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Chapter 1

Introduction

“Folding and unfolding are crucial ways of requlating biological activity and targeting proteins
to different cellular locations. Aggregation of misfolded proteins that escape the cellular quality-

control mechanisms is a common feature of a wide range of highly debilitating and increasingly

prevalent diseases.”

— C. M. Dobson Nature 426, 884 (2003)
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B PROTEIN AGGREGATION AND AMYLOIDOSIS

Neurodegenerative disorders typically result in a range of debilitating cognitive
impairments including confusion, disorientation, loss of motor skills, and memory loss.
The molecular origin of several neurodegenerative diseases including Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease and prion protein diseases has been associated
with the aggregation of proteins into amyloid fibrils [1-5]. In order to perform their bio-
logical function, most proteins adopt a defined three dimensional conformation, that is the
most thermodynamically favorable: their native state, which is determined by the primary
amino acid sequence and the local environment [6, 7]. However, although the native pro-
tein structure is thermodynamically stable, it does not necessarily imply that there is no
other conformation, which exhibits a lower free energy state than the native state [8, 9].
Due to some variations in external parameters such as temperature, pH or solvent the nat-
ural folding equilibrium is disturbed and as a consequence protein misfolding and finally

aggregation can be observed.
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Figure 1-1.FEnergy landscape scheme of protein folding and aggregation. The purple regime shows the
multitude of conformations funneling to the native state via intramolecular contacts; and the pink area shows
the conformations moving toward amorphous aggregates or amyloid fibrils via intermolecular contacts.
Aggregate formation can occur from intermediates populated during de novo folding or by destabilization of

the native state into partially folded states. Figure adapted from reference [10]
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The deposition of proteins in the form of amyloid fibrils and plaques within the
extracellular space in the tissues of the body is the characteristic feature of more than
20 degenerative conditions affecting either the central nervous system or a variety of pe-
ripheral tissues. In particular, the Alzheimer’s disease (AD) is the most common form of
dementia that is affecting more than 44 million people worldwide. This leads to the loss of
connections between the nerve cells, and eventually to the death of nerve cells and loss of
brain tissues. Alzheimer’s is a progressive disease. This means that gradually, over time,
more parts of the brain are damaged leading to severe memory loss. AD is caused by the
formation of extracellular senile plaques, mainly composed of amyloid peptide (A5), and
intracellular neurofibrillary tangles formed by hyperphosphorylated tau protein [11, 12].
The extracellular senile plaques are made of AfF, which comprises of mainly 39-42 residue
long peptide fragments. These are formed by the cleavage of amyloid precursor protein
(APP) in the presence of v-secretase [13]. Therapeutic strategies that are currently being
pursued for AD, mainly focus on these two AD-related proteins, Ag and Tau. Of these,
ApB has attracted more attention by far.

At present, there is no drug treatment available that can cure AD or any other
common type of dementia. Medicines that are used for AD can only temporarily help
to mask the symptoms. Inhibiting the aggregation of protein is now being considered as
an effective therapeutic strategy for the treatment of AD, and therefore, researchers are
looking for drugs that can inhibit the amyloid formation to treat the underlying disease or
delay its progression [14-21]. However, despite intensive research on this front, only a few
novel aggregation inhibitors that showed potential to cope with the disease based on this
strategy, have been rejected in clinical trials due to their undesirable side effects. Typical
Ap aggregation inhibitors such as some inorganic nanoparticles, sulfonated dyes etc. are
often toxic and some of them are also carcinogenic [22]. Whereas a variety of biopolymers
and macromolecules that can act as inhibitors, have the difficulty of transportation through
the blood-brain barrier (BBB). The BBB is the homeostatic defence mechanism against
pathogens and toxins. It determines whether or not a given drug (unless lipid soluble, small
(<600 Da), electrically neutral and weakly basic), can reach the central nervous system
(CNS), limiting the brain penetration by polymers. Therefore, much effort has been made
recently mainly focusing on the development of a drug which is safe, readily available,
passes through BBB and at the same time can prevent or delay the progress of the AD
disease. Recent longitudinal studies spanning 4-10 years suggested that regular moderate

amount of caffeine intake prevents memory decline in older people, and reduces the risk of
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developing Alzheimer’s disease. Several other researches on AD transgenic mice have shown
that caffeine significantly decreases the level of A amyloid plaques both in brain and in
the blood of mice that were exhibiting symptoms of the disease [23-26]. Another study
investigated the effect of caffeine in mice bred to mimic the other hallmark of Alzheimer’s
- the tau deposits. It reported that caffeine intake is beneficial in mice that develop tau
deposit similar to those seen in humans [27]. The proposed link between caffeine intake and
the reduction of AD disease probability suggests a possible role of caffeine in therapeutic
utility against AD. Caffeine (see Fig.1.2) is inherently safe, naturally produced by several
plants, inexpensive and normally found in the diet [28, 29]. It is an example of a planar,
hetero-atomic bicyclic, aromatic ring compound that, although somewhat polar, exhibits
limited aqueous solubility. The simultaneous presence of hydrophobic methyl (-CH3) groups
and extended flat hydrophobic faces, as well as three hydrophilic proton acceptors groups
makes it a good selection for our study. The oral intake of caffeine rapidly passes through

the BBB due to its amphiphilic nature, and reach the brain tissues.
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Figure 1-2.The structure and atomic numbering of caffeine molecule

Caffeine can be classified as an alkaloid [30, 31] and is regularly consumed in sources
such as tea, coffee, chocolate and beverages and included in many medicines [28, 29]. Tt
is naturally produced by several plants, including coffee beans, guarana, cacao beans, and
tea etc. It acts as a natural pesticide that paralyzes and kills certain insects feeding on the
plants [32]. Tt possesses purine ring system in its backbone and is a biologically important
compound.

Caffeine undergoes self-association in water above its solubility limit. Moreover, no
theoretical studies have been conducted so far to the best of our knowledge, to understand
the effect of caffeine as an inhibitor to amyloid formation. On molecular level, it would
be interesting to understand how a small molecule like caffeine might inhibit amyloid for-

mation, interacts with proteins and ultimately destabilizes amyloid assemblies. Literature
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survey on caffeine self and hetero association has shown that only recently some theoretical
and experimental studies have been carried out of the effects of several dissolutes on the
association properties of caffeine [33-39]. For example, the studies of interaction of chem-
ical denaturants like 8 M urea and 6 M guanidium chloride on caffeine have shown the
disruption of caffeine aggregates [33, 37]. Again, the study of the influence of solvent and
solution ionic strength on the formation of caffeine and actinocin heterodimers are reported
to be energy-preferable. Hence, caffeine can decrease the concentration of aromatic ligand
in biological systems, and thus decreases its biological activity [35]. It has also been shown
that caffeine has an ability to act on DNA intercalates and thus reducing the toxicity of
them [40]. In addition to this, caffeine has a negative effect on the pharmacological activity
of a number of aromatic anticancer drugs due to the competition of caffeine over drugs for
DNA binding sites [41-44]. Caffeine is a base analogous to adenosine nucleotide and it is
known as a central nervous system stimulant [45, 46]. It also increases the dopamine levels
in the body by slowing down the rate of dopamine reabsorption [47]. Caffeine is one of
the many xanthine derivatives that acts as a nonselective antagonist on the A; and Asy

receptors. So, caffeine is used extensively as a drug for different pharmacological diseases.

Moreover, recent experimental evidences suggested that although the amyloid
plaques are one of the hallmarks of these diseases, the neurotoxicity may be caused by
oligomers formed in the early stage of fibril formation [48-50]. Thus, drugs that can prevent
the formation of early oligomeric intermediates or make them unstable, are major concerns
in the field of drug discovery against AD. The initial stages of oligomers formation are
difficult to characterize in experimental studies, since AJ peptide is highly amyloidogenic.
In this context, we note that computer simulation can provide the information required to
capture the early steps of amyloid formation and demonstrate insights of the behavior of
the drugs that can inhibit A aggregation. Different theoretical and experimental studies
showed that caffeine molecules form complexes with different biomolecules, DNA, and drug
molecules with 7-stacking interaction [51, 52]. Caffeine molecule also self-aggregates in
aqueous solution and its aromatic ring plays a central role to form high-order caffeine
clusters [53-58]. In this regard, it is to be noted that several previous studies argued that
it is the aggregated forms of the small molecule inhibitors that show inhibiting action
against the biomolecular aggregations. Therefore, caffeine molecule seems to be a potential
candidate as an inhibitor of amyloid formation and can act as a potent drug controlling

amyloid disease.

Therefore, in the current study, an effort has been made to understand the molec-
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ular mechanism of inhibition of protein aggregation by caffeine. For this, first, we will
try to understand the self-association of caffeine in molecular details in different chemical
and physical environments and the thermodynamics of caffeine association. Then we ex-
tend our study on molecular interaction between caffeine and protein oligomers, which will
shed lights on the mechanism of amyloid inhibition by caffeine. The simulation works and
concluding remarks are presented in the subsequent six chapters. The next section of the
present chapter deals with the basic techniques of MD simulation that is employed in our
work. The details analyses of the applications of these techniques for specific systems are
given in later chapters. This is followed by a brief description of the work presented in the

current thesis.
H METHODOLOGY

In this thesis, classical molecular dynamics (MD) simulation technique has been
employed. It has been widely used to investigate the structure and dynamics of biomolecular
systems, such as proteins, nucleic acids, and small molecules like amino acids and sugars. In
MD simulation, the potential energy function (U) is described by all interactions between
the atoms that are covalently bonded as well as non-bonded interactions between atoms
and molecules in the condensed phase. The interactions between particles are governed by
the so-called force field parameterization [59]. Note that, through out this thesis, specific
AMBER10/12 force field parameter sets are used [60, 61].

The potential energy function is written as a sum of bonded and non-bonded

interaction terms

= Ubond b Uangle + Udihedral + Uvdw s UCoulomb (]-]-)

The first three terms ( Upond, Uangies Udinedrai ) are the bonded terms, which describe
the bond stretching, angle bending, and torsion rotation, and the last two terms are for the
non-bonded potential. In bonded terms, the bond and angle contributions are described
by harmonic potentials and all of the interactions between directly bonded atoms (1-2
interactions), angles (1-3 interactions, where two atoms bonded to a common atom), and

torsion (interactions between pairs of 1-4 atoms) are defined as:

Ubond - Z Kb<bac - beq>2 (12)
bonds
Uangle - Z Ke(eac - eeq)Z (13)

angles
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Udihedral = Z %(1 + cos(ng — 0)) (1.4)

dihedrals
The letters b, 0, ¢, and ¢ represent the bond length, bond angle, dihedral angle, and phase

angle, respectively. The subscripts ac stands for actual and eq stands for equilibrium. The
parameters K,, Ky, and V,, are the force constants for bond, bond angle, and dihedral
angle, respectively.

