can also play a role in adsorption
process. Soft proteins tend to be denatured more than hard proteins during
adsorption, especially on hydrophobic surfaces. Moreover, both soft and
8

hard proteins also prefer to adsorb on hydrophobic surfaces rather than
hydrophilic ones. However, mechanisms of these still cannot be explained
clearly in experiments. The present thesis is aimed at elucidating these
questions by investigating the adsorption mechanism of two model proteins, namely lysozyme and α-lactalbumin on hydrophobic and hydrophilic
surfaces by using atomistic simulations.

9

Chapter 2

Backgrounds
2.1

Adsorption Thermodynamics

Generally, when a protein in aqueous solution exposes to a solid surface,
a spontaneous adsorption of the protein at the solid surface is observed.
In theory, protein adsorption at a solid surface can occur spontaneously
at constant temperature and pressure if the change in Gibbs free energy
(�G) on the adsorption is less than zero : 4
�G = �H − T � S < 0

(2.1)

where, H is the enthalpy, S is the entropy and T is the temperature.
Behaviours of an adsorbed protein at the solid surface are governed by
net interactions between the adsorbed protein, the solid surface and the
aqueous solution. 1 These interactions may arise from non-bounded interactions such as electrostatic (EL), van der Waals (vdW) and hydrophobic
interactions or bounded interactions like hydrogen and covalent bounding
which are typically accounted for in the enthalpy term. Additionally, other
eﬀective interactions in dense medium such as secondary packing of the adsorbed protein, cavity formation and degree of solvation are also accounted
for in both the enthalpic and entropic terms.

10

2.2
2.2.1

Molecular Modelling
Overview

Molecular simulation methods can generally be divided into three groups,
namely, molecular mechanics (MM), Mote Carlo (MC) and molecular dynamics (MD) simulations. Among the three molecular simulation methods, MM is diﬀerent form the other two methods in that during simulations thermal motion is not taken into account, while it is in the other
two methods. Furthermore, MM is also called energy minimization or
geometry optimization method because it is commonly used to minimize
potential energy of the system. Additionally, MM is usually applied to
minimize initial structure of a system before performing MD simulations.
Moreover, recently MM simulations have also been carried out to predict
the most preferable adsorption orientation of a protein at a given surface
based on global energy minimum instead of MC simulations since they
are computationally cheaper. 51,52,53,54,55 Due to MC and MD take eﬀects
of temperature into account during simulations; hence, they are used for
calculations of thermodynamic properties. In MC, atoms are moved according to various time independent probalilistic algorithm to recapitulate
the canonical ensemble statistics in thermal equilibrium, whereas in MD
the atoms are moved following the Newtons second law of motion to reproduce the time evolution of the system in the phase space. As a result,
transport properties such as rate of an interaction, and diﬀusion coeﬃcient can be determined only by performing MD simulations. This is one
of the reasons why MD simulation is commonly used to investigate the
behavior of bimolecular systems. In view of the above, both MM and
MD simulations will be carried out in this thesis. The two methods are
brieﬂy described in this chapter,whereas further information on molecular
modeling can be found elsewhere. 13,14
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2.2.2

Basic concepts of Molecular Dynamics simulations

In MD simulations, each particle moves according to the Newtons second
law of motion, Equation (2.2), where the force is related to the potential
energy by Equation (2.3).
2

d �ri
F�i = mi 2
dt

(2.2)

� i (�ri )
F�i (�ri ) = −∇U

(2.3)

According to Equation (2.2) and (2.3), F�i stands for all forces acting on
the atom i with constant mass mi , �ri is a position vector of the atom i and
U (�ri ) is potential energy of the atom i.
It is often assumed that the potential energy is mostly deﬁned by pairwise interactions between particles. The interactions which involve a larger
number of particles (such as three-particle or higher order interactions)
are usually weaker then pairwise interactions, they are often included effectively rather than explicitly in empirical force ﬁelds. Particular interactions contributing to the potential energy will be described in details in
the next subsection.
Empirical force ﬁeld
The forces acting on atoms in the course of MD simulations arise from both
bonded and non-bonded interactions. These include contributions due to
bond-stretching, bond-bending, dihedral and improper dihedral angles, as
well as van der Waals (vdW) and Coulomb interactions. An equation
that includes all parameters used for calculations of potential energy of a
speciﬁed system is often called the equation of empirical force ﬁeld. The
parameters included in this equation are calibrated by ﬁtting to the experiment and/or to the results of the QM calculations. Presently, there
are many types of force ﬁelds that exist for molecular modeling, and include but are not limited to CHARMM, AMBER, and GROMOSS force
ﬁelds. The same force ﬁeld may not be appropriate even for the same
biomacromolecule system within diﬀerent environments (such as solvent
12

composition or thermodynamic state), and a proper force ﬁeld should be
chosen carefully for a particular situation.
Typically, a standard form of a modern force ﬁeld equation is given by
Equation (2.4).

Utotal =

�

Ubond +

bond

+

�

vdW

�

Uangle +

angle

UvdW +

�

�

Udihedral +

dihedral

�

Uimprpper

improper

UCoulomb

Coulomb

(2.4)

In Equation (2.4), the ﬁrst four terms describe bonded interactions, while
the last two terms represent van der Waals and Coulomb (non-bonded)
interactions. These terms are brieﬂy described below. 13,27 .
Bond stretching (the ﬁrst term in Equation (2.4)) can be described by
the Hooks law applied for each two particles connected by the covalent
bond (see Figure 2.1 ). Mathematically, this interaction is described by
Equation (2.5), where k is a spring constant, and b and b0 are instantaneous
and equilibrium bond lengths, respectively.
1
Ubonds = kb (b − b0 )2
2

(2.5)

Bond Bending contribution to the potential energy can also be written
in the harmonic form. This term describes variations in the potential
energy due to change of angle (θ) between three consecutives covalently
bound atoms (such as atoms 1, 2 and 3 in Figure 2.1). Mathematical
expression for this type of interactions is given by Equation (2.6), where
θ0 and θ are equilibrium and instantaneous angles between three atoms,
respectively.
1
Uangle = kθ (θ − θ0 )2
2

(2.6)

Dihedral bond rotations are described by the angle χ between two
plains, each containing coordinates of ﬁrst and last three atoms for any

13

Figure 2.1: Notations of angles and planes accounted for an empirical force
ﬁeld. 13

four covalently bound atoms, such as atoms 1, 2, 3 and 4 from Figure
2.1. If this angle can perform be unrestricted rotation, it is called a proper
dihedral motion. In the case of additional restraints, it is improper motion.
Equation (2.7) gives the contribution due to the proper dihedral motions
to the potential energy. In this equation, V is energy term speciﬁc for each
type of the bond, n is the periodicity parameter, Nd is a constant which
depends on the number of bonds and g is the phase parameter.
Udihedral =

V
(1 + cos(nχ − g))
Nd

(2.7)

Improper dihedral bond rotations are such motions of a dihedral angle which cannot fully rotate, depicted as the angle ϕ in 2.1. Equation
(2.8)describes this type of motion, where ϕ and ϕ0 are instantaneous and
equilibrium improper angles, respectively.
1
Uimproper = kϕ (ϕ − ϕ0 )2
2

(2.8)

van der Waals interactions usually described as the Lennard-Jones (L-
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J) 6-12 potential( Equation (2.9)). In this equation εij is a L-J well-depth
and σij is a distance between atoms i and j where the potential is minimum.
UvdW = 4εij ((

σij 12
σij
) − ( )6 )
rij
rij

(2.9)

Coulomb Interactions are electrostatic interactions between charged
atoms and governed by the Coulombs law, as shown below:
UColomb =

qi qj
4π�0 �r rij

(2.10)

�0 is a relative permittivity of free space, while �r is a relative dielectric
constant. qi and qj are charges of atoms i and j, respectively.
Numerical Integration
During MD simulations dynamics of all atoms in the system are deﬁned
by the Newtonian equations of motion. MD simulations are used to solve
these equations of motion to obtain sets of trajectories in the phase space
of the system (velocities and coordinates of all atoms). This is the basic
information required for all further analysis of the system in question. To
solve these equations, ﬁnite diﬀerence methods are commonly used. One
of the most popular algorithms is the velocity Verlet method because it
satisﬁes the conservation laws of energy and momentum and it is easy
to implement numerically. Even though the algorithm has a global error
proportional to Δt2 , where Δt is a discrete time step, compared with Δt5
for the Runge-Kutta algorithm, the velocity Verlet algorithm is computationally more eﬃcient. The equations for advanced position and velocity
for the velocity Verlet algorithm are given by Equations (2.11) and (2.12),
respectively.
d�ri
1 d2�ri
)t Δt + ( 2 )t Δt2
dt
2 dt

(2.11)

d�ri
1
d2�ri
d2�ri
)t + ( ( 2 )t + ( 2 )t+Δt ) Δt
dt
2
dt
dt

(2.12)

�ri (t + Δt) = �ri (t) + (
�vi (t + Δt) = (

A general ﬂow chart of MD simulations is illustrated in Figure 2.2.
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According to this ﬁgure, initial coordinates and velocities of all atoms
in the systems must be provided at the beginning of simulations. For
biomolecules, coordinates can be retrieved from the Protein Data Bank
(PDB). 59 Initial velocities can be sampled then from the Maxwell-Boltzmann
distribution at particular temperature. These initial data are used for calculation of the potential energy given by Equation (2.2). Subsequently,
the total potential energy is then used for calculation of the forces with
Equation (2.3). Acceleration (�a = F� /m) can be calculated at this stage.
Then positions and velocities at the next time step can be obtained from
Equations (2.11) and (2.12) by solving equation of motion with the velocity Verlet algorithm. MD simulations will be stopped when the number of
steps has reached a target number adequate to gain suﬃcient statistics of
sampling the relevant region of the phase space of the system. It is important to note that the time interval Δt needs to be suﬃciently small in order
to be able to track atomic movements, for example Δt should be smaller
than the time scale relevant to the fastest atomic movements being simulated. Typically, Δt is set to be close to 1 fs in MD simulations without
adding the constraints associated with covalent bonds involving hydrogen
atoms. However, if such bonds are constrained (usually with SHAKE 60
or RATTLE 61 algorithms), Δt can be set to 2 fs to reduce computational
time.

16

Figure 2.2: Molecular dynamics algorithm
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Solvation Eﬀects
Within the scope of this work, the aqueous environment that proteins
reside in is extremely important and must be accounted for within the
simulation of the system. Therefore, water molecules and ions must be
accounted for. Typically, there are two types of solvation models in simulations, namely explicit and implicit solvation models. If water and ion
molecules are represented in atomistic detail with a set of explicit molecules
in the course of simulations, the approach is called an explicit solvation
model. On the other hand, if water molecules and ions are simply treated
as dielectric medium represented with parameters used to modify the interactions between protein atoms, this is an implicit solvation model. An
example of the latter is the so-called Generalized Born continuum solvation
model where the solvent is represented with a cavity in dielectric medium of
certain shape recapitulating the dielectric screening resulting from solving
the Poisson equation for the corresponding dielectric problem, and protein
atoms are assigned with eﬀective Born radii as a result.
The explicit solvation model can employ many types of water models, such as simple point charge (SPC) 62 , simple point charge extention
(SPC/E) 62 , transferable intermolecular potential, three-position mode (TIP3P) 64
and transferable intermolecular potential, four-position mode (TIP4P)) 65
models. Selection of a proper water model is important for accurate modeling of aqueous solutions. The explicit water models listed above are characterized by diﬀerent charge distributions and geometry of water molecules.
They also use diﬀerent parameters for electrostatic (EL) and van der Waals
(vdW) interactions such as partial charges and L-J parameters. For example, EL interactions for TIP3P, SPC, SPC/E water models are calculated
based on the three charged points scheme, where two sites represent hydrogen and one site the oxygen atom. An additional (dummy) charged
site is added along the H-O-H bisector between the hydrogens of a water
molecule in TIP4P model; hence, the EL interactions are determined using four point charges. To select a water model for a given system, it is
recommended to choose one that has already been optimized for a similar
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system; usually one a force ﬁeld developer has used. This is because, a
force ﬁeld for a speciﬁc system has been parameterized, using a speciﬁc
water model. For example, CHARMM force ﬁeld for biomolecules was parameterized with CHARMM version of the TIP3P water model. 25
In contrast to the explicit solvation model, implicit solvation models
do not account for the atomistic structure of the solvent. Usually, implicit solvation models are less computationally expensive compared to all
atom explicit solvent simulations. Moreover, solvation free energy arising
from electrostatic, cavity formation and van der Waals interactions are
calculated instantaneously, without the need for post-processing simulation trajectories. Two commonly used implicit solvation models are the
Poisson - Boltzmann (PB) and generalized Born (GB) models with nonpolar eﬀects taken into account with the solvent accessible surface area (SA)
empirical parameterization, or the PB(GB)SA models. It is worth noting
that in many cases implicit solvation models cannot describe the nonpolar
terms of the solvation free energy with adequate accuracy, 67 which leads in
turn to problems with structural solvation and hydrogen bonding between
water molecules and a macromolecule. 67
Periodic Boundary Conditions
In MD simulations using explicit solvation models, the periodic boundary
conditions (PBC) are usually used to minimize eﬀects of ﬁnite simulation
box size. In order to produce the periodic boundary conditions, a unit
cell such as highlighted in Figure 2.3 will be replicated inﬁnitely in twoor three- dimensions without walls inserted between the replicated cells.
Figure 2.3 illustrates an example of two-dimensional periodic boundary
conditions. The cells A, B, C, D, E, F, G and H are images of the highlighted cell. Another advantage of the periodic boundary conditions is that
they keep the number of atoms in real space (highlighted box) constant.
As seen in Figure 2.3, while atom 1 is leaving the box in real space, its
image 1G is entering at the opposite side of the box. Nevertheless, the periodic boundary conditions also cause some problems with the calculations
of vdW and EL interactions. Since cells in the periodic boundary condi19

tions span inﬁnitely, as a consequence a course of simulations may take
a long time to calculate long range interactions like vdW and Coulomb
interactions. Special treatments for these interactions include the use of
cutoﬀ distances, where vdW interactions are truncated. However, this
technique is not useful for calculating EL interactions. This is because the
EL interactions are long range; their magnitudes decay with distance as
r−1 , compared to r−6 in the case of vdW interactions. If the cutoﬀ is used,
calculations of the EL interactions may result in a huge error. Thus, a new
method called particle-mesh-Ewald (PME) summation is employed for EL
interactions calculated from the sum of EL in all unit cells with special
treatments (please see ref 13,14 ).

20

Figure 2.3: Periodic boundary condition(PBC) 14
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Canonical (NTV) and Isothermal-isobaric (NTP) ensembles
In order to carry out simulations at a ﬁxed temperature, a system is generally coupled to a reservoir so as to control the temperature. Therefore,
additional terms should be added to Newtons equation of motion to account for coupling between a system and the thermostat. In calculations
presented in this thesis, the Langevin dynamics will be employed to control
temperature of the system. Hence, the modiﬁed Newtons equation (the
Langevin equation, see Equation (2.13)) is used to generate Boltzmann
distribution for NTV ensemble .
d�v (�ri )
Mi
= F�i (�ri ) − γ�vi (�ri ) +
dt

�

2γkB T
R(t)
Mi

(2.13)

where (2.13), Mi is mass of atom i, F�i (�ri ) is the force acting on atom
i, �ri is its position, kB is the Boltzmann constant, T is the temperature,
and R(t) is a univariate Gaussian random process. The last 2 terms in
Equation (2.13) are from coupling between the system and the reservoir.
The equation is then integrated with the Verlet method as discussed earlier.
In case of NTP ensemble, the idea of controlling pressure of the system
in MD is to consider a cell in periodic boundary conditions as a container.
The volume of the cell is allowed to change without changing shape of the
cell to adjust the pressure to get the speciﬁed value. The internal pressure
is then related with change in volume of the cell as seen in Equation (2.14)
below. 18
∂U (V )
Pint dV = Σi (mi�vi2 (�ri ) + F�i (�ri )) − dV
∂V

(2.14)

where , Pint is the internal pressure of the system,V is its volume,U (V )
is the potential energy. Here mi , �ri , �vi (�ri ) and F�i are mass, position
vector, velocity and forces acting on the atom i of the system, respectively.
Equation (2.14) is then solved using the velocity Verlet algorithm following
as a part of MD algorithm represented in Figure 2.2.
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2.2.3

Molecular Mechanics Concepts

Generally, MM uses classical mechanics to obtain an equilibrium structure
of the system by minimizing the systems molecular potential energy surface. MM algorithms may be vaguely divided into two groups, algorithms
with and without use of derivatives with respect to the coordinates of a
structure. In this section, only the ﬁrst-order derivative methods, in particular, the steepest descent and the conjugate gradient methods, will be
brieﬂy discussed (details can be found elsewhere). 2
The steepest decents method searches for minimum energy by moving atoms so as to reduce potential energy ( Equation (2.4) ) closer to
the minimum point in the direction where the potential energy decreases
� (�x), where U (�x) is potential
most quickly. This is the direction of −�U
energy. If the search starts at an arbitrary point �xk and move to the next

point �xk+1 through Equation (2.15), where �gk and �k are gradient and
step length at point �xk , respectively.
� (x) = �xk − �k�gk
�xk+1 = �xk − �k �U

(2.15)
dU (x

)

To move to point �xk+1 where U (�xk+1 ) is minimum ( d�k+1
= 0, more
k
68
�
details elsewhere .), �k is chosen where �U (�xk+1 ) and �gk are orthogonal.

� (�xk+1 ). The
The next step is then taken in the direction (d�k+1 ) of −�U

algorithm of the steepest decents method is shown in Table 2.1 below. Due
to gradient at a current point and direction for the next point are necessary to be orthogonal; therefore, this method produces a zig-zag pattern
especially when moving along a narrow valley as approaching to minimum
potential energy as seen in Figure 2.4.
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Table 2.1: Method of steepest decent 68
Initializing:
Determine the step length �k :
Calculate the new point:
Calculate gradient:
Set direction of search:

� (�xk ), d�k = −�gk
�gk = �U
min U (�xk + �k d�k ), where �k > 0
�xk+1 = �xk + �k d�k .
� (�xk+1 ).
�gk+1 = �U
d�k+1 = -�gk+1

Figure 2.4: Oscillation or zig-zag patterns of move in a long narrow valley
shown as contour lines. 2

Conjugate gradients minimisation is also applied to a system by
moving atoms in the system to reduce potential energy which oscillation
during moving along a narrow valley is not shown. This is because direction
at the next point and gradient at the previous point in this method are
not necessarily orthogonal while choosing step length. The directions are
Q orthogonal and linearly indipendent, where Q is a symetric positive
deﬁnite metrix. If the search starts at point �xk , to move to the point �xk+1
via Equation (2.15), the step length �k is determined where U (xk+1 ) is
minimum by Equation (2.16). In Equation (2.16), d�k , d�Tk , �gk , �gkT and
� are direction, transpose of direction, gradient, transpose of gradient at
Q
24

point �xk and symetric positive deﬁnite metrix, respectively.
�k =

�gkT · �gk
� d�k )
d�T · (Q·

(2.16)

k

The direction at next point is the deﬁned as Equation (2.17)
d�k+1 = −�gk+1 + γk d�k

(2.17)

In Equation (2.17), γk is deﬁned below.
γk =

T
· �gk+1
�gk+1

�gkT · �gk

(2.18)

The algorithm of the conjugate gradient method is shown in Table 2.2
Table 2.2: Method of conjugate gradient 69
Initializing:
Determine the step length �k :
Calculate the new point:
Calculate gradient:
Set direction of search:

2.3

� (�xk ), d�k = −�gk
�gk = �U
min U (�xk + �k d�k ), where �k > 0
�xk+1 = �xk + �k d�k .
� (�xk+1 ).
�gk+1 = �U
�g T ·�gk+1
d�k+1 = -�gk+1 + γk d�k , where γk = k+1T
�gk ·�gk

Summary

This chapter addresses the thermodynamics of protein adsorption, an overview
of MD simulations, MD methods emphasized on standard force ﬁeld equations, which are a combination of bonded and non-bonded interactions,
numerical integration often used for solving Newtonian equation, particularly the Verlet algorithm, solvation models and use of periodic boundary
conditions in MD simulation. The chapter also brieﬂy discusses MM simulations which are usually conducted to ﬁnd optimum structure of the
system before performing long time MD simulations.
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Chapter 3

Molecular Dynamic
Simulations of Human
Lysozyme and Apoα-Lactalbumin
3.1

Introduction

Lysozyme and α-lactalbumin were employed as model proteins for understanding how charge and stiﬀness of the protein aﬀects their adsorption to
PEGylated surfaces. These were chosen primarily because both proteins
have approximately the same shape, size, folding pattern and number of
disulﬁde bonds. Despite these similarities, their functions are very different: lysozyme hydrolyses glycosidic bonds of sugar molecules, while
α-lactalbumin takes part in lactose synthase. 35 Also, α-lactalbumin is capable of binding Ca2+ ions at two sites, whereas lysozyme cannot. Only
Ca2+ ion bounded at the primary site of α-lactalbumin plays an important
role in its structural integrity. 35 In the absence of Ca2+ ions, α-lactalbumin
is referred to as apo-α-lactalbumin, while in the presence of Ca2+ ions the
protein is called holo -α-lactalbumin. In this chapter, properties of these
proteins in solution will be investigated by performing Molecular Dynamics
26

(MD) simulations.

3.2

Preliminary studies of X-ray crystal structure of Human lysozyme and α-Lactalbumin

Before proceeding with modeling of lysozyme and α-lactalbumin in physiologically relevant solutions, folding patterns, stabilities and solvent accessible surfaces of the proteins were analyzed based on their X-ray structures,
by using the Visual Molecular Dynamics (VMD) software. Then, in the
next subsection, MD simulations were carried out to reveal the structural
stability of the proteins under physiological conditions. The crystal structures of human lysozyme (PDB accession code 1REX) 33 and α-lactalbumin
(PDB accession code 1A4V) 32 were taken from the Protein Data Bank
(PDB).
Chain length, Shape and Secondary structure
Lysozyme is composed of 130 residues, with an ellipsoid shape of 4.5×3.0×
3.0 nm ( Figure 3.1a) as determined using X-ray crystallography techniques
with a 1.50 Å resolution. 33 Similarly, based on 1.8 Å resolution X-ray
crystal structure, α-lactalbumin 32 is also an ellipsoid protein (Figure 3.2b)
composed of 123 residues with a dimension of 2.5 × 3.7 × 3.2 nm. Due to
having nearly the same number of residues, the molecular weights of both
proteins are similar at approximately 14.4 and 14.2 kDa for lysozyme and
α-lactalbumin, respectively. Additionally, both proteins also share similar folding patterns, which are composed mainly of α-helices and β sheets
as seen in Figure 3.1b and Figure 3.2b, for lysozyme and α- lactalbumin,
respectively. In both cases, the molecular structures are characterized by
grouping of α-helices and β sheets in domains, with the α domain includes
residues 5-36 and 90-115 comprising α1 (5-14), α2 (25-36), α3 (90-100)
and α4 (110-115). The β domain is located at residues 41-60 comprising
β1 (43-46), β2 (51-54) and β3 (59-60). In the cartoon representation of
Figure 3.1b, α helices and helix 3/10 are shown in purple and blue colours.
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Figure 3.1: a) Shape of lysozyme. Solvent accessible surfaces corresponding to hydrophilic and hydrophobic residues are shown in red and blue,
respectively. b) Secondary structures of lysozyme; 4 α helices (α1, α2,
α3, α3, and α4), 4 helices 3/10, β sheets (β1, β2 and β3), turns and coils
depicted as purple and blue and yellow, cyan and white colours, respectively, cystein residues illustrated as yellow van der Waals (vdW) spheres.
Residues marked by arrows are highly ﬂexible residues. (indicated as white
arrows in Figure 3.3 a).