The non-bonded potentials are calculated using two terms, the first one is the
Lennard-Jones term (Uy,q,) [62] describing the van der Waals interaction [63], and the
second one is the Coulomb term (Usouioms) [64] that deals with the electrostatic interactions

between particles having partial charges on them. The non-bonding interaction terms are

defined as: 12 .
e = 3 5] (2) - (2] 19
i i<y K v
qi9q;
Ucoutomb = Z [ﬁoiw] (16)
i i<j

where the overall sum is over all the atom pairs i and j. ¢ and € are the Lennard-Jones
separation at minimum (i.e. equilibrium distance) and well depth energy, respectively. r;;
is the inter-atomic distance. ¢, and g; are the partial charges on interaction sites i and j
and ¢, is the electrical permittivity.

The aim of the MD simulation is to observe the evolution of atomic coordinates in

time. We consider an N-particle system characterized by the following Hamiltonian

N 2

P;

H=>" o T Ur) (1.7)
=1

where m is the mass of each particle, p; is the momentum of the i-th particle and U(r") is
the total potential energy of the system which includes the all particle-particle interactions.
The coordinates of the particles are denoted by r" = {r;,---,ry}. The position and
velocity of i-th particle is represented by r; and v;, respectively. The method of molecular

dynamics consists of solving the equation

F;
a; = — 1.8
o (18)
where 1 = 1,2, .....N, m; is the mass of i-th particle and F; is the force acting on particle

1. This equation is obtained easily from the Lagrangian

| N L NN
L= 5 izlmivi.vi —5 Z Zu(rij) (1.9)

i=1 j#i
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where the potential U has been assumed to be the sum of pair potentials w;;. The La-

grangian equation of motion is

d (GL) oL
dt 0¢;"  0g;
It is clear from Eq. 1.10 that the dynamics of particles is described by 3N number of second

(1.10)

order differential equations.
It is also possible to write down the Hamiltonian (H) for the system and solve the

the Hamiltonian equations of motion

. OH
= 5 (1.11)
OH
= —— 1.12
Dk 90, (1.12)

where q and py represent generalized coordinates and momenta. For a system with pair-

wise interaction potential, the Hamiltonian is
L N LN
H= §2mivi.vi + ézlgu(r”) (1.13)
1= =1 j#u

and Egs. 1.11 and 1.12 yield

dr; Pi
— = — 1.14
—pi=—Vu=F; (1.15)

where i=1,2,....N. There are now 6/ first order differential equations to be solved.

The equation of motion is solved numerically to yield particle velocities and posi-
tions as a function of time. It is usually integrated by using finite difference approach. The
Verlet algorithm is one of the most commonly used algorithm for this purpose [65]. The
advantage of the use of Verlet algorithm is that its implementation is straightforward and
storage requirements are modest. Although, it has the disadvantage of moderate precision
during the calculation and velocity does not appear explicitly in the Verlet integration. As
an improvement to the Verlet algorithm, the leap-frog algorithm [66] has been developed.
But, it has a disadvantage that the positions and velocities are not synchronized. As an
alternative of Verlet or the leapfrog algorithm, Velocity Verlet algorithm has been devel-
oped and the following relations are used to calculate new position and velocity at the same

time:

r(t+dt) =r(t) +v(t)dt + %a(t)dtQ (1.16)
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v(t+dt) =v(t) + %[a(t) + a(t + dt)]dt (1.17)

To calculate the velocities at time t-+dt, this method requires acceleration at time

t and t+dt. In the present work, we have employed Velocity Verlet algorithm.

B PRESENT WORK

Alzheimer’s disease is a devastating neurodegenerative disease triggered by the
aggregation of amyloid-f peptide (Af) into amyloid fibrils. At present, there is no drug
treatment available that can cure AD or any other common type of dementia. Recent
longitudinal studies spanning 4-10 years suggested that regular moderate amount of caf-
feine intake prevents memory decline in older people, and reduces the risk of developing
Alzheimer’s disease. Several research studies on AD transgenic mice have shown that
caffeine significantly decreases the level of AS amyloid and slows down or prevents the de-
velopment of § amyloid plaques both in brain and in the blood of mice that were exhibiting
symptoms of the disease. It has also been revealed that caffeine intake is beneficial in mice
that already developed tau deposit similar to those seen in humans. On the other hand,
caffeine is a widely consumed psychoactive substance and acts as a central nervous sys-
tem stimulant. It is also extensively used as a drug for different pharmacological diseases.
Caffeine is inherently safe, naturally produced by several plants, inexpensive and normally
found in the diet. Due to caffeine’s unhindered traversal of the blood-brain-barrier (BBB),
oral intake of caffeine rapidly acts on the central nervous system and brain tissues. All
these findings suggest a possible role of caffeine in therapeutic utility against AD. How-
ever, the molecular mechanism of the therapeutic potential of caffeine is largely unknown.
Therefore, exploring effect of caffeine on the amyloid aggregation by means of classical
molecular dynamics (MD) simulations is the goal of the present thesis.

For unveiling the role of caffeine, we first aim to study the self-association of caffeine
in molecular details in different chemical and physical environments.

The present chapter (Chapter 1) of the thesis includes a review of related experi-
mental and theoretical works that exist in the literature together with the basic techniques
of MD simulations.

From the studies of different small molecule inhibitors it is known that inhibitors
inhibit amyloid formation by forming chemical aggregates with the like molecules. It has
been reported that caffeine molecules self-aggregate in water above its threshold concen-

tration of 0.1M. Moreover, it is also a well known fact that hydrophobic interaction is
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markedly influenced by the presence of salt ions in water. Salt ions are naturally present
in all biological systems and an essential component of living systems. In fact, the ionic
environment in water is indispensable for making the ideal structure or conformation of
biological macromolecules. Again, since the thermodynamics of self-association is strongly
temperature dependent, therefore, the caffeine-caffeine interaction is expected to be affected
largely by temperature change. Thus, a complete understanding of caffeine self-association
requires a knowledge of temperature dependence propensity of caffeine association. There-
fore, motivated by the above considerations, in Chapters 2 and 3 we have investigated
the self-association properties of caffeine in pure water, in different concentration of NaCl
salt in water, and at different temperatures. In Chapters 2, the effect of salt concentration
on association propensities of caffeine molecules is investigated by employing classical MD
simulations in isothermal-isobaric ensemble of eight caffeine molecules in pure water and
three different NaCl salt concentrations. The concentration of caffeine was taken almost
at the solubility limit. We have calculated radial distribution functions (rdfs) of caffeine-
caffeine and caffeine-water considering center of masses of caffeine and water. Further, to
study the local structure of salt solution, we have also calculated the ion-ion, ion-water
and water-water rdfs and the rdfs involving selected atomic sites of caffeine and different
solution species. The molecular orientation of liquid water around hydrophobic solutes
is governed by the optimization of hydrogen bonding interactions. We have shown the
contours of water density within 3.4 A around a caffeine monomer in a frame fixed with
respect to the center of mass of its monomer. The solvent accessible surface area (SASA)
describes the area over which the contact between solute and solvent can occur. We have
calculated the SASA of caffeine molecules in different solutions. Then, we have shown the
preferential interaction parameter of caffeine for a caffeine molecule over water at different
concentrations of salt solution. In aqueous solution, caffeine molecules can form hydrogen
bonds with water. Caffeine molecule has three hydrogen bonding sites, and these are two
carbonyl oxygen and the ring nitrogen atom. These atoms can only act as hydrogen accep-
tors. Therefore, we have carried out an analysis of the number of hydrogen bonds formed

between water and hydrogen acceptor sites of caffeine molecules.

In Chapter 3, we have investigated the temperature induced self association of
caffeine molecules in aqueous solution both in presence and absence of salt NaCl at a regime
of temperatures ranging from 275 K to 350 K with a temperature difference of 25 K. Water,
the common environment for most biological processes, plays a significant role in binding

thermodynamics. Water structure in the vicinity of a hydrophobic solute influences the
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thermodynamics of hydrophobic hydration as well as water-mediated interactions between
them. For small hydrophobic solutes, an adjacent water molecule can straddle the solute
to make hydrogen bonds to other water molecules, with neither of its protons or lone pairs
directly pointing at the solute, and therefore, there is no loss of any hydrogen bonds. Thus,
due to the restriction of rotational freedom of water molecules adjacent to the solutes,
the aggregation of such small hydrophobic solutes is entropy driven. As a consequence,
with increasing temperature the aggregation of small hydrophobic solutes are found to be
enhanced. In contrast, there is a significant difference in the hydration of large hydropho-
bic solutes. Hydration of large hydrophobic solutes leads to breaking of some hydrogen
bonds between water molecules, as it becomes impossible for water molecules to straddle
the surface and still maintaining the hydrogen bonds to other water molecules. Therefore,
when such large hydrophobic solutes aggregate in aqueous solution, the structured water
molecules around the hydrophobic solutes are liberated, which results in regaining of lost
hydrogen bonds, and, therefore, aggregation is enthalpy driven. As predicted by Chandler,
for hydrophobic solutes in the bulk water at standard conditions, the cross-over from one
regime to the other occurs at solute size of 1 nm. In the context of caffeine association in
aqueous solution it is to be noted that the simultaneous presence of hydrophobic methyl
(-CH3) groups and extended flat hydrophobic faces, as well as three hydrophilic proton
acceptor groups makes it a good selection for our study. Although, the size of caffeine
molecule is considerably shorter than the 1 nm limit (the size of caffeine is 6.5 A ), some
experimental and theoretical studies showed that the self-association of caffeine is enthalpy
driven. Contrary to these studies entropy driven association of caffeine molecules is also
reported. However, since both entropy and enthalpy are strongly temperature- dependent,
therefore, the thermodynamic stability of caffeine-caffeine interaction is expected to be
affected largely by change in temperature. Thus, a complete understanding of caffeine
self-association requires a knowledge of temperature dependent propensity of caffeine as-
sociation. However, a very few experimental or theoretical studies have been carried out
to investigate the effect of temperature change on caffeine aggregation. Although Origlia-
Luster et al. and Sanjeewa et al. have carried out temperature induced caffeine aggregation
in binary caffeine-water system [67, 68], their studies were limited to just some thermody-
namic calculations. However, no experimental or theoretical study has been carried out
on simultaneous effects of temperature and salt on caffeine aggregation. Further, salt ions
are important components in the aqueous environment in biological systems, and the hy-

drophobic interaction is greatly influenced by the presence of salts. A great deal of research
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works have been devoted to explore the interaction between hydrophobic solutes and their
hydration in different aqueous media. It was observed that, as the solute-water attractions
are turned on, the solvation thermodynamics also change. Therefore, the solvation behavior
of the solute critically depends on the strength of the solute-solvent attraction. Therefore,
a detailed knowledge of the effects of salt and temperature on hydrophobic interactions is of
fundamental interest for the understanding of aggregation phenomena in biological systems.
We have considered caffeine-caffeine center of mass rdf and cluster structure analyses to
understand the association propensity of caffeine. To get a clear picture on thermodynam-
ics of association, we have also calculated potentials of mean force (PMF) as a function
of caffeine-caffeine distance, and then calculated enthalpic and entropic contribution to

caffeine association.