While turns, coils and main-β sheets are depicted as cyan, white colours
and yellow arrows, respectively. In case of α - lactalbumin, its α domain is
found in residues 1-36 and 86-111, comprising of α1 (5-11), α2 (23-34), α3
(86-98) and α4 (106-110), whereas the β domain of this protein is found in
residues 41-56, composed of β1 (41-43), β2 (48-50) and β3 (55-56) as seen
in 3.2b. α helices and helices 3/10 of the protein are still depicted as purple
and blue helical cartoons, while turns, coils and main-β sheets are in cyan,
white rods and yellow arrows, respectively. Main features of the secondary
structures of both proteins and their locations are summarized in Table 3.1.
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Figure 3.2: a) Shape of α-lactalbumin. Solvent accessible surfaces corresponding to hydrophilic and hydrophobic residues are shown in red and
blue colours, respectively. b) Secondary structures of holo-α-lactalbumin;
4 α helices (α1, α2, α3, α3, and α4) , 5 helices 3/10 , β sheets (β1, β2
and β3) ,turns and coils depicted as purple, blue, yellow, cyan and white
colours respectively, cystein residues illustrated as yellow van der Waals
(vdW) spheres. Residues marked by arrows are highly ﬂexible residues.
(indicated as white arrows in Figure 3.3 b).
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Table 3.1: Secondary structure of human lysozyme and human holo-αlactalbumin assigned using the VMD software.
Regions
α1
α2
β1
β2
β3
Helix 3/10

α3
α4

Proteins (Residue number)
Lysozyme
α-lactalbumin
5-14
5-11
25-36
23-34
43-46
41-43
51-54
48-50
59-60
55-56
20-21, 81-85,
13-16, 18-21,
105-108, 121-124 76-81, 102-105,
117-120
90-100
86-98
110-115
106-110

Disulﬁde Bridges
The number of disulﬁde bonds formed in both lysozyme and α-lactalbumin
molecules are comparable. In lysozyme molecule, there are four disulﬁde
bonds formed between residues Cys 6, Cys 128, Cys 30- Cys 116, Cys 65Cys 81 and Cys 77- Cys 95 as illustrated with balck arrows linking between
the above Cys pairs in Figure 3.3 a. Similarly, in α-lactalbumin there are
4 disulﬁde bridges formed between residues Cys 6- Cys 120, Cys 28- Cys
111, Cys 61- Cys 77, and Cys 73- Cys 91 as drawn in black arrows linking
between the corresponding pairs of the Cys residues. It is interesting that
the positions of disulﬁde bridges are conserved in both proteins.
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Figure 3.3: Atomic ﬂuctuation, secondary structure of each residue and
disulﬁde bridges formed in lysozyme a) and holo-α-lactalbumin b) labeled
as arrows linking cysteine residues. Diﬀerent values of temperature βfactor are illustrated by diﬀerent intensity of colour, with darker colour
indicating higher values, and consequently higher ﬂexibility. Domains with
noticeably high ﬂuctuations marked with white arrows. In secondary structure maps, α helices, helix 310 , main -β sheets, partial-β sheets, turns and
coils are depicted with purple, pink, yellow, gold, green and white, respectively.
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Solvent Accessible Surfaces
Generally, hydrophobic residues (Leu, Val, Ile, Ala, Gly, Phe, Tyr, Trp,
Met, and Pro ) are buried inside of a protein, while hydrophilic residues
(Gly, Ser, Thr, Cys, Tyr, Asn, Gln, Lys, Arg, His, Glu and Asp) are exposed to the solvent. However, according to Figure 3.1a, some hydrophobic
residues of lysozyme (such as Val 2 and Trp 108 illustrated as blue surface) are solvent accessible. Similarly, in case of holo-α-lactalbumin, some
hydrophobic residues are also exposed to solvent even more than that of
lysozyme, as depicted in blue surfaces in Figure 3.1a. According to Figure 3.1 and Figure 3.2, interestingly most hydrophobic residues of both
proteins are located between α and β domains. Therefore, this area is
called hydrophobic box as indicated in Figure 3.1a and Figure 3.2a for
lysozyme and α-lactalbumin, respectively. 35 On the other hand, solvent
accessible surface corresponding to hydrophilic residues of both lysozyme
and α-lactalbumin are drawn as red in Figure 3.1.
Figure 3.4a and b shows charts indicating values of solvent accessible
surfaces of lysozyme and holo-α-lactalbumin, respectively; darker colours
indicate more buried surfaces, white colour presents 100 % solvent accessible surfaces. Regarding to Figure 3.4a and b, the residues corresponding
to helix 3/10 lying close to C- terminal of both proteins (Residues 121-124
and residues 117-120 in lysozyme and holo- α-lactalbumin, respectively.)
are more exposed to solvent than residues forming α helices and β sheets.
Moreover, some residues corresponding to turn and coil conformations such
as residues 106 and 61 in lysozyme molecule and residues 21 and 71 in
holo-α-lactalbumin molecule are also highly exposed to the solvent. Interestingly, the residues which are highly exposed to solvent (i.e. helices 3/10
lying close to C-terminal, some portions of turns and coils) are also highly
ﬂexible as indicated by the darker colours in the atomic ﬂuctuation (β factors) portion of Figure 3.3 a and b for lysozyme and holo-α- lactalbumin,
respectively especially, in the areas marked with white arrows which are
mostly turns, coils and helices 3/10. Information of β factors corresponding to secondary structures for others residues is shown in Figire 3.3 a and
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b for lysozyme and holo-α- lactalbumin, respectively.
Residues in Catalysis
Due to diﬀerence in amino acid sequences between lysozyme and α-lactalbumin,
their functions are diﬀerent. 35 Lysozyme bides sugar and hydrolyzes its
glycosidic bonds at the sites located in residues 101, 103, 107, 108, 109,
34, 35, 37, 53, 57, while α-lactalbumin involves in lactose synthase which
takes place in residues 31, 32, 110 and 118. 35 It is noted that these active
sites are in the clef region of both proteins. 35

Salt Bridges
Regarding to the X-Ray crystal structure of lysozyme 33 and α-lactalbumin 32 ,
only lysozyme has three salt bridges formed between residues Asp 102 Arg 98, Glu 7 - Lys 1 and Asp 120 - Arg 122, 33 while no salt bridges are
observed in α-lactalbumin molecule. 32 A protein with higher number of
salt bridges formed may show higher stability compared to a similar protein (e.g., having similar number of residues and secondary and tertiary
structure) with fewer or no salt bridges.

Ligands for Ca

2+

Binding

Human lysozyme is not capable of binding Ca

2+

ion 35 , while only human

α-lactalbumin which is considered as a Ca2+ bounded protein at 2 diﬀerent
sites namely primary and secondary sites but lysozyme. 32 The primary Ca
+2

binding site is located between residues 77-80 (helix 3/10) and residues

86-98 (α3) as shown in Figure 3.2 b with red vdW spheres lying close
to the character P. Besides, it was reported that at the Ca+2 ion at this
site plays an important role in its structural stability, and in the abssence
of the Ca+2 bounded at this site its stability decreased considerably 35,39 .
However, Ca+2 ion bounded at the secondary site of the protein does not
play any roles in structural stability of the proteins. 35,39
33

Figure 3.4: Charts representing values of solvent accessible surfaces of
lysozyme a) 33 and holo-α-lactalbumin b) 32 , diﬀerent scales of colour indicating diﬀerent percentage of solvent accessible surfaces: white colour
indicating 100 % solvent accessible surfaces, while black colour indicating
totally buried surfaces.
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Basic and Acidic Groups
Lysozyme is considered as a basic protein, while α-lactalbumin is classiﬁed as an acidic protein. This is because the total number of acidic and
basic residues of both proteins are diﬀerent. α- lactalbumin composes of
20 acidic residues (12 Asp, 8 Glu) and 13 basic residues (2 His, 12 Lys, 1
Arg). In contrast, lysozyme consists of 11 acidic residues (8 Asp, 3 Glu),
and 20 basic residues (1 His, 5 Lys and 14 Arg). As a result of higher total number of acidic residues than basic ones, α-lactalbumin is called the
acidic protein with PI of around 4.5 and with charge of -7e at physiological
pH. 35 While the total number of basic residues in lysozyme exceeds that
of acidic residues; thus, it is named as the basic protein with high PI of
approximately 11 and with charge of +8e under physiological pH. 40

3.3

Structural Analysis of Human Lysozyme and
Human Apo-α-Lactalbumin Using Molecular
Dynamics Simulations

3.3.1

Methodology

Model and Simulations Description
The initial PDB crystal structure of the wild-type human lysozyme (1REX.pdb) 33
and α-latalbumin (1A4V) 32 were utilized for all modeling aspects. The
pKa value for each residue of both proteins were determined with PROPKA
3.1 software. This information then was used to assign charged states of
protonatable residues based for pH values of 7.0. Resulting structure was
used as input for molecular dynamics simulations with Amber 11 molecular dynamics package. Predicted pKa values of all Asp and almost all Glu
residues of lysozyme fall between 3.24 - 4.75 (see Appendix A); therefore,
they were treated as deprotonated residues. Even though pKa value of
Glu 35 lying in non-polar environment 35 (7.31) is slightly higher than pH
at simulation conditions, as a result it was still treated as deprotonated
35

residue. 38 All basic residues, namely Lys, Arg and His were predicted to be
protonated. In the case of α-lactalbumin, all acidic residues were treated
as being deprotonated, while all basic residues were treated as protonated.
pKa value of Asp 88 is 7.25 (see appendix A) is just slightly higher than
pH at simulation condition. Therefore, in our simulations Asp 88 of αlactalbumin was treated as deprotonated. All water molecules and ions
(including Ca+2 ions in the α-lactalbumin molecule ) were removed. Subsequently, the modiﬁed X-Ray crystal structure of lysozyme was solvated in
18.77 Å × 18.77 Å × 18.77 Å periodic water box with 12807 TIP3P water

molecules. Likewise, the modiﬁed X-ray crystal structure of α-lactalbumin
was also solvated in 18.77 Å × 18.77 Å × 18.77 Å periodic box with 11502

TIP3P water molecules. Then, 8 Cl− and 7 Na+ counter ions were added

with the AMBER package to neutralize lysozyme and apo-α-lactalbumin
systems, respectively.
Two minimization runs then were carried out for both systems. The
ﬁrst run was to relax solvent and ions molecules with 5000 steps of the
steepest decents method followed by 5000 steps of the conjugate gradient
method. The second run was performed with the same methods and number of steps as the ﬁrst run (5000 steps of steepest decents method followed
by 5000 steps of conjugate gradient method) without restrain. Next, the
entire solvated system was thermalized by gradually increasing temperature from 0 to 310.15 K over 100000 MD steps. The temperature regulation
was controlled by Langevin dynamics, with collision frequency of 5 ps−1 for
all MD simulations. The systems were then subject to another 150000 MD
steps at constant temperature of 310.15 K and constant pressure of 1 atm
to relax solvent molecules and to adjust density of the system to 1 g/cm3 .
The relaxation time for pressure regulation was 1 ps−1 . The time step used
during thermalization and equilibration was set to 1 fs. Before proceeding to production runs, another 50000 MD steps were performed with the
SHAKE 60 algorithm applied to all bonds involving hydrogen atoms to remove high frequency modes (i.e. C-H stretches) from a system to allow the
use of a larger time step. Hence, the time step was set to 2 fs. The relaxation time for the pressure regulation was set to 2 ps−1 . Before proceeding
36

to long production runs, the convergence study was conducted by performing 100000 MD steps with a solvated lysozyme system with diﬀerent
number of CPUs at Westgrid 70 (http://www.westgrid.ca). An optimum
number of CPUs was then used for subsequent long production runs. In
the production runs, all parameters were set to the same values as used
during pre-production runs (with the number of steps extended to 600000).
During the production runs coordinates of the systems were saved every
0.2 ps. In all simulations, the Amber ﬀ03.r1 force ﬁeld was used. The
particle-mesh Ewald (P3MP) algorithm was applied for treatments of long
ranged electrostatic (EL) interaction. The cut oﬀ value of 16 Å was set
for truncation of vdW interactions during simulations.
Analysis methods
Root mean square deviation (RMSD) is calculated via Equation (3.1),
where N is total number of atoms �r1i and �r2i are initial and ﬁnal position
vectors of atom i.
RM SD =

�

N (�
Σi=1
r1i − �r2i )2
N

(3.1)

Root mean square ﬂuctuation (RMSF) can be determined via Equation
(3.2), where T is total number of trajectory frames, �rt and <�r> are instantaneous ( i.e. trajectory frame t ) and average position vectors, respectively.
RM SF =

�

T (�
Σt=1
rt − <�r>)2
T

(3.2)

� c and
Radius of gyration (Rg ) is deﬁned as Equation (3.3) below, where R
�ri are position vectors of a protein center of mass and that of the atom i,
respectively. M and mi are total mass of a protein and mass of atom i,
respectively.
Rg =

�

� c )2
Σmi (�ri − R
M
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(3.3)

3.3.2

Results and Discussion

Scaling of MD calculations with number of CPUs
Figure 3.5 shows time require to perform all-atom explicit solvent MD
simulations for lysozyme (10000 MD steps) as a function of number CPUs.
According to Figure 3.5, the simulation time is reduced remarkably as
number of CPUs increases. However, the simulation time remains almost
constant when more 32 CPUs were used. Therefore, further simulations
were performed by using 32 CPUs to optimize usage of computational
resources.

Figure 3.5: Time required to carry out 1 ns MD simulations for human
lysozyme as a function of number of CPUs used. 32 is optimum number
of CPUs for this system.
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Analysis of root mean square deviation/ﬂuctuation (RMSD/RMSF)
Simulations of lysozyme and α-lactalbumin in an absence of Ca2+ ions
(apo-α-lactalbumin) have been performed under physiological condition
(pH 7.0). Figure 3.6(a) shows a comparison of backbone RMSD of human lysozyme and apo-α-lactalbumin relative to their crystal structures.
Overall, the backbone RMSDs of both proteins saturate at large constant
values, around 21.4 and 18.75 Å for lysozyme and apo-α-lactalbumin, respectively. Large values of RMSD indicate changes of the tertiary and secondary structures of the proteins introduced into simulation environments.
A RMSD value larger than 10 Å with respect to the crystal structure, was
also found in a previous study with the wild type human lysozyme submerged into 8M urea water solution at pH of 7.0 and at temperature of
300 K. 38 In spite of large RMSD observed in this study, the secondary
structures of the protein were stable over 15 ns. The provided explanation
was not clear. However, they mentioned that RMSD might not be a useful
tool for the local structural analysis when its value is large. Due to the
fact that lysozyme undergoes an extreme pH change from 4.2 to 7.0, while
α-lactalbumin moves only from pH 6.5 to 7.0, this may be the reason for a
higher deviation of backbone positions in case of lysozyme. This is because
be because both proteins are trying to optimize their structure under new
environments. Interestingly, we found relatively low values of the backbone RMSD calculated with respect to the minimized structures for each
protein, see Figure 3.6(b). The backbone RMSD of apo-α-lactalbumin is
slightly higher than that of lysozyme, at approximately 1.4 and 1 Å for
apo-α-lactalbumin and lysozyme, respectively. This indicates that secondary and tertiary structures of both proteins should not be denatured
because of only slightly change in backbone RMSD relative to minimized
structure noticed over the course of simulations.
However, as a result of the unreliable-backbone RMSD (i.e. Larger and
smaller backbone RMSD of lysozyme than that of apo-α-lactalbumin relative to X-Ray crystal structure and minimized structure of each protein,
respectively.), the backbone RMSF has been calculated and illustrated in
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Figure 3.7. In general, the backbone RMSF proﬁles of both proteins are
quite similar with higher ﬂuctuations found at solvent exposed residues,
especially turns and coils, with higher RMSFs for α-lactalbumin. The
comparable backbone RMSF proﬁles of both proteins could be a result of
similarity in their folding patterns which might be due to 30-45 % sequence
similarity of both proteins. 35
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(a)

(b)

Figure 3.6: a) Backbone RMSD with respect to crystal structure of each
protein, b) Backbone RMSD with respect to structure of each protein after
minimization runs.
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Regarding to Figure 3.7, peak positions of the backbone RMSF of both
proteins are mostly located in turn and helix 3/10 structures as drawn
in green colour in the pictures showing secondary structures of lysozyme
(right) and apo- α-lactalbumin (left) in the top of Figure 3.7 , which are
exposed to solvent under X-Ray crystal environments (Figure 3.4). It is
noticeable that highly ﬂexible residues of both proteins under crystal environments (Residues marked as white arrows in Figure 3.3a and b, for
lysosyme and α-lactalbumin, respectively.) also show high ﬂexibility in
simulations. According to Figure 3.7, α2 is the most stable element of
the secondary structure for both proteins. This is because this region is
least exposed to solvent, as a consequence it is least perturbed by frictions
from solvent which may induce ﬂuctuation of an exposed residue. Additionally, this region is surrounded by other conformations; thus, it is diﬃcule to ﬂuctuate. Also, this region is clamped by a disulﬁde bond between
residues 30-116 in lysozyme molecule and residues 28-111 in α-lactalbumin
molecule. Thus, it seems reasonable that this region is more stable than
other regions. It is also noticeable in Figure 3.7 that backbone RMSF at
N- and C- terminal of both proteins are remarkably high. It has been reported that motions of main conformations also induce (i.e. α- helices and
β- sheets ) increase in ﬂexibility of N- and C-terminal of both proteins. 37
Moreover, extremely high ﬂuctuation in C-terminal of apo-α-lactalbumin
was reported to be a result of the absence of Ca2+ ion bounded at its primary site. 37,39 According to these studies 37,39 , in the absence of Ca2+ ion
mobility of main chain and side chain at Ca2+ biding site (between residue
79-88 and 86-98) increased more than when the protein bonded to Ca2+
ion; hence, this induced C-terminal to ﬂuctuate more.
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Figure 3.7: Backbone RMSF with error bars of lysozyme and apo-αlactalbumin. Regions with highly ﬂuctuating residues are depicted as
green colour in cartoon representations of lysozyme (top right) and apoα-lactalbumin (top left).
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Analysis of Secondary Structure
Despite the high backbone RMSDs relative to the X-Ray crystal structures,
the secondary structure is mostly preserved in the course of MD simulations for both proteins, as seen in 3.8 and Figure 3.9 for lysozyme and
apo-α-lactalbumin, respectively. However, it is noticeable that lysozyme
is more stable than apo-α-lactalbumin throughout the course of simulations. In case of lysozyme only a slight secondary transition from turns
to coils in residues 117-120 lying at a loop connecting α4 and helix 3/10
(Figure 3.8) has been observed, while other residues reserve their original
conformations during 6 ns MD runs. On the other hand, there are signiﬁcantly conformational transitions observed during MD simulations for
apo-α-lactalbumin, in particularly, at residues 17-20, 45-48 and 105-110 as
seen in Figure 3.9. Residues 17-20 show transition from helix 3/10 into the
turn conformations after 2 ns of MD runs, whereas residues 45-48 change
their conformations between β sheet-like structures and the turn-like structures over the course of simulations. Another noticeably conformational
alteration is observed in residues 105-110, which adopts from α helical
conformation to the turn after 5 ns of MD runs. It is interesting that
the residues from domains showing transitions in their structures during
MD runs are located in the highly ﬂexible regions, as shown in Figure
3.7. However, longer simulations may be needed to investigate structural
changes especially in highly ﬂexible regions of both apo-α-lactalbumin and
lysozyme.
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Figure 3.8: Time evolution of secondary structure of lysozyme, purple,
pink, green, yellow, gold and white represent α helices, helices 3/10, turns,
main- β sheets, partial- β sheets and coils, respectively.
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Figure 3.9: Time evolution of secondary structure of apo- α -lactalbumin,
purple, pink, green, yellow, gold and white represent α helices, helices
3/10, turns, main- β sheets, partial -β sheets and coils, respectively.
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Analysis of Radius of Gyration
Figure 3.10 shows evolution of the radius of gyration of lysozyme and apoα- lactalbumin during 6 ns MD runs. Overall, the radius of gyration of both
proteins does not show any signiﬁcant changes over the simulation time.
In the case of lysozyme, the radius of gyration starts at approximately
14 Å and slightly increases with around 0.1 Å for the ﬁrst 3 ns. This
is followed by a 0.1 Å decrease at 3.5 ns before gradually increasing to
almost remain constant at approximately 14.1 Å during 4-6 ns MD runs.
This indicates that lysozyme molecule is slightly expanded during 6 ns MD
runs. In case of apo-α-lactalbumin, its radius of gyration decreases from
around 14.1 Å to 13.8 Å after 3 ns MD runs before gradually increasing
to 13.95 Å at 6 ns MD runs. Regarding to radius of gyration of apo-αlactalbumin in Figure 3.10, the protein dimension is more compact with a
0.3 Å decrease in its dimension during the ﬁrst 3 ns MD runs , then the
protein molecule is expanded gradually with an around 0.15 Å increase in
its dimension at the 6 ns MD runs.

47

Figure 3.10: Radius of gyration of lysozyme and apo-α-lactalbumin.
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3.4

Summary

Lysozyme and α-lactalbumin are proteins having comparable folding patterns with larger β- sheet than α-helical domains, shape, size and number
of disulﬁde bonds formed in the protein molecules. 35 However, lysozyme
poses higher structural stability than α-lactalbumin. 28,35 X-Ray crystal
structures of human lysozyme and human α-lactalbumin have been analyzed by using the VMD software. Solvent exposed residues, turns, coils
and helix 3/10 located closer to the C-terminal show higher ﬂuctuations
compared to the other locations for both proteins. All-atom explicit solvent MD simulations have been carried out to analyze structural stability of
lysozyme and apo-α- lactalbumin under physiological conditions (pH 7.0).
Even though the backbone RMSD is not a useful tool to characterize stability of both proteins because the backbone RMSD of both proteins relative
to their crystal structures and to their minimized structure showed diﬀerent trends. Larger backbone RMSD of lysozyme than apo-α-lactalbumin
relative to their crystallography structures was observed. On the other
hand, when the backbone RMSDs of both proteins were calculated with
respect to their minimized structures, larger backbone RMSD of apo-αlactalbumin was noticed instead. The backbone RMSF does show higher
ﬂuctuations in the exposed loops and the C-terminal domain of apo-αlactalbumin compared to lysozyme. RMSFs of residues with α helices and
β sheets conformations are not signiﬁcantly diﬀerent. The evolution of the
secondary structure of apo-α-lactalbumin also indicates that the protein
partly denatures, especially at highly ﬂuctuating residues 105-109. An
analysis of radius of gyration of both proteins does not show a signiﬁcant
change in protein dimensions; hence, longer simulations may be suggested
to observe this. In conclusion, the lysozyme molecule has higher stability
compared to apo-α-lactalbumin in physiological environment, as it follows
from all-atom explicit solvent simulations.
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Chapter 4

Molecular Mechanics
Simulations of Lysozyme
and Apo-α-Lactalbumin
Adsorption at Hydrophobic
and Hydrophilic Surfaces
4.1