The ‘hydrophobic effect’ is one of the most significant forces in biological systems.
It plays a major role in many different biomolecular processes including conformational
changes in proteins, protein-protein interaction, enzyme-substrate binding etc. However,
intermolecular protein-protein association may lead to aggregation of proteins into amy-
loid fibers, which is associated with a growing list of diseases, such as Alzheimers disease,
Parkinsons disease and Huntingtons disease, type 2 diabetes mellitus and the prion dis-
eases. The hydrophobic effect is recognized to be the major driving force in protein-protein
interactions. Therefore, an extensive study of hydrophobic interaction is important to
get a clear understanding of how such protein aggregation can be inhibited. It is also
useful to use a smaller molecular system which can mimic hydrophobic aggregation in
biomolecules to carry out an atomic and molecular level description of hydrophobic ef-
fect. In fact, due to complexity in structure and size and the presence of variety of polar
and nonpolar side chains in protein, the range of possible interactions is too vast. This
makes it difficult to investigate them in atomistic detail in theoretical study too. Therefore,
simple hydrophobic model systems are often chosen as an alternative to understand the
solute-solute, solute-solvent interactions. Therefore, in Chapter 4, we have explored the
inhibition of self-aggregation of a hydrophobic model solute di-t-butyl-methane (DTBM)
by caffeine in water. To shed lights into the aggregation propensity of DTBM molecules in
water and in different caffeine solutions, we have calculated the number of free monomer
DTBM molecules in different systems. Then, in order to gain insights into the intermolec-
ular interaction between DTBM molecules we have considered the site-site distribution
functions of DTBM molecules, hydration of DTBM, and the average number of caffeine

molecules around DTBM. To get a pictorial description of DTBM aggregation and the
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effect of caffeine molecules on it we have shown spatial density plots of DTBM around
DTBM, water around DTBM, and caffeine around DTBM. Again, as the ability of self-
assembly formation is a general property of small organic molecule inhibitors, therefore,
we have carried out cluster structure analyses of caffeine for different systems to analyze
the self-association of caffeine in different systems. To explain the mechanism of inhibition
of hydrophobic aggregation of DTBM by caffeine aggregates, we have calculated the bind-
ing affinities, preferential interaction parameters, and the effect of caffeine cluster’s size on
DTBM aggregation. We then studied the aggregation behavior of DTBM in previously

aggregated caffeine systems to further verify our mechanism.

Although the hydrophobic effect is one of the major factors stabilizing the tertiary
structures of proteins, hydrogen bonding and electrostatic interactions play crucial roles in
protein aggregation. Therefore, in Chapter 5 we report the inhibiting effect of caffeine
on amyloid aggregation with more realistic 18-residue amyloid-£ derived switch-peptide.
Our study focuses on the effect of caffeine on the aggregation of amyloid-3 derived switch-
peptide with varied stoichiometric ratio of caffeine to peptide. For this we have carried out
secondary structure analyses of peptide in pure water and in different stoichiometric ratios
of caffeine solutions to examine the formation of ordered S-sheets structure. Calculations of
rdfs, residue-residue contact map, interaction energy and SASA as well as hydrogen bond
analyses are carried out to understand the disaggregation tendency of peptide in presence

of different ratios of caffeine to peptide.

In Chapter 6 we have considered seven residue peptide A(316_22, one of the shortest
length peptide that can form amyloid in vitro. This peptide with sequence KLVFFAE
(16-22) is amphiphilic, and found to be critical for fibrillization. The LVFF sequence (17-
20) in the Af16_92 peptide is the central hydrophobic core (CHC) in AS peptide. The
aromatic residues (FF) in the A5 20 peptide play an important role in the molecular
recognition and self-assembly process that lead to amyloid fibril formation (due to stacking
interaction). Again, the N-terminal residue of Af145_2 peptide has positively charged lysine
and C-terminal has negatively charged glutamic acid. The electrostatic interaction between
peptides (due to presences of opposite charges on terminal residues) leads to stabilization
of anti-parallel strands. Therefore, Af5_2o is an attractive model system to probe the
mechanism of inhibition of the formation of peptide oligomers by caffeine. We have carried
out classical molecular dynamics simulation of five amyloid forming A516_22 peptide in pure
water and in a regime of caffeine solutions, with different caffeine : peptide stoichiometric

ratios. We have carried out secondary structure analyses to analyse the formation of (-



14 Chapter 1

sheets in pure water and the effect of caffeine solution in the prevention of ordered /3
structure. Residue-residue contact map analyses are explored to examine the interaction
between different peptides. The interactions of aromatic phenylalanine residues of peptide
with caffeine are calculated to understand the mechanism of caffeine action on amyloid
inhibition.

At the end, in Chapter 7, we present the summary of the results together with

our view on caffeine’s action on inhibition of protein aggregation.
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Association of Caffeine Molecules in Aqueous Solution

“The hydrophobic effect—the tendency for oil and water to segregate- is important in diverse
phenomena, from the cleaning of laundry, to the creation of micro-emulsions to make new materi-
als, to the assembly of proteins into functional complexes. This effect is multifaceted depending on
whether hydrophobic molecules are individually hydrated or driven to assemble into larger struc-
tures. Despite the basic principles underlying the hydrophobic effect being qualitatively well un-
derstood, only recently have theoretical developments bequn to explain and quantify many features

of this ubiquitous phenomenon.”

— D. Chandler Nature 437, 640 (2005)

15
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Overview:

The effect of salt concentration on association properties of caffeine molecule was inves-
tigated by employing molecular dynamics (MD) simulations in isothermal-isobaric ensemble
of eight caffeine molecules in pure water and three different salt(NaCl) concentration, at
300K temperature and 1 atm pressure. The concentration of caffeine was taken almost at
the solubility limit. On addition of NaCl salt, we observe enhancement of first peak height
and appearance of a second peak in the caffeine-caffeine distribution function suggesting
association of caffeine molecules. This observation is supported by our calculated SASA
values and structure visualization of our systems taken at 5 ns interval for different systems.
Our calculated hydrogen bond properties reveal that NaCl has essentially no influence on
the average water-caffeine hydrogen bonds. Also observed are: (i) decrease in probability
of salt contact ion pair as well decrease in the solvent separated ion pair formation with
increasing salt concentration, (ii) a modest second shell collapse in the water structure and

(iii) dehydration of hydrophobic atomic sites of caffeine on addition of NaCl.
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B INTRODUCTION

Solute molecules when dissolved in water can significantly affect the structuring
of water molecules in aqueous solutions [69]. When a solute molecule is present in aque-
ous environment, its functional groups must interact with the surrounding water, and its
presence can impose a structuring pattern on the adjacent solvent molecules, which differs
from that of pure bulk water [70, 71]. These solutes may self-aggregate in aqueous medium
depending on the interaction of these solutes with water. Recent studies on interaction of
caffeine molecule with solvent water showed highly complex hydration pattern compared
to that of a smaller hydrophobic molecule such as methane. For small hydrophobic solutes,
an adjacent water molecule can straddle the solute to make hydrogen bonds to other water
molecules, with neither of its protons or lone pairs directly pointing at the solute, which
would involve the loss of a hydrogen bond [72]. Therefore, the aggregation of such small
hydrophobic solutes is entropy driven due to the restriction of rotational freedom of these
water molecules adjacent to the solutes. However, in case of extended hydrophobic surface,
water structural reorganization at the solute surface is required, as it becomes impossible
for water molecules to straddle the surface and still form hydrogen bonds to other water
molecules off to its side [69, 73]. Therefore, to maximize the total interaction, a water
molecule prefers to sacrifice one possible bonding interaction by pointing one hydrogen
atom or lone pair directly at the non-hydrogen bonding surface, as the resulting loss of one
hydrogen bond is energetically favorable than the loss of three hydrogen bonds that would
result if it adopted an orientation of waters as that of adjacent to a methane molecule
[74-76]. Thus, when such larger hydrophobic solutes aggregate in aqueous solution, these
hydrophobically structured water molecules are liberated, as the surface area accessible to
water molecules decreases which results in regain of lost hydrogen bonds, and, therefore,
aggregation is enthalpically driven. The aggregation of caffeine molecules in water is very
interesting to study because of the simultaneous presence of hydrophobic methyl (-CHj)
groups and extended flat hydrophobic faces, as well as three proton acceptor groups (O11,
013, N9). There is no proton donor group in the caffeine molecule. Due to the close proxim-
ity of these different groups in the solute, structuring of solvent around one atom contributes
to the structuring around adjacent atoms as well, and this results in highly anisotropic and
very complex distribution of water molecules around caffeine molecule [69]. The presence
of hydrophobic groups in the molecule limits its solubility in water and leads to association

with itself or complexation with other drug molecules. In fact, several experimental and
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theoretical studies were carried out on self and hetero-association of caffeine molecule in
aqueous medium [33-36, 77] Tt is found in literature that caffeine molecules self-aggregates
in water above the concentration of 0.1M [78]. To know how solute molecules influence in
changing the structure of solvent water, is important to understand the properties of that

solute in solution and its interaction with itself and other cosolutes.

Again it is well known that hydrophobic interaction is markedly influenced by the
presence of salt ions in water [79]. Salt ions are naturally present in all biological systems
and an essential component of living systems. In fact, the ionic environment in water is
indispensable for making the ideal structure or conformation of biological macromolecules
[80]. The effect of salt ions on the self-assembly of biological molecules is very significant.
Depending on the nature and concentration of the salt solution, either association or dis-
solution of hydrophobic molecules in water may take place. There are some experimental
data available on the solubility of caffeine in presence of urea, [33, 37| guanidium chloride
[37], KCI [37], sucrose [38] and alcohol [81]. Recently some experimental studies on the
effects of several cosolutes on the association properties of caffeine have shown the change
of self-association constant in presence of some salts of Hofmeister series, increasing from
NaClO4 to NaSCN to NaCl to NapSOy [39]. Also, molecular level study on the influence
of solvent and solution ionic strength on the self and hetero-association properties of caf-
feine and actinocin derivatives have been studied [35]. However, there are no information
regarding the effect of different concentration of salt on self-association properties of caf-
feine, change in the possibility of formation of hydrogen bond with solvent, and change in
solubility limit of caffeine upon addition of salt. Motivated by the above considerations,

we explore the effect of different concentrations of NaCl salt on caffeine self-association.