Introduction

Given the normalization of both human lysozyme and human α- lactalbumin from their crystal state to physiologically relevant solutions, it is
now possible to further explore how they may interact with polymer surfaces. However, to perform atomistic simulations to mimic adsorption of
a whole protein in real situation is very challenging because a protein is
a complex bio-molecule composing of several thousand(s) atoms. Obviously, to investigate behaviours of all protein atoms is not a simple task.
Moreover, adsorption of a protein at a given surface in real situation and
in atomistic simulations are quite diﬀerent. Since, in real situation the
adsorption process only take few seconds after a biomaterial is immersed
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into bioﬂuids. These few seconds are processing time for a protein to diffuse to the surface and orient itself before adsorbing at the surface with
its most preferable orientation. Nonetheless, in atomistic simulations a
protein may not be able to self-adjust to adsorb at a biomaterial surface
with most stable orientation as this process is typically time-consuming in
simulations especially in explicit solvation models and a course of simulations is also usually limited. Therefore, to perform atomistic simulations
of a whole protein molecule, which is generally chemically inhomogeneous,
selection of the most preferable adsorption orientation at a given surface is
commonly determined ﬁrst, prior to any investigation of surface-induced
adsorption or conformational changes of the protein. It must be noted
that these two processes can be conducted separately because it has been
shown that the rate of internal changes in conformations of a protein is
usually faster than rate of surface-induced conformational changes within
the protein. 46
In addition, to perform atomistic simulations to investigate surfaceinduced conformational changes of a protein, it is necessary to put the
protein at a position where is optimum for adsorption to optimize usage
of computational resources. One valuable example was reported by Wei
et al. 45 using the adsorption of lysozyme at the hydrophobic polyethylene
surface (PE). According to the study, 300 ns were needed for the investigation of a complete adsorption process, while lysozyme with selected
orientation was put only 9 Å above the PE surface in explicit TIP4P water box. As addressed in the study, 10 ns were needed for the protein to
diﬀuse to the surface and 70 ns were the time for dehydration induced by
hydrophobic interactions before the protein adsorbed at the surface with
its long axis parallel to the surface. The rest of simulation time (220 ns)
was taken for observing the surface-induced conformational changes of the
protein. Therein, the most stable orientation of the protein model and the
optimum distance for adsorption at the surface model will be conducted
ﬁrst in the current project before applying MD simulations to investigate
surface-induced conformational change of the proteins.
Although, MD simulations, together with use of explicit solvation mod51

els, yield more accurate results for determination of the most preferable
adsorption orientation of a protein at a given surface than MC and MM
simulations, MD methods are not commonly used for this application because they are very computationally expensive. Generally, MC simulations
with use of continuum medium and treatment of a protein and polymer
as rigid bodies are conducted. 3,47,50 Nonetheless, MC simulations even already applied with continuum solvation model are still computationally
expensive. 53 Therefore, MM simulations with continuum solvation model
have been used by several authors instead. 51,52,53,54,55 Moreover, the results from these authors also showed insigniﬁcant diﬀerences from those
reported by conducting MC simulations and experiments. 51,52,53,54,55 As a
result of these successful MM simulations for selection of the most preferable adsorption orientation of a protein to adsorb at a given surface, the
MM simulations combined with continuum Generalized Born model will be
conducted for the investigation of initial adsorption orientation of lysozyme
and apo-human-α-lactalbumin at the surface models. Details of MM simulations will be mentioned in the next section followed by simply analyzing vdW interaction energy arising from interactions between a protein
approaching to the surface with diﬀerent orientations and hydrophobic
(-OCH3 ) and hydrophilic (-OH) surfaces, respectively. An explanation
of initial adsorption mechanism of the protein models at hydrophobic (OCH3 ) and hydrophilic (-OH) model surfaces will be left for future work
because there is still some uncertainty in our results, due to the lack of convergence of the EL interaction energy term averaged over the simulation
time period.

4.2
4.2.1

Methodology
Description of Polymer, Protein Models and Simulations

Thiolated PEO chains with the two terminal groups of -OH and -OCH3
were obtained from Dr. Nikolay Blinolv. The polymer chains were pre-
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pared using the software Accelrys Material Studio. The thiolated PEO
chains capped with -OH and -OCH3 were then prepared on Au(111) lattice by translating sulfur atoms attached to ethylene monomers (MW 222)
and the monomers caped with -OCH3 on all possible binding sites of the
√
√
plane (111) of Au lattice or on a( 3 × 3)R30◦z layer using tleap imple-

mented in AMBER11 package (a = 2.88 Å, R30◦z = rotated 30◦ from the

Z axis perpendicular to the surface). 44 Accordingly, the distance between
each sulfur atom translated in x-y plane was ∼ 0.5 nm (Figure 4.1 a). 44

The total number of PEO-OH and PEO-OCH3 chains prepared over the

Au (111) layer were 324 chains. It must be noted that as reported by
Godawat et al. 10 , an insertion of Au surface could be neglected if packing
density of polymer was highly dense (i.e. a single chain of thiolated SAM
was replicated at all possible sites of the plane (111) of Au.), since water
over the polymer layer could not feel Au in the study. Accordingly, Au
surface was not inserted in the current project, and only a sulfur atom
attached to PEO-OH/ PEO-OCH3 was replicated over Au (111) layer as
described above.
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Figure 4.1: a) A complex system composed of a protein translated in z
direction with an increment of 0.5 Å and HS-PEO-OCH3 translated in
x-y plane depicted in the ﬁgure (there are three diﬀerent things here: (i)
protein translation as a part of MM protocol (ii) polymers translation
as a part of the procedure used to build a surface (iii) chain length of
OCH3 group ∼ 2 Å attached to O10 atom). CH3 groups, sulfur atoms,
O10 atoms and PEO chains labeled as cyan, yellow, red vdW spheres
and cyan lines, respectively. b) Graphical explanation of diﬀerent parts of
lysozyme molecule c) Graphical representation of diﬀerent parts of apo-αlactalbumin molecule.
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As discussed thoroughly in chapter 3, the initial crystal structures of
the wild-type human lysozyme and human α-lactalbumin deposited in the
Protein Data Bank with PDB ID of 1REX 33 and 1A4V 32 , respectively
were used as initial crystal structures. pKa values of both proteins were
then determined using the software PROKA 3.1 (see appendix A) to use
as information for determining new charged states of the proteins before
performing simulations at physiological pH with AMBER 11 package. In
case of lysozyme, all acidic and basic residues were predicted to be deprotonated and protonated, respectively. Likewise, all acidic and basic residues
of α-lactalbumin were also predicted to be deprotonated and protonated,
respectively (see appendix A for pKa information). Subsequently, all water
and ion molecules (including Ca

+2

ions found in α-lactalbumin molecule)

were removed from the initial crystal structures of both proteins. Then,
the principal axes of both proteins were set using external script provided
in VMD website. 71 Accordingly, crystal structures of both lysozyme and
apo-α-lactalbumin with new coordinates were obtained. In the system of
principal axes, the 1st and 2nd axes were set along the initial tensor of
each protein. The 3rd axis was set in the direction of lowest moment of
inertia of a protein (Table 4.1) and the origin point was chosen at center of
mass of each protein. The starting orientation of lysozyme was then chosen
for generating other lysozyme orientations and labeled as an initial structure as seen in Table 4.1. The lysozyme initial structure was then rotated
clockwise in 90

◦

increments around the 3rd axis with respect to its ini-

tial structure using the command (translate) implemented in antechamber
package in AMBER 11. Consequently, four lysozyme orientations parallel
to the long axis of the protein were generated and labeled as orientation
3, 4, 5 and 6 seen in in Table 4.1. The other two lysozyme orientations
were generated by clockwise rotations of the protein about the 1st axis by
90

◦

and 270

◦

with respect to its initial structures. As a consequence,

orientations 1 and 2 of lysozyme were generated (Table 4.1). In case of
apo-α-lactalbumin, all protein orientations were chosen to superimpose all
lysozyme orientations generated (Table 4.1). It must be noted that orientation 3, 4, 5 and 6 of both proteins were created based on results from
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other simulations and experiments reported that a protein preferred to adsorb at a given surface with the orientation that areas of contact between
the protein and the surface were maximize. 45,46,53,57,66 On the other hand,
lysozyme and apo-α-lactalbumin with orientation 1 and 2 were generated
to test the hypothesis whether the proteins approaching to the surface with
the orientations posing small areas of contact are less favorable to adsorb
at a given surface than the proteins with orientations posing large areas of
contact.
Table 4.1: Diﬀerent orientations of lysozyme (left) and apoα-lactalbumin (right). R3 90◦ , R3 180◦ , R3 270◦ , R3 360◦ stand
for 90◦ , 180◦ , 270◦ and 360◦ clockwise rotation about the
3rd axis, respectively. R1 90 and R1 270 stand for 90◦ and
270◦ clockwise rotation about the 1st axis, respectively. In
cartoon representations, purple, blue, cyan, white, yellow and
gold colours present α helix, helix 3/10, turn, coil, main -β
sheet and partial-β sheet conformations, respectively.
Lysozyme

Apo-α-lactalbumin

1. [Initial Structure]R1 270◦

1. [Initial Structure]R2 270◦
continued on the next page
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Lysozyme

Apo-α-lactalbumin

2. [Initial Structure]R1 90◦

2. [Initial Structure]R1 90◦

3. [Initial Structure]R3 180◦

3. [Initial Structure]R3 180◦

4. [Initial Structure]R3 270◦

4. [Initial Structure]R3 270◦
continued on the next page
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Lysozyme

Apo-α-lactalbumin

5. Initial Structure

5. Initial Structure

6. [Initial Structure]R1 90◦

6. [Initial Structure]R2 90◦

As expressed in Introduction section, if a protein was placed at suboptimal positions for adsorption at a given surface even with its most
preferable adsorption orientation, course of simulations would be still very
lengthy since the protein would have to diﬀuse to the optimum position
for the most stable adsorption. Therefore, the most preferable adsorption
orientation and optimum position for adsorption of the protein models at
the surface models were determined by ﬁrst placing the proteins with different orientations at 10 Å away from center of mass (ccm) of all sulfur
atoms. Then each protein orientation was moved away from the ccm of the
surface atoms with an increment of 0.5 Å as simply depicted in Figure 4.1
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a) until ccm of the protein and that of the sulfur atoms were separated at
the distance of 30 Å. Accordingly, 480 complex systems were generated. It
must be noted that the polymer surfaces were assumed to be homogeneous
(translationally invariant in X-Y plane) ; therefore, additional degrees of
freedom when the proteins with each orientation moved in x-y plane were
neglected.
Next, the implicit solvation model was used in the simulations followed
by conducting 500 MM steps with steepest decents method. It is noted that
during the simulations, all surface atoms of the polymer were harmonically
restrained using a force constant of 15 kcal/mol-Å2 . Subsequently, a single point free energy calculation without restraints applied was performed.
Moreover, during simulations L-J interaction was set to be truncated at
cut oﬀ value of 16.0 Å. Additionally, parameters for calculations of bond
and non-bond interactions for the proteins and the polymer were taken
from the ﬀ99.r1 and GAFF force ﬁelds implemented in AMBER 11 package, respectively. However, atomic partial charges of the polymer were
assigned externally by MOPAC quantum chemistry algorithm with bcc
type as shown in Table A.1 and Table A.2, respectively.
It is worth to described graphical representation of lysozyme and apoα- lactalbumin depicted in Figure 4.1b and c, respectively which will be
useful for further explanation in this chapter. In Figure 4.1b), back side of
lysozyme is deﬁned as the face which Lys 1 is located being opposite to the
front side where active site or clef is positioned. End side of the protein is
deﬁned as the face where Lys 69 is located which is opposite to the bottom
of the protein (Figure 4.1b). Left and right sides of lysozyme are the faces
where Lys 97 and Lys 33 are located, respectively. It must be noted that
these graphical deﬁnitions of lysozyme have also been applied by several
others. 50,54,55 In case of apo-α- lactalbumin which has similar shape, size
and around 35-40 % of amino acid sequences to lysozyme. 35 The deﬁnition
of each part of lysozyme is also applied to apo-α-lactalbumin molecule as
well. The faces of apo-α-lactalbumin where Lys 1 and clef are located are
deﬁned as back and front sides, respectively. End and bottom sides of the
protein are deﬁned as the faces where Lys 62 and Lys 112 are located,
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respectively. Left and right sides of the protein are deﬁned as the faces
where Lys 95 and Lys 5 are located, respectively (Figure 4.1c).

4.2.2

Potential Energy

All- atom MM simulations were performed; however, some degrees of freedom (i.e. all surface atoms) were restrained. Also, change in free energy
as a result of bonded interactions was small compared to non-bonded interactions. Therefore, only non-bonded terms expressed in Equation (2.4)
in Chapter 2 are maintained for interaction energy calculations. EL interactions as described by Coulombs law (Chapter 2) were also modiﬁed for
use with the continuum solvation model . 67 Overall potential energy was
calculated using Equation (4.1):
Utotal = εij ((

σij 12
σij
e2 qi qj e−κrij
) − ( )6 ) +
rij
rij
4π�0 �r (rij )rij

(4.1)

In Equation 4.1, rij is the distance between atom i and j. εij and σij
are L-J well dept and the distance between atoms i and j where the potential is minimum. e is electron charge, qi and qj are the partial charges
on the atoms i and j, respectively. �0 is a relative permittivity of free
space, while �r (rij ) is a distance-dependent relative permittivity which is
assumed that �r (rij ) = rij (in unit of Å) for distance less than 78.5 Å and
= 78.5 for �
the distance greater than 78.5 Å. κ−1 is inverse Debye length
�0 �r (rij )kB T
and κ−1 =
, where kB , NA , T and I are Boltzmann constant,
2NA e2 I
the Avogadro’s number, temperature and ionic strength, respectively. 53 In

all simulations, salt concentration is 0.2 M.
According to other simulations reported 53,54,57 , dispersion interaction
between a protein and uncharged or low charged density surface only acts
over a range of ∼ 10-12 Å. Hence, the distance within 12 Å between ccm
of the topmost atoms of a polymer surface (O10 and CH3 for PEO-OH and

PEO-OCH3 surfaces, respectively.) and a protein/an amino acid atom was
set as the most interacting region. In case of PEO-OH surface, the most
interacting region was set within 12 Å from ccm of O10 atoms of PEOOH. On the other hand, due to the chain length of CH3 group attached to
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O10 atom is ∼ 2 Å (see Figure 4.1); therefore, in case of PEO-OCH3 sur-

face the most interacting region was set within the distance of 14 Å from

ccm of O10 atoms. However, as mentioned in the last subsection that
L-J truncation was set at 16 Å. Hence, L-J interaction between protein
atoms lying within 16 Å from ccm of O10 atoms may be able to interact
dispersively with O10 atoms of PEO-OH surface. Similarly, the protein
atoms located within the distance of 18 Å from ccm of O10 atoms may
also be able to interact with CH3 groups of PEO-OCH3 surfaces. Additionally, the distance where the strongest dispersion interaction is observed
is called a minimum distance following the deﬁnition applied by Hsu et.
al. 53 while investigating L-J interaction between human serum albumin
and hydrophilic-electrically neutral surface.

4.3

Results and Discussion

In this section, the most preferable adsorption orientation of lysozyme and
apo- α-lactalbumin at PEO-OH and PEO-OCH3 surfaces are aimed to determined based on global minima of potential energy calculated by Equation (4.1). It must be noted that, some authors 53 determined the most
preferable adsorption orientation of a protein at a hydrophilic-electrostatically
neutral surface based on L-J interactions only. However, the most preferable adsorption orientation of the model proteins at the model surfaces
in the current project will be determined based on global minima of the
interaction energy, which is a combination of both L-J and EL interactions
since atomic partial charge of the protein models and the surface models
are non-zero. That said, only L-J contribution will be described herein
since EL interactions have not been ﬁnalized. Therefore, a conclusion for
the most preferable adsorption orientation of both protein models at the
surface models will be left for future analysis in future work.

4.3.1

Eﬀect of a Protein Orientation on Adsorption of Lysozyme
at Hydrophobic PEO-OCH3 surface

61

Figure 4.2: L-J energy as a function of distance measured from ccm of O10
atoms of PEO-OCH3 surface.

As mentioned in the last section, lysozyme with six orientations were
positioned over PEO-OCH3 surfaces at the distance varying from 10 to 30
Å from ccm of sulfur atoms. Total interaction energy which is a combination of both bonded and non-bonded interactions as described in Chapter
2 were calculated. However, the interaction energy arising from bonded
interactions was small compared to non-bonded interactions (L-J and EL
interactions). Therefore, only L-J and EL interactions were accounted
for in total interaction energy calculation. Nonetheless, there is no convergence for EL interaction. Hence, only L-J energies arising from the
interactions between lysozyme with diﬀerent orientations and PEO-OCH3
surface are shown in Figure 4.2. In Figure 4.2, as the protein approaches
toward the surfaces, dispersion interaction increases and reaches the max-
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imum value at a minimum distance speciﬁc for each protein with a speciﬁc orientation-surface interaction. Nevertheless, when the protein with
a speciﬁc orientation approaches to the PEO-OCH3 surface closer than its
minimum distance, L-J energy increases dramatically due to overlapping
of electron clouds of protein atoms and that of surface atoms. Regarding
to Figure 4.2, the strongest dispersion energy arises from interaction between lysozyme with orientation 4 and PEO-OCH3 with the energies of ∼

-30 kcal/mol at a minimum distance of ∼ 18 Å, while the least strongest

dispersion energy arise from the interaction between the protein with orientation 2 and the surface with the energies of ∼ -16 kcal/mol at a minimum

distance of ∼ 26.5 Å. Moreover, it is noticeable in Figure 4.2 that disper-

sion energies at minimum distances arise when lysozyme approaches to the
surface with orientations which the long axis of the protein is parallel to
the surface (i.e. 3,4, 5 and 6) are stronger (dispersion energies of ∼ -20 to

-30) kcal/mol) than that when lysozyme approaches to the surface with
orientations 1 and 2 posing the long axis of the protein being perpendicular
to the surface (dispersion energy of ∼ -16 to -20 kcal/mol).
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Figure 4.3: Diﬀerent initial adsorption orientation of lysozyme at PEOOCH3 surface. Red, blue and white colours represent acidic, basic and
other residues, respectively.

Strength of dispersion interaction was described by L-J attractive part
in Equation (4.1). If the L-J parameters describing the interaction between
each pair of atoms are not numerically markedly diﬀerent, the strength of
dispersion interaction should depend strongly on the inverse distance between each pair of atoms. Therefore, dispersion interaction between CH3
groups of PEO-OCH3 surface and the most exposed residues of lysozyme to
the surface should be stronger than the interaction between the residues
lying further away from the surface and the CH3 groups. To analyze
dispersion strength, the complex conformations which the strongest dispersion interaction between lysozyme with a speciﬁc orientation and the
surface are observed are illustrated in Figure 4.3. Figure 4.3 shows conformations of lysozyme with six orientations over PEO-OCH3 surface when
ccm of lysozyme with orientations 1, 2, 3, 4, 5 and 6 are located at the
minimum distances of 24.4, 26.4, 19.5, 17.8, 17 and 15.8 Å, respectively.
These minimum distances correspond to L-J energy of ∼ -18, -16, -30, 64

25, -22 and -20 kcal/mol, respectively. In Figure 4.3, red, blue and white
colours in lysozyme molecule represent acidic, basic and other residues,
respectively which are depicted in the Figure for further analysis of EL
interaction. Moreover, the distance between ccm of O10 atoms of PEOOCH3 and that of Cα of each lysozyme residue are also determined as seen
in Figure 4.4a. In Figure 4.4a, ccm of CH3 groups attached to O10 atoms
is indicated at the distance of 2 Å over ccm of O10 atoms. Truncation
for L-J interaction between CH3 groups and lysozyme atoms is roughly
indicated at the distance of 18 Å over ccm of O10 atoms. The most interacting region between CH3 groups and lysozyme atoms is set within the
distance of 14 Å over ccm of O10 atoms. Additionally, the total number
of residues lying in the most interacting region is also given and divided
into hydrophobic/hydrophilic neutral, acidic and basic groups in Figure
4.4b for further analysis when EL interaction and solvation eﬀect will be
accounted for in the total interaction energy calculation in future work.
Regarding to Figure 4.2, the strongest dispersion interaction with energy of ∼ -30 kcal/mol arises from the interaction between the surface
and lysozyme approaching to the surface with orientation 4. This large

amount of energy may arise from the interaction between the lysozyme
residues lying within the most interacting region and the surface. This is
because lysozyme approaching to the surface with this orientation poses
the highest number of residues lying in this region as summarized in Figure
4.4b. Moreover, the total number of residues lying in the most interacting
region (shown as the numbers in parentheses) of lysozyme with orientation
4 (21 residues) is also higher than that of lysozyme with orientation 5 (19
residues), 6 (18 residues), and 3 (15 residues), respectively. This also corresponds to the rank of the dispersion energies at minimum distances which
arise from the interactions between the surface and lysozyme approaching
to the surface with orientation 4 , 5, 6, and 3 with dispersion energies of
∼ -30, -25, -22 and -20 kcal/mol, respectively. However, it must be noted

that the dispersion energy arises from the interaction between the surface
and the other lysozyme residues lying further than the most interacting
region but within L-J truncation region can also contribute to the total
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dispersion energy as well. This can be clearly seen in case of dispersion
interactions arise from the interactions between the surface and lysozyme
approaching to the surface with orientation 1 and 2. Lysozyme approaching to the surface with orientation 1 poses smaller number of residues lying
in the most interacting region (12 residues) than Lysozyme with orientation 2 (14 residues) as seen in Figure 4.4b . However, the dispersion energy
at minimum distance arises from the interaction between the surface and
lysozyme with orientation 1 (∼ - 18 kcal/mol) is stronger than that from
the interaction between the surface and lysozyme with orientation 2 (∼ 16 kcal/mol). This may be due to contribution to dispersion energy from
the interaction between the surface and other lysozyme residues lying further than the most interacting region but within L-J truncation region.
In Figure 4.4a, it is also noticeable that most residues of lysozyme approaching to the surface with orientation 2 lying further away from L-J
truncation region than that of lysozyme moving to the surface with orientation 1. Therefore, it is reasonable that the dispersion energy arises from
the interaction between lysozyme with orientation 2 and the surface is less
strong than the dispersion energy from the interaction between lysozyme
approaching to the surface with orientation 1 and the surface.
In conclusion, based on L-J energy lysozyme approaching to the surface with orientation 4 is the most preferable orientation for adsorption
at hydrophobic PEO-OCH3 surface. This lysozyme orientation is often
called back on 50,54 orientation which back side of the protein is positioned
on the surface and cleft of the protein faces outward. The most interacting residues are residues 1-5 and 87-90 corresponding to coil and α3
conformations, respectively.
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Figure 4.4: a) Residue distribution of each lysozyme orientation over PEOOCH3 surface including indications of the most interacting region (14 Å)
and approximate L-J cut oﬀ region (18 Å) as well as ccm of CH3 groups
(2 Å). b) Summarization of total number of residues lying in the most
interacting region.
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4.3.2

Eﬀect of a Protein Orientation on Adsorption of Lysozyme
at Hydrophilic PEO-OH Surfaces

Figure 4.5: L-J energy as a function of distance measured from ccm of O10
atoms of PEO-OH surface.
L-J interactions between the PEO-OH surface and lysozyme approaching to surface with diﬀerent orientations calculated using the L-J potential
well are shown in Figure 4.5. According to Figure 4.5, it can be seen that
as the protein moves toward the surface, dispersion interaction increases
gradually and reaches the maximum values at a minimum distance speciﬁc
for each protein with a speciﬁc orientation-surface interaction. Nevertheless, when the protein with a speciﬁc orientation approaches to the surface
closer than its minimum distance, L-J energy increases dramatically due to
overlapping of electron clouds of protein atoms and that of surface atoms.
Moreover, in Figure 4.5, it is noticed that the strongest dispersion inter68

actions of ∼ -38 kcal/mol at minimum distance of ∼ 14 Å from ccm of

O10 atoms arises from the interaction between the PEO-OH surface and
lysozyme approaching to the surface with orientation 5. Additionally, the
least strongest dispersion interaction of ∼ -18 kcal/mol at minimum distance of 24 Å from ccm of O10 atoms are observed from the interaction

between the PEO-OH surface and lysozyme approaching to the surface
with orientation 5 in the ﬁgure. Moreover, it is also noticeable in Figure 4.5 that the strength of dispersion interactions at minimum distances
arising from interaction between the PEO-OH surface and lysozyme approaching to the surface with its long axis being parallel to the surface
(orientations 3, 4, 5 and 6) are stronger (dispersion energy of ∼ -25 to -35
kcal/mol) than the interactions arising when the protein moving toward

the surface with orientations posing its long axis being perpendicular to
the surface (orientations 1 and 2, dispersion energy of ∼ -20 kcal/mol).