In this chapter, we have carried out a series of molecular dynamics (MD) simulation
to understand the self-association behavior of caffeine in pure water and in different concen-
tration of NaCl salt in water. The goal of this chapter are: (i) to investigate the aggregate
formation of caffeine at different concentration of salt solution, (ii) to provide a molecular
level description of the interactions between caffeine, water and ions in solution, (iii) to
study the structural arrangement of caffeine molecule in aggregates, and (iv) to examine
any change in the possibility of formation of hydrogen bonds between hydration sites of
caffeine and water at different salt concentrations. In the next section, we have presented
a description of the models and simulation method. Results are discussed thereafter, and
this part is ended with a section whereof we have included our concluding remarks with a

brief summary.
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B MODELS AND SIMULATION METHOD

We have carried out molecular dynamics (MD) simulation of 8 caffeine molecules in pure
water and as well as in aqueous NaCl solution of varying concentration. Since the solubility
limit of caffeine in pure water was reported to be 0.1 M [78], we have considered all our
systems near to its solubility limit. The systems considered in this study are summarized
in Table 2-1. It is worth noting that we have kept the total number of water molecules
fixed to 4500 in all cases and Na™ and CI~ ions were added without replacing the water
molecules. Further note that since our goal is to understand the aggregation of caffeine
molecules on slight change of NaCl concentration, we have considered the concentrations

of NaCl in the dilute solution range.

Table 2-1. Overview of Systems”

System  Nearr Nuwat Nsatt Csar(M) Ceapp (M) p (g em™)  Box Length(A)

S0 8 4500 0O 0 0.097 1.01 01.54
S1 8 4500 20 0.24 0.097 1.02 51.63
S2 8 4500 50 0.60 0.096 1.03 21.75
53 8 4500 70 0.83 0.095 1.04 51.85

Neaff, Nwat and Ngqyp represent the number of caffeine, the number of water and the number of NaCl
molecules respectively. Csqz, Ceapr and p represent the salt concentration, caffeine concentration, box

length and the density respectively.

In order to develop the partial charges of different atomic sites, the caffeine molecule
was first optimized with HF/6-31G* using Gaussian03 [82], and then fitting the atomic
charges using RESP module of AMBERI10 [60]. The rest of the parameters for caffeine
were generated using the general AMBER Force Field (GAFF) with the ANTECHAMBER
module of AMBER10. The atomic partial charges developed for the present MD simulation
are given in Table 2-2. Furthermore, in Table 2-1, we have compared the density of our
caffeine-water system (SO) with the available experimental and other simulation density
values reported elsewhere [77, 83]. We remark that although the agreement is little far
from perfect, the experimental and simulation densities are in reasonable accord. For
NaCl, we employ force field parameters developed by Joung and Cheatham [84]. We have
used the popular extended simple point-charge (SPC/E) model for water [85].
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Table 2-2. Partial charges for different atomic sites of caffeine. ¢ is the elementary

charge
Atom Charge (e) Atom Charge (e)
N1 0.028 C2 0.333
N3 0.036 C4 0.222
Ch -0.019 C6 0.341
N7 0.043 C8 0.163
N9 -0.617 C10M 0.213
011 -0.630 C12M 0.188
013 -0.631 C14M 0.147

The MD simulations were carried out using the AMBER 10 suite of programs in
isothermal isobaric (NPT) ensemble at 300 K temperature and 1 atm pressure with a
time step of 2 fs. At the beginning of the simulation, caffeine molecules were randomly
distributed in the cubic simulation box. To obtain a reasonable initial structure, for each
system, the initial configurations (generated using the Packmol program [86]) were first
energy minimized for 5000 steps with 2500 steps of steepest descent minimization followed
by 2500 steps of conjugate gradient method. Each system was then heated slowly from 0
to 300K over 20 ps in the canonical (NVT) ensemble. To remove the edge effects, periodic
boundary condition was applied for all the simulations and Langevin dynamics method

with a collision frequency of 1 ps™*

was used to control the temperature. The Berendsen
barostat [87] was used to maintain the pressure with a pressure relaxation time of 2 ps.
Bonds involving hydrogen were constrained by applying the SHAKE algorithm and a cut
off of 12.0 A was applied for all nonbonding interactions. The long-range electrostatic
interactions were treated using the particle mesh Ewald method. After 5 ns equilibration,
the simulations were carried out for another 15 ns production run in NPT ensemble. The

results reported in this Article are from these last 15 ns of simulation periods.
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B RESULTS AND DISCUSSION

Radial distribution function and Co-ordination number analysis

To understand the solvation and possible association of caffeine molecules in different
salt concentrations, we have studied the molecular interaction between caffeine, water and
ions (Na™ and CI™). Radial distribution function (rdf) is an effective way of describing the
average structure of molecules around a central reference molecule. We have calculated rdfs
of caffeine-caffeine and caffeine-water considering center of masses of caffeine and water.
Further, to study the local structure of salt solution, we have also calculated the ion-ion, ion-
water and water-water rdfs and rdfs involving selected atomic sites of caffeine and different
solution species. For further analysis, first shell water coordination number around caffeine

is calculated using the relation:

Te

Nap = 47T,05/0 72 G (r)dr (2.1)

where n,p represents the number of atoms of type 8 surrounding atom « in a shell
extending from 0 to 7. (the distance of the first minimum in the rdf plot) and pg is the
number density of § in the system. So for the calculations of first shell coordination
number, the typical values of r; and ry are zero and the distance of first minimum in the
corresponding radial distribution function, respectively. Note that, the standard errors
reported are calculated by using block averages over 3 ns. In Fig. 2-1, we have shown
the rdf of caffeine-caffeine center of mass. The first peak and the first minimum of this
distribution function appear at 3.7 A and 6.4 A respectively. It is interesting to note
that though the concentrations of caffeine in all the four systems are very similar and are
slightly below the solubility limit, the first peak height of g(r) increases with increasing
salt concentration indicating increasing interaction between caffeine molecules. Further, on

addition of NaCl a second peak also starts developing at 7.2 A .
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Figure 2-1.Radial distribution functions of caffeine around caffeine as calculated from the center of mass

of caffeine. Black, red, green and blue colors are for systems S0, S1, S2 and S3 respectively.

In Fig. 2-2, we have shown the change in co-ordination number of caffeine around
caffeine for first and second co-ordination shells of caffeine. In the same figure, we have
also included the expected caffeine coordination numbers if the only change with added

salt came through the number density of caffeine in different systems.

Coordination No.
bl

0.6 — —

s0 s1 s2 s3

Systems

Figure 2-2.change in co-ordination number of caffeine around caffeine for first and second coordination

shell. Black and red colors are for upto first and second shell coordination number, respectively.




Chapter 2 23

It can be seen immediately that the number of caffeine molecules in the first and second
coordination shells increases with increasing salt concentrations. These findings suggest a

possible association of caffeine molecules with increasing salt concentration.

Cnﬁuw'ow

Figure 2-3.Radial distribution functions of water around the center of mass of caffeine. Black, red, green

and blue colors are for systems S0, S1, S2 and S3 respectively.

Further, if the association of caffeine takes place it would be reflected in its hydration
pattern. So, to understand the effect of NaCl concentration on caffeine hydration we have
computed the average structure of water around caffeine through rdf of water oxygen atom
around center of mass of caffeine (Fig. 2-3) in each system. The first peak height of
this distribution function in all the four systems are below the bulk limit which can be
attributed to the exclusion of water from the vicinity of caffeine. Further, the peak height
decreases with increasing NaCl concentration indicating more exclusion of water molecules
from caffeine with increasing salt concentration.

Caffeine molecule contains different types of functional groups and they have different
hydration patterns. Although somewhat polar, caffeine molecule shows limited aqueous
solubility and is relatively hydrophobic due to its weakly hydrating faces. It has been
reported that both in pure water and in presence of Nat and CI~ ions, a caffeine molecule
makes hydrogen bonds with three water molecules [35]. The hydrophilic sites of caffeine
are the two carbonyl oxygen atoms O11 and O13, as well as the ring atom N9 and they
serve as hydrogen bond acceptors to water. Moreover, H8 proton may also interact with

water molecules due to its higher than normal positive partial charges (see Table 2-2).
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Figure 2-4.Radial distribution functions of water oxygen atom around selective atomic sites of caffeine.

(a) 013-Oy, (b) O11-Oy, (c) N9-O, (d) C8-O., and (d) H8-O.,. Black, red, green and blue colors are

for systems S0, S1, S2 and S3 respectively.

In Fig. 2-4, we show the rdfs of water oxygen atom around each of these hydration sites

in pure water as well as in different salt concentration. In the same figure the rdf involving

water oxygen atom and nonpolar C8 carbon (to which HS8 is attached to) is also shown.

Table 2-3. Hydration number around selected atomic sites of caffeine atoms

Atoms SO S1 S2 S3
011 2.0635 £+ 0.0165 2.0477 £ 0.0123 2.0226 + 0.0162 1.9503 4+ 0.0144
013 1.9801 4+ 0.0192 1.9314 + 0.0136 1.9303 4+ 0.0174 1.8436 + 0.0143
N9 1.3522 4+ 0.0245 1.3509 4+ 0.0181 1.3312 £+ 0.0211 1.2820 4+ 0.0192
HS 2.5146 + 0.0148 2.5031 £ 0.0137 2.4357 £+ 0.0152 2.0518 £+ 0.0131
C8 7.6482 + 0.1473 7.5302 £+ 0.1241 7.2384 + 0.1384 7.0147 £+ 0.1469
Na™ - 5.3813 £+ 0.1310 5.0132 £ 0.1194 4.8737 £+ 0.1619

cl~

7.5204 £ 0.1628

7.4421 £ 0.1096

7.3820 £ 0.1450
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The appearances of the first peak positions of these rdfs (for O11, O13 and N9 in
particular) suggest the existence of hydrogen bonding interactions between caffeine and
water. Further, the number of first shell water molecules (i.e., hydration number) around
different atomic sites of caffeine calculated using Eq. (1) is shown in Table 2-3. The
hydration number values indicate presence of two water molecules in the first hydration
shell of each sites of O11 and O13 atoms. Though our calculated hydration number for
these two atomic sites match well with the values reported earlier for caffeine in pure water,
for N9 atom the hydration number reported here is slightly lower than that reported earlier
[77]. The small deviation in this value might be due to the fact of different caffeine and
water models considered in our study. As can be seen from the Table 2-3, the hydration
number decreases for all atomic sites of caffeine including the hydrophilic carbonyl oxygens,
but the effect is much more pronounced for C8 and H8 atoms. In this regard it is worth
noting that we have observed that on addition of salt, a peak at around 4 A in the C8-
C8 distribution function (not shown) started developing, which was originally absent in
system S0. Further, the FT-IR (Fourier transform-infrared spectroscopy) study of caffeine-
water binary solution reported that, compared to monomeric caffeine unit where complete
hydration of C=0O groups of caffeine is possible, stacking of caffeine molecule causes the
partial hydration of its C=0 groups [88].