Dispersion strength may be simply analyzed by investigating residue

distribution as done in the last subsection. Dispersion interactions between the PEO-OH surface (especially the topmost surface atoms i.e. O10
atoms) and protein atoms lying within L-J truncation region (16 Å from
ccm of O10) can contribute to the total dispersion energy. However, the
interaction arising from the protein residues lying in the most interacting
region (12 Å from ccm of O10 atoms) interacting with the surface, may
mainly contribute to the total dispersion interaction. To investigate the
strength of dispersion interaction, complex conformations which the protein approaching to the surface with orientation 1, 2, 3, 4, 5 and 6 located
at the distances of ∼ 26, 24, 18, 16, 14 and 15 Å over ccm of O10 atoms ,

respectively are of interest and illustrated in Figure 4.6 with red, blue and
white colours depicted in lysozyme molecule representing acidic, basic and
other residues for further analysis of EL interaction. In Figure 4.6, while
lysozyme with orientations 1, 2, 3, 4, 5, and 6 are positioned over PEOOH surface, it is roughly seen that there are more residues lying within
L-J truncation region (16 Å) of lysozyme with orientation 5 than that
of lysozyme with orientation 4, 6, 3, 1 and 2, respectively. Therefore, it
is quite reasonable that dispersion interaction at minimum distance arises
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from the interaction between the PEO-OH surface and lysozyme approaching to the surface with orientation 5 (-380 kcal/mol) is stronger than the
interactions between the surface and lysozyme with orientations 4 (-35
kcal/mol), 6 (-30 kcal/mol), 3 (-28 kcal/mol), 1 (-20 kcal/mol) and 2 (-19
kcal/mol), respectively. Additional information of each lysozyme residue
distribution over PEO-OH surface is shown in Figure 4.7 a. Summarization of the total number of residues lying in the most interacting region
(16 Å over ccm of O10 atoms) for each lysozyme orientation is also given
in Figure 4.7 b in diﬀerent categories (i.e. hydrophobic, hydrophilic neutral, acidic and basic residues) for further analysis. Regarding to Figure
4.7 b, even though lysozyme approaching to the surface with orientation 6
poses the highest number of residues lying in the most interacting region,
the strongest dispersion interaction at minimum distance arising from the
interaction between the PEO-OH surface and lysozyme with orientation
5 is observed, instead. This can be explained that dispersion interaction
between the surface and other lysozyme residues lying further than the
most interacting region (12 Å from ccm of O10 atoms) but within the L-J
truncation region (16 Å from ccm of O10 atoms) can also give rise to the
total dispersion interaction.
In conclusion, based on L-J interaction lysozyme with orientation 5
is the most preferable adsorption orientation at PEO-OH surface. This
lysozyme orientation is also called (right) side on orientation 54,55 which
its active site (clef)is parallel to the surface (Figure 4.6 ) The most interacting residues correspond to this lysozyme orientation are residues 30-45
and 53-58 relative to α2, turns, partial domain of β2 and partial domain
of β3 conformations.
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Figure 4.6: Diﬀerent initial adsorption orientation of lysozyme at PEOOH surface. Red, blue and white colours represent acidic, basic and other
residues, respectively.
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Figure 4.7: a) Residue distribution of each lysozyme orientation over PEOOH surface with indications of approximate L-J interacting region and the
most interacting region at the distance of 16 and 12 Å , respectively. b)
Summarization of residues lying in most interacting region.
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4.3.3

Eﬀect of Orientation on Adsorption of Apo-α-lactalbumin
at Hydrophobic PEO-OCH3 Surface

Figure 4.8: L-J energy as a function of distance measured from ccm of O10
atoms of PEO-OCH3 surface.
L-J interactions between the PEO-OCH3 surface and apo-α-lactalbumin
positioned over the surface with diﬀerent orientations are shown in Figure
4.8. According to Figure 4.8, as the protein with orientations 3, 4, 5 and 6
approach to the surface, the dispersion interactions increase and reach the
maximum values of ∼ -20, -30, -38, -16 kcal/mol at minimum distances of
∼ 18, 18, 16 and 17.8 Å, respectively. If the protein with orientations 3, 4,

5 and 6 move closer to the surface than their minimum distances, strong
repulsive forces arise due to overlapping of electron clouds of protein and
surface atoms. In Figure 4.8, it is also noticed that total dispersion interaction cannot be observed when the protein with orientation 1 and 2
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are positioned over ccm of O10 atoms of PEO-OCH3 surface at the distances between ccm of O10 atoms and 24 Å(Figure 4.8). Accordingly,
it is suggested that the reaction coordinate should be expanded for investigation of dispersion interactions between the PEO-OCH3 surface and
apo-α-lactalbumin approaching to the surface with orientation 1 and 2.
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Figure 4.9: Diﬀerent initial adsorption orientation of apo-α-lactalbumin at
PEO-OCH3 surface. Red, blue and white colours represent acidic, basic
and other residues, respectively.
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Figure 4.10: a) Residue distribution of each apo-α-lactalbumin orientation
over PEO-OCH3 surface including indications of the most interacting region (14 Å) and approximate L-J cut oﬀ region (18 Å) as well as ccm of
CH3 groups (2 Å). b) Summarization of total number of residues lying in
the most interacting region.
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In order to analyze dispersion strength, the complex conformations
where dispersion interactions between the surface and the protein with
diﬀerent orientations are strongest are of interest and illustrated in Figure
4.8. In case of the protein approaching to the surface with orientation 1
and 2, total dispersion interactions between the protein and the surface
cannot be observed (Figure 4.8). The complex conformations which the
protein with orientation 1 and 2 exposed to the surface are positioned at
the distances of ∼ 24 Å over ccm of O10 atoms are shown in Figure 4.9,

instead. According to Figure 4.9, it is strongly reasonable that total dispersion interaction arise from the interaction between the surface and the
protein approaching to the surface with orientations 2 cannot be observed.
This is because some residues of the protein approaching to surface with
orientation 2 are embedded into polymer layer (Figure 4.9). This leads to
strong repulsive interaction which can contribute to the total L-J energy.
Hence, only steric L-J energy is observed in this case. Regarding to Figure
4.9, it is also reasonable that dispersion interaction of ∼ -48 kcal/mol arising from the interaction between the PEO-OCH3 surface and the protein

approaching to the surface with orientation 5 is stronger than the dispersion interactions arising from the interactions between the surface and the
protein with orientation 4, 3 and 6, respectively . This is because it seems
the protein with orientation 5 poses higher number of residues lying within
L-J truncation region (18 Å over ccm of O10) than the protein with orientation 4, 3, and 6, respectively (Figure 4.9). More details of residue
distribution of apo-α-lactalbumin with diﬀerent exposed orientations to
the surface is given in Figure 4.10a. In Figure 4.10a, it is clear that most
residues of the protein with orientation 1 and 2 positioned over the surface
as shown in Figure 4.9 lie further away from the L-J truncation region (18
Å over ccm of O10 atoms). Hence, it is reasonable that total dispersion
interaction cannot be observed in these two cases. As apo-α-lactalbumin
approaching to the surface with orientation 3, 4, 5 and 6 which the long
axis of the protein being parallel to the surface (Figure 4.9) , it can be seen
that most protein residues lie in the L-J truncation region. Therefore, this
also supports that strong dispersion interactions are noticed only in the
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these cases.
As mentioned earlier that dispersion interaction arises from the interaction between the surface and the residues lying in the most interacting
region (14 Åover ccm of O10 atoms) may also largely contribute to the
total dispersion energy. Hence, the total number of residues lying in this
region is summarized in Figure 4.10b. Details about hydrophobic, hydrophilic neutral, acidic and basic residues lying in this region are also
given in Figure 4.10b for further analysis of EL interaction and solvation
eﬀect in future work. According to Figure 4.10b, the protein exposed to
the surface with orientation 5 also poses highest number of residues (20
residues) lying in this region. Therefore, it is possible that the dispersion
interaction between these residues and the surface may give large energy
extent contributing to the total dispersion energy. However, the protein
approaching to the surface with orientation 3 and 4 have the same number
of residues lying in this region, dispersion interaction between the surface
and the protein moving to the surface with orientation 4 (-30 kcal/mol) is
stronger than that between the surface and the protein approaching to the
surface with orientation 3 (-20 kcal/mol) . This indicates that the interaction arises from the interaction between the surface and protein residues
lying further than the most interacting region but within L-J truncation
region can also give rise to the total dispersion energy.
In conclusion, based on L-J energy the most preferable adsorption orientation of apo-α-lactalbumin at PEO-OCH3 surface is the protein with
orientation 5 which is called side on orientation with clef being parallel
to the surface and the left side of the protein lying over the surface. The
most interacting residues are residues 10-20 and 85-100 (Figure 4.10a) corresponding to turn and α3 conformations, respectively.

4.3.4

Eﬀect of Orientation on Adsorption of Apo-α-lactalbumin
at hydrophilic PEO-OH Surface

L-J interactions between the PEO-OH surface and apo-α-lactalbumin with
diﬀerent exposed orientations to the surface are illustrated in Figure 4.11.
As the protein approaches to the surface with orientation 3, 4, 5 and 6
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Figure 4.11: L-J energy as a function of distance measured from ccm of
O10 atoms of PEO-OH surface

from the distance of around 24 Å, the dispersion interactions increase and
reach the maximum values of -25, -30, -48, -20 kcal/mol at the minimum
distances of ∼ 16.8, 16.4, 14 and 16 Å, respectively. It is also found in

Figure 4.11 that total dispersion interactions between the surface and the
protein approaching to the surface with orientation 1 and 2 cannot be observed over the reaction coordinates between ccm of O10 atoms and 24 Å.
Hence, expansion of the reaction coordinates is suggested to observe the
interaction at the distance further away from 24 Å.
Strength of dispersion interaction between the protein and the surface
may be simply analyzed from residue distribution of the protein with diﬀerent orientation lying over the PEO-OH surface but within L-J truncation
region (16 Å from ccm of O10 atoms). Hence, the complex conformations
of the surface and protein with orientation 3, 4, 5 and 6 located at the
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minimum distances of 16.8, 16.4, 14 and 16 Åwith energies of -25, -30, -48,
-20 kcal/mol, respectively are investigated and illustrated in Figure 4.11.
In case of L-J interaction between the surface and the protein with orientations 1 and 2 which total dispersion interactions cannot be noticed (Figure
4.11), the complex conformations when the protein is position at 24 Å are
shown in Figure 4.12 instead. Regarding to Figure 4.12, it is reasonable
that the dispersion interaction (-48 kcal/mol) at minimum distance (14
Å) between the surface and the protein approaching to the surface with
orientation 5 is stronger than the interaction between the surface and the
protein approaching to the surface with orientation 4 (-30 kcal/mol), 3
(-25 kcal/mol), and 6 (-20 kcal/mol), respectively. This is because the
protein with orientation 5 seems to have more residues lying within L-J
truncation region than protein with orientation 4, 3, and 6 as seen in Figure 4.12. Residue distribution of the protein approaching to the surface
with diﬀerent orientations is clearly shown in Figure 4.13a. Regarding to
Figure 4.12, it is quite reasonable that dispersion interactions arise when
the protein approaches to the surface with orientations 1 and 2 at the distance of 24 Å cannot be observed. This is because most residues of the
protein with orientation 1 and 2 lying further than L-J truncation region.
Moreover, residue 68 of the protein with orientation 2 is also embedded
into the polymer layer (Figure 4.12). This may give large extent to the
total L-J interaction leading to only steric L-J interaction is observed in
this case(Figure 4.11).
As mentioned in the last subsection, the interaction between the surface and the protein residues lying within the most interacting region (12
Å over ccm of O10 atoms) may also contribute large energy extent to
the total dispersion energy. The total number of protein residues lying
in this region is summarized in Figure 4.13b. According to Figure 4.13b,
the protein approaching to the surface with orientation 5 also poses the
highest number of residues (19 residues) lying in this region. Therefore, it
is possible that the dispersion interaction between these residues and the
surface may give large energy extent contributing to the total dispersion
energy. However, the protein approaching to the surface with orientation 3
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5
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Figure 4.12: Diﬀerent initial adsorption orientation of apo-α-lactalbumin
at PEO-OH surface. Red, blue and white colours represent acidic, basic
and other residues, respectively.
has higher number of residues lying in this region than the protein moving
to the surface with orientation 4, its total dispersion (25 kcal/mol) energy
is less strong than the later case (-30 kcal/mol). This indicates that the
interaction between the surface and the residues lying further than the
most interacting region but within L-J truncation region can also give rise
to the total dispersion energy. It must be noted that the explanation of
interaction between residues lying in the most interacting region divided
into hydrophobic, hydrophilic neutral, acidic and basic residues in Figure
4.13b and the surface will be neglected herein. Since, this will be considered when EL interaction and solvation eﬀect will be analyzed in future
work.
In conclusion, based on L-J energy the most preferable adsorption orientation of apo- α-lactalbumin at PEO-OH surface is the protein with
orientation 5 or side on orientation with clef being parallel to the surface
and the left side of the protein exposed to the surface. The most interacting residues are residues 10-20 and 85-100 (Figure 4.13a) corresponding to
turn and α3 conformations, respectively.
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Figure 4.13: a) Residue distribution of each apo-α-lactalbumin orientation over PEO-OH surface with indication of approximate L-J and most
interacting regions at the distance of 16 Å and 12 Å , respectively. b)
Summarization of residues lying in most interacting region.
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4.4

Summary

The aim of this work was to determine the preferred adsorption orientation
of lysozyme and apo-α-lactalbumin at PEO-OH and PEO-OCH3 surfaces
using molecular mechanic (MM) simulations. This work is vital to the further investigation of adsorption behaviours of these two proteins, while in
their most preferable adsorption orientations, at the surface modeled using
molecular dynamic (MD) simulations. As mentioned, the most preferable
adsorption orientation of the proteins at the surfaces will be determined
based on a combination of L-J and EL interactions. EL interactions have
not been converged yet; therefore, only L-J interactions have been analyzed in this chapter. EL interactions will be left for further analysis.
According to the calculations, it has been shown that the most preferable adsorption orientation of lysozyme at hydrophobic surface was back
on orientation (cleft facing outward) and the most interacting residues corresponding to this protein orientation are residues 1-5 and 87-90 relative
to coil and α3 conformations, respectively. The most preferable adsorption
orientation of lysozyme at hydrophilic surface was side on (clef being parallel to the surface) orientation which residues 30-45 and 53-58 relative to
α2, turn, partial β2 and partial β3 conformations are the most interacting
residues and conformations, respectively.
In case of apo-α-lactalbumin, the most preferable adsorption orientation of the protein at hydrophobic and hydrophilic surfaces (based on
L-J contributions only) were side on orientations (clef being parallel to
the surface) which the most interacting residues are residues 10-20 and
85-100 corresponding to turn and α3 conformations, respectively.

The

applications of MM simulations for determination of the most preferable
adsorption orientation of a protein at a given surface could be further expanded for other applications such as identiﬁcation of the most preferable
biding site for antigen-antibody interaction in biosensor applications, drug
delivery and enzyme-substrate interactions.
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Chapter 5

Summary
5.1

Current Thesis

Molecular modelling is the best approach to theoretically describe some
phenomena which cannot be reached in experimental scales including adsorption problems. Therefore, in the current study MM and MD simulations were conducted to investigate adsorption mechanisms of lysozyme
and apo-α-lactalbumin which are considered as hard and soft protein, respectively at hydrophobic PEO-OCH3 and hydrophilic PEO-OH surfaces.
MD simulations were ﬁrst performed separately to a system of lysozyme
and apo-α-lactalbumin without a presence of polymer surface to observe
changes in conformations of these 2 proteins in bulk solution. Regarding to
these MD simulations, apo-α-lactalbumin showed lower internal stability
than lysozyme with higher ﬂuctuation of exposed residues and C- terminal including with highly noticeable conformational changes in residues
105-110 transitioning from α helices to turns observed in case of apo-αlactalbumin but lysozyme during 6 ns of simulation time. Moreover, the
results from these simulations also provided valuable information in that it
is possible to investigate eﬀect of surface-induced conformational changes
of the proteins with a reasonable course of simulations.
Before proceeding to investigation of protein-surface interaction, selection of the most preferable initial adsorption orientation of the protein
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models to the selected surface models by MM simulations were carried
out. According to these simulations, all bonded and non-bonded interaction energy were calculated. However, the energy extent resulted from
bonded interactions was small compared to that from non-bonded interactions. Therefore, only the energy arises from non-bonded interactions
(L-J and EL interactions) were accounted for in total interaction energy
for selection of the most preferable adsorption orientation of the protein
models at the surface models based on global minimum energy. Nonetheless, EL interactions have not been converged yet; therefore, only L-J interactions have been analyzed. EL interactions will be left for further
analysis. According to the calculations, the most preferable adsorption
orientation of lysozyme at hydrophobic surface (based on L-J contributions only) was back on (cleft facing outward) orientation which the most
interacting residues were residues 1-5 and 87-90 corresponding to coils and
α3 conformations. At hydrophilic surface, lysozyme with side on (clef being parallel to the surface) orientation which the most interacting residues
were residues 30-45 and 53-58 relative to α2, turn, partial β2 and partial β3 conformation was the most preferable adsorption orientation based
on L-J contributions only. In case of apo-α-lactalbumin, the most preferable adsorption orientation of the protein at hydrophobic and hydrophilic
surfaces (based on L-J contributions only) were side on orientations (clef
being parallel to the surface) which the most interacting residues were
residues 10-20 and 85-100 corresponding to turn and α3 conformations,
respectively.
The applications of MM simulations for prediction of the most preferable adsorption orientation of a protein at a selected surface could be
further expanded for other applications such as identiﬁcation of the most
preferable biding site for antigen-antibody interaction in biosensor applications, including drug delivery as well as enzyme-substrate interactions.
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5.2

Future work

As a result, atomistic simulations applied to adsorption problems are still
new areas compared to other problems such as folding-unfolding of a protein and drug delivery. There have been several diﬃculties must be solved
during performing simulations. Moreover due to time for master student
is limited. Therefore, further analysis of EL interactions from MM simulations is postponed to future work. Additionally, if convergence of EL
interactions from MM simulations will be ﬁnalized, all energy extents arising from bonded and non-bonded interactions including solvation eﬀect will
be combined to total interaction energy. The adsorption mechanism of the
protein models at hydrophobic and hydrophilic surfaces will be then investigated. Moreover, MD simulations for investigation of surface-induced
conformational changes of the protein models will also conducted in future
work.
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Appendix A

pKa of each Lysozyme residue determined by the
PROKA 3.1 software

95

pKa of each α-lactalbumin residue determined by
the PROKA 3.1 software
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Table A.1: Atom name, type and atomic partial charge assigned by
MOPAC (bcc) for PEO-OCH3
Atom Name (Type) Charge Atom Name (Type) Charge
H5 (h1)
0.0214
O6 (os)
-0.3572
H2B (h1)
0.0602
C7 (c3)
0.1101
H2A (h1)
0.0212
H18 (h1)
0.0372
C2 (c3)
0.1186
H9 (h1)
0.0676
O1 (os)
-0.4247
C15 (c3)
0.1277
H1A (h1)
0.0396
H33 (h1)
0.0373
H1B (h1)
0.0407
H26 (h1)
0.0624
C1 (c3)
0.1249
O7 (os)
-0.4295
H4 (h1)
0.0420
C8 (c3)
0.1281
H14 (h1)
0.0428
H19 (h1)
0.0480
C3 (c3)
0.1299
H10 (h1)
0.0385
O2 (os)
-0.4306
C16 (c3)
0.1301
H23 (h1)
0.0399
H34 (h1)
0.0453
H30 (h1)
0.0457
H27 (h1)
0.0396
C12 (c3)
0.1296
O8 (os)
-0.4299
H6 (h1)
0.0399
C9 (c3)
0.1297
H15 (h1)
0.0453
H20 (h1)
0.0453
C4 (c3)
0.1298
H11 (h1)
0.0399
O3 (os)
-0.4300
C17 (c3)
0.1297
H24 (h1)
0.0396
H35 (h1)
0.0457
H31 (h1)
0.0453
H28 (h1)
0.0399
C13 (c3)
0.1302
O9 (os)
-0.4307
H7 (h1)
0.0385
C10 (c3)
0.1300
H16 (h1)
0.0480
H21 (h1)
0.0429
C5 (c3)
0.1281
H12 (h1)
0.0419
O4 (os)
-0.4295
C18 (c3)
0.1248
H25 (h1)
0.0624
H36 (h1)
0.0408
H32 (h1)
0.0375
H29 (h1)
0.0395
C14 (c3)
0.1277
O10 (os)
-0.4247
H8 (h1)
0.0677
C11 (c3)
0.1186
H17 (h1)
0.0373
H22 (h1)
0.0212
C6 (c3)
0.1099
H13 (h1)
0.0602
O5 (os)
-0.3569
H3 (h1)
0.0215
S1 (ss)
0.2565
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Table A.2: Atom name, type and atomic partial charge assigned by
MOPAC (bcc) for PEO-OH
Atom Name (Type) Charge Atom Name (Type) Charge
H3 (ho)
0.3980
H31 (h1)
0.0442
O1 (oh)
-0.5928
H17 (h1)
0.0443
H1A (h1)
0.0778
H4 (ho)
0.3979
H1B (h1)
0.0417
O10 (oh)
-0.5929
C1 (c3)
0.1251
H11 (h1)
0.0779
H2B (h1)
0.0423
H18 (h1)
0.0415
H2A (h1)
0.0259
C9 (c3)
0.1251
C2 (c3)
0.0944
H25 (h1)
0.0423
O2 (os)
-0.4258
H32 (h1)
0.0257
H5 (h1)
0.0410
C16 (c3)
0.0944
H12 (h1)
0.0435
O9 (os)
-0.4258
C3 (c3)
0.1286
H10 (h1)
0.0401
H19 (h1)
0.0422
C8 (c3)
0.1286
H26 (h1)
0.0438
H24 (h1)
0.0417
C10 (c3)
0.1301
C15 (c3)
0.1300
O3 (os)
-0.4300
O8 (os)
-0.4299
H6 (h1)
0.0443
H9 (h1)
0.0404
H13 (h1)
0.0415
H16 (h1)
0.0456
C4 (c3)
0.1300
C7 (c3)
0.1296
H20 (h1)
0.0452
H23 (h1)
0.0407
H27 (h1)
0.0427
H30 (h1)
0.0467
C11 (c3)
0.1292
C14 (c3)
0.1290
O4 (os)
-0.4278
O7 (os)
-0.4295
H7 (h1)
0.0441
H8 (h1)
0.0525
H14 (h1)
0.0478
H15 (h1)
0.0423
C5 (c3)
0.0952
C6 (c3)
0.1282
H21 (h1)
0.0589
H22 (h1)
0.0625
H28 (h1)
0.0881
H29 (h1)
0.0588
C12 (c3)
0.1252
C13 (c3)
0.1066
O5 (os)
-0.3689
O6 (os)
-0.3288
S1 (ss)
0.2090
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