To understand the solvation of different hydrophobic groups of caffeine we have com-
puted rdfs involving hydrophobic methyl carbons (C10, C12 and C14) and oxygen of water
and the same are presented in Fig. 2-5. In Fig. 2-5, we have shown the variation in the
hydration numbers for these methyl carbon atoms for different salt concentrations. As
can be seen from methyl-water rdfs (Fig. 2-5) that they start from zero at 2.7 A and
reach the value of bulk density at 3.4 A . Therefore, below 3.4 A water molecules are ac-
tually excluded from the solvation shell of methyl groups. Further, the height of the peak
decreases slightly with increasing salt concentration. The change in peak height in the
distribution function is prominent in case of system S3. It depicts exclusion of some water
molecules around methyl groups of caffeine at higher NaCl concentration. In consistent
with the above observation, with increasing NaCl concentration, the number of first shell
water molecules around different hydrophobic groups of caffeine decreases and this effect

is more pronounced as one moves from system S2 to S3 (see Fig. 2-5).
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Figure 2-5.Site-site radial distribution functions of C10, C12, and C14 methyl carbons with water oxygen.
(a) C10-O, (b) C12-Oy, and (c) C14-O,,. Black, red, green and blue colors are for systems S0, S1, S2

and S8 respectively.

The effect NaCl molecules on the local structure of water in caffeine solution can be
studied by means of water-water distribution function and the same is shown in Fig. 2-6.
The first and second peaks in this rdf characterize the hydrogen bonded first neighbor and
the tetrahedrally located second neighbor, and they appear at about 2.75 A and 4.5 A
respectively. We found that the peak height of O, — O,, correlation function is insensitive
to ion concentrations considered here. However, a modest modification of the second shell
is observed with increasing NaCl concentration. With increasing salt concentration the
first valley becomes shallower and the second peak becomes less pronounced. These results
are in accordance with the observed second shell breaking of water structure in aqueous

salt solutions reported earlier [89].
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Figure 2-6. Water oxygen-ozygen site-site radial distribution functions in all systems. Black, red, green

and blue colors are for systems S0, S1, S2 and S3 respectively.

The rdfs involving Na* and CI~ ions for different salt concentrations are shown in
Fig. 2-7. The appearance of a sharp peak at 2.8 A suggests presence of contact ion pairs
in all solutions. This correlation function also shows a pronounced second peak at 5.3
A which corresponds to the presence of solvent separated ion pairs. With increasing salt
concentration, we have observed decrease in the probability of contact ion pair formation
as well as the probability of formation of solvent separated ion pair. However, the effect is
much more prominent for the former. In this context we note that our observations are in
contradiction with some previous simulation results of NaCl salt in water without caffeine
[89], where it was found that the probability of contact ion pair formation increases. The
differences in Nat-Cl~ rdfs in our observations between pure salt water and the presence
of caffeine in salt water directly point to some interactions of caffeine with ions in water
(discussed below). In this regard we note that the results reported in Refs. 34 and 35 are
in agreement qualitatively with each other despite of the fact of different models for water

and salt used in those studies.
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Figure 2-7.Radial distribution functions between Na©™ and CI=. Red, green and blue colors are for systems

S1, S2 and S3 respectively.

? T T T T T T T T
@) Na'-0, (b Na'-H
6k - N
sk ] 4
Al 1 |
.o
=T}
3k _ 4
2+ .
s M,‘
U L 1 1 1 1
4 T T T T T T T T
& €10, @) CH,

3l 4 E i
Esl | |
= 2

{" 1 1 1 1 1 1 1

0 2 4 6 8 10 0 2 4 6 8 10

A) r(A)

Figure 2-8.95ite-site radial distribution functions involving (a) Na*-O,, (b) Na™-H,, (c) Cl"-O,, and (d)

Cl™-H,, respectively. Red, green and blue colors are for systems S1, S2 and S3 respectively.
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The ion-water pair correlation functions are presented in Fig. 2-8. These include Na*-
Oy, Na'™-H,, CI -0, and Cl -H, rdfs for three different concentrations of NaCl. The
corresponding hydration number values are included in Table 2-3. With increasing ion
concentration, since the probability of contact ion pair formation decreases (as observed in
Na™ — Cl~ distribution function) one would expect increase of solvent separated ion pair
formation and thereby a rise in the ion-water hydration number value.

However, contrary to this, we observe a decrease in peak height in ion-water rdfs and
hydration number value with increasing ion concentration. The effect is more pronounced
for Na*-0O,, rdf. This is due to the fact of strong interaction between Na™ and O11 atomic
sites of caffeine (discussed below). Further, the first peak of Na'-H,, distribution function
appears farther away than the first maximum in the Na*-0,, distribution function. This
suggests that the oxygen atoms of water molecules are pointing toward the Na™ ion and the
water hydrogen atoms are facing bulk water. The examination of the positions of first peak
appearance of CI~-0,, and CI~-H,, indicates that the water hydrogen atoms point toward
the chloride ion, whereas the oxygen atom of water molecule faces bulk water. Moreover,
the calculated number of water molecules around a chloride ion decreases with increasing
ion concentration. However, this decrease in the CI~-0,, is less pronounced when compared
with that of Na'-0,,.

To investigate the interaction of caffeine molecules with ions, we have shown the rdfs
between Na™ ions around two electronegative carbonyl oxygens O11 and O13 and Cl~ ions
around more electropositive hydrogen H8 of caffeine molecule (Fig. 2-9). The principal
observation derived from the rdfs between Na't and carbonyl oxygens is that Na' ions
exhibit an appreciable affinity for carbonyl oxygen O11 and as the concentration of salt
increases, the interaction between Nat and O11 increases, as demonstrated by stronger
peak height at higher concentration. This leads to decreasing contact ion pair formation in
presence of caffeine with increasing salt concentration. The first peak height of rdf of Na™
around O13 does not change much on increasing salt concentration, and it barely crosses
unity suggesting weak interaction of Na™ ions with O13. The rdfs involving CI~ ions and
HS8 do not exhibit an appreciable amount of affinity of the former for the later in caffeine

as can be seen from the first peak height which limits up to unity.
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(a)

(b)

©

Figure 2-9.Site-site radial distribution functions of Nat ion around O13 and O11, and CI~ ion around
HS8 of caffeine. (a) Nat-013, (b) Nat-011 and (c) Cl~-HS8 radial distribution functions. Red, green and

blue colors are for systems S1, S2 and S3 respectively.

Atomic density analysis:

The molecular orientation of liquid water around hydrophobic solutes is governed by the
optimization of hydrogen bonding interactions. As already mentioned, the distribution of
water molecules around caffeine is quite complex because of the complicated arrangement
of hydrogen bonding functional groups in caffeine. We have carried out atomic density
analysis using the Visual Molecular Dynamics (VMD) program. In Fig. 2-10 (a), we have
shown the mass density map of water oxygen atom with a cell side of 0.5 A within 3.4
A around a caffeine monomer in the system S3. (Contour density is calculated for 5ns
trajectory, when a caffeine molecule is remained as a monomer, and rest of the caffeines
are taking part in aggregation. The monomer is kept fixed at the center of the simulation
box with respect to the center of mass of the molecule.) In Fig. 2-10 (b), contour density
is plotted in a single frame, when six caffeine molecules are stacking together. From the

figure, we can clearly see that water density around caffeine is highly anisotropic and solvent
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molecules prefer some positions of solutes more than the other, such as the two carbonyl
oxygen atoms, the ring nitrogen atoms and the extended non-hydrogen bonding planar
surfaces. There is a band of high solvent density wrapping around the two carbonyl oxygen
atoms, as two water molecules are hydrogen bonded to these atoms. Another band of
solvent density wraps around the ring nitrogen atoms and localizes over the hydrophobic

faces.

Figure 2-10.Contours of solvent water density within 3.4 A around caffeine monomer (a,left) and around

caffeine molecules stacking together (b,right) during simulation.

As discussed earlier, water molecules prefer to sacrifice one possible bonding interaction
by pointing one hydrogen atom or lone pair directly at the non-hydrogen bonding surface,
as the resulting loss of one hydrogen bond is energetically favorable than the loss of three
hydrogen bonds that would result if it adopted an alternate orientation, such as, of wa-
ters adjacent to a methane molecule [69]. Therefore this kind of orientation is required
to maximize the total interaction. In addition to this, the hydrophobic faces of caffeine
are not a uniformly hydrophobic surface, but instead, has hydrogen bonding functional
groups all around its periphery, and structuring of water molecules around these groups
also contributes to the structuring requirements above and below the plane of the rings. A
small clouds of water density is also observed around H8 hydrogen. Fig. 2-10 (b) represents
the contours of solvent water density within 3.4 A around six caffeine molecules stacking
together. When the hydrophobic faces of caffeine molecules pair up by stacking one above
another, the water molecules which were initially structured above and below the caffeine
monomer surface, are now liberated and recover their lost hydrogen bonds. Experimental
studies showed such pairing is enthalpically driven [90, 91]. From the figure it can be seen
that water density is not symmetric around the stack, and water molecules prefer to oc-

cupy the the available hydrogen bonding sites around the periphery of caffeine molecules.



32 Chapter 2

Clouds of water density hydrating the hydrophobic faces above and below the stack can
also be seen, as water molecules present at these faces are free to interact with bulk water.
The aggregation of caffeine molecules by such stacking results in decrease in surface area

accessible to water molecules.

Cluster Structure Analysis:

To discuss caffeine self association in more details, we have carried out cluster structure
analysis. We have defined clusters as an assembly of caffeine molecules where one caffeine
molecule is within 6.4 A of neighboring caffeine molecules in the cluster. Probability dis-
tribution of clusters of various sizes n, with respect to monomer, as calculated for all the

systems are shown in Fig. 2-11.
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Figure 2-11.Probability distribution of clusters of different sizes with respect to monomer, for all the

systems. Black, red, green and blue colors are for systems S0, S1, S2 and S3 respectively.

It is evident that, as the concentration of NaCl increases, more and more higher order
clusters of caffeine are formed, and their probability with respect to monomer increases.
Further, contrary to previously reported simulation results of caffeine-TTP4Pwater system
[77], our cluster structure distribution for system SO exhibits that, relative to monomer
and dimer formation, the formation of higher order caffeine cluster is negligibly small.
This discrepancy may be due to use of lower caffeine concentrations in our study (slightly
below its solubility limit) as well as different caffeine and water models used in our study.

From this distribution, we further estimated the osmotic coefficient (¢) values for different
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systems and the same are also shown in Fig. 2-11. For system S0, the calculated value of
¢ is 0.84 as compared to the experimental value of 0.62 (measured at 302.8 K and 0.1116
M caffeine concentration) [90]. Addition of salt causes formation of more and more higher

order clusters and as a result, the ¢ value decreases.

Solvent accessible surface area:

The solvent accessible area (SASA) describes the area over which contact between solute
and solvent can occur. The SASA of caffeine molecules in the simulations have been
computed using the VMD program, which is based on the algorithm of Shrake-Rupley [92]
which creates many points on the surface of each (heavy) atom and determines whether
each point is occluded or exposed to solvent. The probe radius of 1.4 A have been used,

which corresponds to the size of a water molecule.
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Figure 2-12.Distribution of solvent accessible surface area(SASA) of caffeine in water as a function of

simulation time. Black, red, green and blue colors are for systems S0, S1, S2 and S3 respectively.

The distribution of SASA of caffeine molecules as a function of simulation time in all the
systems is shown in Fig. 2-12. We observe that there is certain association among caffeine
molecules as the simulation proceeds and association of caffeine occurs in higher extent for
system S3. The average value of surface area accessible to solvent is summarized in Table
2-4, and we can see that the average SASA value decreases as NaCl concentration increases

providing clear evidence of aggregation of caffeine on increasing salt concentration.
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Table 2-4. Solvent accessible surface area per caffeine for different systems

System SASA(A?)
S0 297.480 £ 3.021
S1 292.735 £ 5.853
S2 286.587 4+ 5.942
S3 264.930 £+ 6.056

The formation of caffeine aggregation in NaCl solution is further supported by the

snapshots of different systems taken at 5 ns interval (discussed below).

Figure 2-13.Snapshots of MD simulations of systems S0, S1, 52, S8 (from top to bottom). From left to

right for 0 ns, 5 ns, 10 ns and 15 ns respectively.

From the visual observation of snapshots (see Fig. 2-13), it can be seen that the

formation of larger aggregates occurs within a shorter time period in system S3, where



Chapter 2 35
concentration of NaCl is the highest among all the systems.

Preferential interaction of caffeine:

From the visualization of different systems from initial to the final step in VMD), it is
noticed that in system SO0, where no salt was added, caffeine molecules were seen to be
preferred to remain as monomer for most of the time of simulation. It took considerable
amount of time for a dimer to form, which was not stable and broke into two monomeric
units immediately after its formation. As the simulation proceeds, the formation and
breaking of dimers continued in some interval, and at the end of simulation the system
contains one dimer and six monomers. On addition of salt, a significant difference has been
observed compared to system S0. We have observed a considerable aggregation (stacking)
of caffeine molecules in those systems. Initially, dimer is formed, which after stabilization,
gives rise to trimer and then tetramer is formed by capturing another monomeric unit.
The progression of stacking continued in this fashion with many breaking events of larger
aggregates to smaller one and again reformation of larger aggregates as the simulation
proceeds. Finally, the stacks were stabilized and lasted uninterruptedly for nearly 1 ns.
The snapshots of of different systems in 5 ns intervals are shown (Fig. 2-13).

The Kirkwood-Buff theory [93-98] provides a statistical thermodynamic framework for
evaluating the preferential interaction parameter, 7, from molecular distribution function

for a solute (c for caffeine), in a solvent mixture of water (w) and cosolutes (s) via

Tow = Ps(Ges — Gew) (2.2)
where G4 and G, are Kirkwood-Buff G-factors, and p, is the number density of cosol-
vent.

Preferential interaction parameter of caffeine with itself over water, 7¢ , can be calcu-

cw?

lated by considering a caffeine molecule as the solute, and it can be expressed as:

T = Pe(Gee — Ge) (2.3)

where the Kirkwood-Buff integrals G.. and G.,, can be obtained from the distribu-
tion function of caffeine around caffeine (g..(r)) and that of water around caffeine (ge,(r))
respectively and p, is the number density (N/V) of caffeine in the system [68].

For a grand canonical ensemble, G;; (for species ¢ and j) is defined as

Gij = 47?/000[%-]»(7’) — 1)r2dr (2.4)
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For a closed system, the above equation can be written as

Gij ~ 477/0 [gi (1) — 1)r2dr (2.5)

where R is the distance at which the integral approaches zero. A positive value of the

preferential interaction parameter, 75, , indicates more preference of caffeine to itself over

cw?

water.
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Figure 2-14.Preferential interaction parameter of caffeine for a caffeine molecule over a water molecule

(15, ). Black, red, green and blue colors are for systems S0, S1, S2 and S8 respectively.

In Fig. 2-14, we have shown the change in the 77, value as function of distance for
different concentration of salt solution. For system SO0, the value of 75, is close to zero,
which indicates that caffeine does not show much greater preference to another caffeine
molecule over water molecule. This is obviously expected as the concentration of caffeine
is almost at the solubility limit. Note that another computer simulation study of caffeine-
water system without salt has also reported positive value of 77,. However, when salt is
added in water, a relatively larger positive 75, values are obtained compared to SO, and S3
shows the largest value for the preferential parameter, indicating a greater preference of
caffeine to other caffeine molecules over water molecules. Note that experimental findings
also reveal high positive value of G.. and negative value of G, for binary caffeine-water

system [83]. These findings suggest strong caffeine-caffeine interactions and less hydration

of caffeine molecules. Furthermore, our calculated potential of mean force (PMF) profiles of



Chapter 2 37

caffeine (not shown), estimated from caffeine-caffeine center of mass distribution functions,
for different salt concentrations show a positive gradient that does not approach to zero at

large-r distances and acts as a corroborative evidence of caffeine association.

Hydrogen bond interaction:

In aqueous solution, caffeine molecules can form hydrogen bonds with water. It was
already mentioned that caffeine molecule has three hydrogen bonding sites, and these are
two carbonyl oxygen O11 and O13 and ring nitrogen atom N9. These atoms can only act
as hydrogen acceptors. However, the H8 proton may also interact with water resembling to
hydrogen bonding due to its high partial charge, but the first peak of H8 — O,, distribution

function shows much broader peak than that of a true hydrogen bond donor proton [77].

Table 2-5. Average number of water-water (per water) and water-caffeine (per

caffeine) hydrogen bonds in different systems

System HB, HBo11-w Hoi3-w Hyo_w
SO 3.2875 4+ 0.0022 1.6183 4+ 0.0017 1.6423 £+ 0.0011 1.0024 + 0.0013
S1 3.2367 £+ 0.0016 1.5746 + 0.0013 1.5502 4+ 0.0009 0.9932 £+ 0.0017
S2 3.1733 £ 0.0023 1.5081 &+ 0.0015 1.4936 + 0.0010 0.9328 £+ 0.0016
S3 3.1349 £+ 0.0019 1.5732 + 0.0012 1.5439 + 0.0011 0.9643 £+ 0.0009

w represents water and O11, O13 and N9 correspond to the different atomic sites of caffeine.

Therefore, we have carried out an analysis of the number of hydrogen bonds between
water and above mentioned three hydrogen acceptor sites of caffeine molecules, and also
the number of water-water hydrogen bonds per water molecule, and the results are listed
in Table 2-5. Hydrogen bonds are calculated based on the location of the first minimum
in the corresponding rdf as the cutoff distance between donor(D) and acceptor(A), and
the angle of H-D-A are considered as 45°. We found that all the systems are dominated
by water-water hydrogen bonds and they change only slightly with increasing salt concen-
trations. We, further, observed that the average number of water-caffeine (per caffeine)
hydrogen bond decreases only modestly on addition of salt. For example, the total number
of hydrogen bonds formed by a caffeine molecule with water is 4.25 for system S0 and
the same for system S3 is 4.07. Further insight into caffeine-water hydrogen bonds reveals

that the decrease in its value is dominated by the change in hydrogen bonds involving
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caffeine O13-water hydrogen atom. The lowering of C=0 stretching frequency of caffeine
in caffeine-water system (without salt) due to formation of stacking has also been reported
experimentally [88]. In this context, we note that the formation of hydrogen bonds be-
tween caffeine and water depends on the availability of hydrophilic groups of caffeine for
water molecules. The stacking between caffeine molecules may decrease the accessibility
of hydrophilic groups for water molecules. Not only that, the structural arrangement of
stacks may also affect the number of hydrogen bonding between caffeine and water. If polar
and non-polar atomic groups of caffeine overlap in the stack, the possibility of formation
of hydrogen bonds with water decreases. On the other hand if polar groups are available
for hydrogen bonding with water, the number of caffeine-water hydrogen bonds should not

change much.

B SUMMARY AND CONCLUSIONS

In this chapter, we have investigated caffeine aggregation in presence of NaCl salt. We
considered four different salt concentrations. From caffeine-caffeine center of mass dis-
tribution function we find that on addition of salt, the first peak height increases and a
second peak at 8.5 A started to develop. Since, in aqueous solution molecular association
or dissolution of solute molecules is reflected in its hydration pattern, we, further, probed
the solvation of caffeine molecules by means of caffeine center of mass-water distribution
function. We observe that on addition of NaCl more and more water molecules are ex-
cluded from caffeine surface. The distribution functions followed by first shell coordination
number values involving different atomic sites of caffeine and water center of mass further
show that with increasing salt concentration, for the hydrophobic atomic sites of caffeine
more and more dehydration takes place and the effect is more pronounced for higher NaCl
concentration. Whereas, the hydrophilic atomic sites show only a slight change in the

hydration number value.

We have also investigated the structural properties involving different solution species
with variation of ion concentration as these are intimately related to the solvation pattern
of caffeine. On contrary to aqueous NaCl solution without caffeine [89], we found that
probability of contact ion pairs as well as solvent separated ion pairs decreases with in-
creasing ion concentration. We trace this discrepancy is due to strong interactions between
caffeine and salt. Furthermore, with increasing salt concentration a modest modification

in the second solvation shell is also found in the oxygenoxygen radial distribution function
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of water molecules.

To examine the solvation of caffeine more closely we have also calculated preferential
interaction parameter. It is observed that with increasing salt concentration, a caffeine
molecule prefers to interact with another caffeine over water molecules. This fact act as a
corroborative evidence of what we observed in the caffeine-caffeine distribution function.
Our SASA calculations also show association of caffeine molecules at higher NaCl concen-
tration. The stacking arrangements among caffeine molecules can be observed from the
structure visualization taken at 5 ns intervals. In this context we note that, NMR studies
suggest that the self-association of caffeine in solution occurs through stacking with many
possible orientations of stacks [99]. Finally, in consistent with observed distribution func-
tions involving hydrophilic atomic sites of caffeine and water molecules, our hydrogen bond
properties calculations also revealed a slight decrease in the caffeine-water average number
of hydrogen bonds on addition of salt.

In the context, the present study shows the self-assocition tendency of caffeine and the
effects of NaCl salt on caffeine aggregation. The thermodynamics of self-association will

be treated in Chapter 3.






Chapter 3

Caffeine Association : Enthalpy Entropy Crossover

“Hydrophobic interactions between small apolar groups at low concentrations in water are
very different from those between large assemblies or relatively high concentrations of hydrophobic
groups in water. The former is pertinent when considering, say, the aqueous solvation of a butane

or butanol molecule. The latter is relevant to the solvation of macromolecules such as proteins.”

— K. Lum, D. Chandler, J. D. Weeks J. Phys. Chem. B 103, 4570 (1999)

41
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Overview:

The previous chapter of this thesis dealt with the self-association of caffeine in pure wa-
ter and salt solution (Chapter 2). In this chapter we have explored the thermodynamics
of self association. To examine the molecular level understanding of temperature induced
self association of caffeine molecules in aqueous solution both in presence and absence of
salt NaCl, we have performed long MD simulations at regime of temperatures ranging
from 275 K to 350 K with a temperature difference of 25 K. The calculations of different
site-site radial distribution functions followed by coordination number analyses, the cal-
culations of preferential interaction parameters, solvent accessible surface area and cluster
structure analyses show a depletion in the caffeine association propensity with increasing
temperature. We have also observed the salting out effect of caffeine molecules in salt
solution. Simultaneous presence of polar and nonpolar groups in caffeine molecule leads to
anisotropic hydration. In specific, the hydration tendency of caffeine hydrophobic sites in-
creases with increasing temperature, while hydrophilic sites tend to be less hydrated. This
leads to decrease in caffeine association. In accordance with some experimental studies on
thermodynamics of caffeine association, we have also observed enthalpy driven association
in pure water. But presence of salt leads to entropy driven association specifically at higher
temperature. This is due to the fact of relatively stronger interactions of salt ions with

caffeine at higher temperature.
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B INTRODUCTION

Water, the common environment for most biological processes, plays a significant role
in binding thermodynamics. Water structure in the vicinity of a hydrophobic solute influ-
ences the thermodynamics of hydrophobic hydration as well as water-mediated interactions
between them [69]. When a solute molecule is present in aqueous environment, its func-
tional groups interact with the surrounding water. These solutes may self aggregate in
aqueous medium depending upon the interaction of them with water. Water packs well
near small hydrophobic solutes, and dewets gradually as the solute size is increased due
to loss of attractive water-water interactions between water molecules near hydrophobic
solutes. For small hydrophobic solutes, an adjacent water molecule can straddle the solute
to make hydrogen bonds to other water molecules, with neither of its protons or lone pairs
directly pointing at the solute, and therefore, there is no loss of any hydrogen bonds [72].
But due to the restriction of rotational freedom of water molecules adjacent to the solutes,
the aggregation of such small hydrophobic solutes is entropy driven. As a consequence,
with increasing temperature the aggregation of small hydrophobic solutes are found to
be enhanced [100]. In contrast, there is a significant difference in the hydration of large
hydrophobic solutes. Hydration of large hydrophobic solutes leads to breaking of some
hydrogen bonds between water molecules, as it becomes impossible for water molecules
to straddle the surface and still maintaining the hydrogen bonds to other water molecules
(69, 73]. Therefore, when such larger hydrophobic solutes aggregate in aqueous solution,
the structured water molecules around the hydrophobic solutes are liberated, which results
in regaining of lost hydrogen bonds, and, therefore, aggregation is enthalpy driven. As
predicted by Chandler, for hydrophobic solutes in the bulk water at standard conditions,

the cross-over from one regime to the other occurs at solute size of 1 nm [74].

In the context of caffeine association in aqueous solution it is to be noted that the
simultaneous presence of hydrophobic methyl (-CH3) groups and extended flat hydropho-
bic faces, as well as three hydrophilic proton acceptor groups makes it significant for our
study. In the previous chapter (Chapter 2) we have observed that the water distribution
around caffeine molecule is highly anisotropic and solvent molecules prefer some positions
of solutes more than the other. We observed an enhancement in association of caffeine
molecules in presence of NaCl salt, and tendency of association was more at higher salt

concentration. Although, the size of caffeine molecule is considerably shorter than the
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1 nm limit, some experimental and theoretical studies show that the self-association of
caffeine is enthalpy driven [36, 67]. On the other hand, another study suggests entropy
driven association of caffeine molecules [68]. However, since both entropy and enthalpy
are strongly temperature-dependent therefore, the thermodynamic stability of caffeine-
caffeine interaction is expected to be affected largely by temperature. Thus, a complete
understanding of caffeine self-association requires a knowledge of temperature dependence
propensity of caffeine association. However, a very few experimental or theoretical studies
have been carried out to investigate the effect of temperature change on caffeine aggre-
gation. Although Origlia-Luster et al. [67] and Sanjeewa et al. [68] have temperature
induced caffeine aggregation in binary caffeine-water system, their studies were limited to
just for some thermodynamic calculations. However, no experimental or theoretical study
has been carried out on simultaneous effect of temperature and salt on caffeine aggrega-
tion. Further, salt ions are important components in the aqueous environment in biological
systems, and the hydrophobic interaction is greatly influenced by the presence of salts. A
great deal of research have been devoted to explore the interaction between hydrophobic
solutes and their hydration in different aqueous media [101, 102]. It was observed that,
as the solute-water attractions are turned on, the solvation thermodynamics also change.
Therefore, the solvation behavior of the solute critically depends on the strength of the
solute-solvent attraction. Therefore, a detailed knowledge of the effects of salt and tem-
perature on hydrophobic interactions is of fundamental interest for the understanding of

aggregation phenomena in biological systems.

In this chapter, we have investigated the self-association behavior of caffeine at different
temperature, in pure water and in NaCl salt solution. Our goals are: (i) To quantify the
simultaneous effects of NaCl salt ions and temperature on the thermodynamics of caffeine
association. (ii) To study the effect of temperature on the hydration of hydrophobic and
hydrophilic sites of caffeine. (iii) To examine any change in the formation of hydrogen bonds
between hydrophilic sites of caffeine and water at different temperature. This is important
because it affects the self association affinity of caffeine molecules. (iv) The molecular level
understanding of interactions between caffeine, water and ions in solution and their effects
on water structure, and (v) to explore the structural arrangements of caffeine molecule in

its aggregated form.

What follows in this part are brief description of the models and simulation method,

discussion of the results obtained, and finally, our concluding remarks and brief summary.
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B MODELS AND SIMULATION METHOD

We have carried out classical molecular dynamics (MD) simulations of caffeine molecules
both in pure water and in aqueous NaCl solutions at four different temperatures (275 K,
300 K, 325 K and 350 K). The basic work is done with the AMBER generated force field
for caffeine molecule as discussed in Chapter 2 [53]. For NaCl, we employ force field
parameters developed by Joung and Cheatham [84]. We have used the popular extended
simple point-charge (SPC/E) [85] model for water. The initial configurations of our systems
were prepared using packmol program [86]. MD simulations were performed with 15 caffeine
molecules (and 100 NaCl molecules in case of salt solutions) immersed in 4200 water
molecules. The concentration of caffeine is taken above its solubility limit in pure water
(0.1M) [78]. For systems containing NaCl, the salt concentrations are approximately 1.2
M. It is worth noting that for different systems, the total number of water molecules was
kept fixed at 4200 in all cases and Na®™ and Cl~ ions were added without replacing the

water molecules.

MD simulations were carried out using AMBER12 molecular dynamics package [61] in
isothermal isobaric (NPT) ensemble at four different temperatures, 275, 300, 325 and 350
K and 1 atm pressure with a time step of 2 fs. The simulation protocols were identical
to those described in Chapter 2. In order to obtain a reasonable initial structure, for
each system, the initial configurations were first energy minimized for 5000 steps with
2500 steps of steepest descent minimization, followed by 2500 steps of conjugate gradient
minimization. Each system was then heated slowly from 0 to the desired temperature over
40 ps in the canonical (NVT) ensemble. After 30 ns equilibration, the simulations were
carried out for another 75 ns production run in NPT ensemble. We have used the final 50

ns of simulation for the analysis of our results.

Since, the results obtained from MD simulations may vary with the change in force
field parameters used for different molecules thus it is important to examine if the results
obtained in our study contain a general accepted view of caffeine aggregation. To this we
have carried out another set of separate MD simulations in similar environments where
we use the force field parameters of alkali halide ions Nat and CI~ developed by Smith
and coworkers [103]. Nevertheless, it is found that the change in force field parameters of
Na™ and CI~ ions have very nominal impact on the results of our simulations (see below).
Since the two different force field parameters of salt NaCl yield very similar results for

our caffeine model [53], it would be interesting to investigate the role of caffeine force field
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parameters on its aggregation propensity in aqueous salt solutions. For this, by employing

the caffeine force filed parameters of R. Sanjeewa and S. Weerasinghe [33], we have carried

out another set of simulations using GROMACS (version 4.6.5) software package [104, 105].

As discussed above, since the force filed parameters of both the models of alkali halides

NaCl produce very similar results, we use the Smith model of NaC1 [103]. We follow the

simulation procedure as described in Reference 11. The different systems we considered for

this are briefly summarized in Table 3-1 .

Table 3-1. Overview of Simulations®

Sample No.  Neasr Nyat Nyt T(K) Cears (M)  Box Length (A) p(gem™3)
S0 15 4200 0 275 K 0.195 50.37 1.03
S1 15 4200 0 300 K 0.193 50.57 1.01
S2 15 4200 0 325 K 0.189 50.81 0.99
S3 15 4200 0 350 K 0.186 51.12 0.98
MO 15 4200 100 275 K 0.188 50.86 1.07
M1 15 4200 100 300 K 0.184 51.01 1.06
M2 15 4200 100 325 K 0.181 51.27 1.05
M3 15 4200 100 350 K 0.169 51.59 1.03
PO 15 4208 0 275 K 0.194 50.45 1.02
P1 15 4208 0 300 K 0.192 50.63 1.01
P2 15 4208 0 325 K 0.188 50.91 0.99
P3 15 4208 0 350 K 0.186 51.20 0.98
QO 15 4208 100 275 K 0.189 50.83 1.07
Q1 15 4208 100 300 K 0.187 51.04 1.06
Q2 15 4208 100 325 K 0.184 51.33 1.04
Q3 15 4208 100 350 K 0.181 51.67 1.03

Neaffy Nwat and Ngqpe, respectively, represent the number of caffeine, the number of water and the number

of NaCl in different systems. Ceqry is the caffeine concentration in different systems. For system S0-S3

and M0-M3, we use the basic caffeine model [53] and Joung and Cheatham NaCl model [84]. For system

P0-P3 and Q0-Q3, we use the Weerasinghe model for caffeine [33], and Smith model for NaC1 [103]
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H RESULTS AND DISCUSSION
Self-association of caffeine:

For molecular level understanding of the effect of temperature and NaCl salt on caffeine
self-association, we have calculated the radial distribution function (rdf), g(r), involving
center of mass of caffeine. Fig. 3-1 (a) and (b) represent the caffeine-caffeine rdf in pure
water and in salt solution, respectively, at different temperatures. The first peak of g(r)
appears at around 3.7 A and a second peak also develops at 7.2 A. It is interesting to
note that, the first peak of g(r) becomes lower and sharper with increasing temperature
from 275 K to 350 K, suggesting that the tendency for aggregation of caffeine molecules
decreases as temperature is increased. This is in contrast to the effect of temperature on
small hydrophobic molecules like methane, where increase in temperature results in increase

in self-association of the solute [100].
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Figure 3-1.Radial distribution functions of caffeine around caffeine as calculated from the center of mass
of caffeine in (a,c) pure water, and (b,d) salt solution for Joung and Cheatham model of NaCl [84]. (a,b)
shows rdf for basic caffeine model [53], and (c,d) for Weerasinghe model [33] of caffeine. Inset of (b) shows
rdf for Smith model of NaCl [103]
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In order to investigate the effect of change of force field parameters of NaCl on this
rdf, in the inset of Fig. 3-1 (b) we show how this rdf evolves as temperature is changed
for Smith model of NaCl. As can be seen that as temperature changes the rdfs behave in
very similar fashion suggesting the aggregation propensity of our model caffeine is unaware
of change in salt model considered in this study. Further, the analysis of the results for
another set of simulations of caffeine with different force-field run in GROMACS software
(i.e. Weerasinghe model [33]), we observed that at a particular temperature though the
peak height of caffeine-caffeine rdf is much lower compared to the model used in our study
(see Fig. 3-1 (c,d)), but the results show similar trends in rdf at different temperatures.

Further, from this pair correlation function, we have estimated the number of first shell
caffeine molecules around a reference caffeine molecule. This coordination number can be

calculated from the location of the first minimum in the corresponding rdf by the equation:

Nap = 47T,05/0 2o (r)dr (3.1)

where n,p represents the number of atoms of type § surrounding atom « in a shell
extending from 0 to r. (the distance of the first minimum in the distribution function
Gap(1)), and pg is the number density of § in the system. The estimation of number of
first shell caffeine molecules around a caffeine also supports the decrease in tendency of

aggregation of caffeine at higher temperature (see Fig 3-2).
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Figure 3-2.Change in first shell co-ordination number of caffeine around caffeine with expected value.
Black and red colors are for pure water and salt water, respectively. Triangles represent the caffeine

coordination numbers if the only change with added salt came through the number density of caffeine.
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In salt solution, the peak height of g(r) is significantly higher and broader at all tem-
peratures compared to pure water, indicating higher tendency of aggregation of caffeine
molecules in presence of salt (Fig. 3-1 (b)). It was expected on the basis of our study
discussed in Chapter 1 [53], which reveals salting out effect of caffeine molecules on addi-
tion of NaCl salt and higher the concentration of salt, higher is the association of caffeine
molecules. We have also noticed a higher first peak height in salt solution compared to that
of pure water system as temperature increases from 275 K to 350 K. These findings are fur-
ther supported by the spatial distribution plot of caffeine around caffeine, with an isovalue
of 2.0 as shown in Fig. 3-3. The effects of temperature and salt can be clearly visible from
the contour density plot, which shows the highest aggregation of caffeine molecules at 275
K temperature. Here we note that salt-induced enhancement in the caffeine-caffeine g(r)
values fall within 15 for all temperatures considered here. As a result the potentials of mean
force (PMF's) of caffeine-caffeine association may vary between 0.1-0.25k 5T suggesting that

caffeine salting-out effect is of second-order.
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Figure 3-3.Spatial distribution plot for caffeine around caffeine, with an isovalue of 2.0 for systems SO to

M3 from top left to bottom right.
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Figure 3-4. Probability distribution of clusters of different sizes (my, ) with respect to monomer (my) in (a)

pure water and (b) in salt solution. (c¢) and (d) are at a single temperature.

Catffeine molecules are known to aggregate in aqueous solution by forming ‘vertical-
stacking’ clusters. These stackings of caffeine molecules have also been demonstrated by
various experimental techniques, like, vapor pressure osmometry, sedimentation equilibria,
NMR, and other spectroscopic methods [43, 57, 58]. We have estimated the caffeine cluster
sizes in different systems by considering clusters as an assembly of caffeine molecules where
one caffeine molecule is within 6.4 A distance of a neighboring caffeine molecule in the
cluster. For different systems, the probability distributions of caffeine clusters of various
sizes n, with respect to the caffeine monomer are calculated. Fig. 3-4 (a) and (b) display
cluster size distribution with respect to monomer at different temperatures in pure water
and salt water system respectively and the same for single temperature is shown in Fig. 3-5
(c) and (d). The formation of higher order caffeine clusters on all systems is quite evident
and their probability of formation is the highest at 275 K temperature. The probability of

cluster size greater than 10 is negligible, and is therefore, omitted.



Chapter 3 51

Solvent Accessible Surface Area:

The solvent accessible surface area (SASA) denotes the surface area of a solute over
which contact between solute and solvent can occur. Therefore, we have calculated SASA
by taking the probe radius of 1.4 A (which corresponds to the typical size of a water
molecule) by using Visual Molecular Dynamics (VMD) program [106]. The SASA for

different systems have been estimated and these values are summarized in Table 3-2.

Table 3-2. Solvent accessible surface area per caffeine molecule for different systems

System SASA (A?) System SASA (A?)
S0 264.09 MO 251.15
S1 275.26 M1 260.03
S2 279.63 M2 265.67
S3 290.12 M3 268.71

At a particular temperature, the average value of surface area accessible to solvent
decreases in salt solution, when compared to pure water. This gives an evidence of higher
tendency of aggregation of caffeine molecules in salt solution. As temperature increases
from 275 K to 350 K, the SASA value per caffeine molecule is found to increase from
264.09 to 290.12 in pure water, and from 251.15 to 268.71 in salt water, which shows that
there is a decrease in tendency of aggregation on increasing temperature. These findings
act as corroborative evidence of what we have seen in the caffeine-caffeine rdf and caffeine

cluster structure analysis discussed above.

Preferential Interaction:

From the above discussions, it is quite evident that association propensity of caffeine
with the like molecules increases in presence of salt and the increased temperature is reduc-
ing the association tendency. In view of these, it is instructive to calculate the preferential
interaction parameter, 7, to further evaluate the effect of temperature and salts on inter-
actions between different solution species. Using Kirkwood-Buff theory, which provides a
statistical thermodynamic framework for estimating 7, we calculate the preferential inter-

action parameters of caffeine with like molecules (over water), 7¢

cw?

by using eq 3.
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chw = pC(Gcc - Gcw) (3.2)

where ¢ and w represent the solute caffeine and water molecules, respectively. G.. and
G are the Kirkwood-Buff integrals [97, 107] and they can be calculated from the caffeine-
caffeine and caffeine-water distribution functions. p. is the number density of caffeine in
a given system [68]. From the above equation (eq. 2) it is clear that the value of 75,
becomes positive when a caffeine molecule prefers to interact with other caffeine molecules
over water. On the other hand, its negative value implies the preferential hydration of

caffeine molecules.
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Figure 3-5.Preferential interaction parameters of caffeine for like molecules over water molecules (75, ),

in (a) pure water and (b) salt solution. (c¢) and (d) are at a single temperature.

Fig. 3-5 (a) and (b) depict how does the value of 75 change as function of distance for
different temperatures in pure water and salt solution respectively. The comparison of 75,
values in pure water and salt solution at a particular temperature is shown in Fig. 3-5 (c)
and (d). In consistent with previously reported value of 75, for caffeine-water binary system
[33], we also find that the value of interaction parameter is positive for all systems studied

here. Moreover, this finding suggests a greater preference of caffeine to the like molecules



Chapter 3 53

in salt solution suggesting salting-out behavior. Further, by comparing the interaction
parameter values at different temperatures, we observe that the value of 77, becomes less

positive as temperature increases for pure water systems as well for the salt solutions.

Thermodynamics of self-association:

To characterize the thermodynamics of hydrophobic interaction of caffeine molecules,
from our temperature-dependent simulations, it will be useful to study the enthalpy-entropy
contribution to the free energy of caffeine association. In order to do that, we have first
calculated the potentials of mean forces (PMFs), W(r), as a function of caffeine-caffeine

center of mass distance r by using equation 3.

W(r) = —kgTlng..(r) (3.3)

where, kg and T correspond to the Boltzmann constant and temperature respectively
and g..(r) is the distribution function involving center of mass of caffeine. Then, the
entropy is calculated from the PMFs of three temperatures by using the finite difference
temperature derivative [108-112].
W(r, T+ 0T) W(r,T —0oT)

~AS(r) = 12— B ] (3.4)

In the above equation (eq. 4) the value of 67" is 25 K. From the above value of AS(r)

the corresponding enthalpy contribution (AH(r)) can be calculated by

AH(r) = W(r) + TAS(r) (3.5)

Fig. 3-6 (a) and (b) show the entropic (-TAS(r)) and enthalpic (AH) contributions to
the PMF at 300 K and 325 K for pure water, and the same for salt solution is shown in
Fig. 3-6 (c¢) and (d). From this figure we make the following observations. (i) There are
two distinct minima in each of the PMF plots. The contact minimum (CM) at a distance
of 3.7 A is significantly deeper than the solvent separated minimum (SSM) which appears
at 7.2 A . (ii) The stabilizing effects of entropic and enthalpic contributions to the PMF
act in opposite direction to each other, and the relative proportion of the two contribution
depends on the caffeine-caffeine distances. (iii) The free energy of association shows a weak
temperature dependence in comparison to the temperature dependence of its enthalpic and

entropic components.
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Figure 3-6.Entropy and enthalpy contribution to caffeine-caffeine PMF, (a) and (c) for pure water; and
(b) and (d) for salt solution (basic caffeine model [53]).

(iv) For pure water, the CM and SSM are stabilized mainly by enthalpy, with a minor
contribution of positive entropy, (v) For pure water system, at 325 K, the stabilizing effect
of enthalpy contribution at CM is less, when compared to that of 300 K. (vi) The presence
of salt in water leads to decrease in enthalpic contribution, though at 300 K, both CM
and SSM are still highly stabilized by favorable enthalpy. In presence of salt, the entropic
contribution at CM increases slightly when compared to pure water. (vi) Importantly,
at 325 K temperature, the presence of salt makes the association phenomenon of caffeine

molecules primarily entropy driven.
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Figure 3-7.Entropy and enthalpy contribution to caffeine-caffeine PMF, (a) and (c) for pure water; and
(b) and (d) for salt solution. A combination of Weerasinghe model of caffeine [33] and Smith model of
NaCl [103] are used.

The entropic and enthalpic contributions to PMF's for the systems containing Weeras-
inghe model [33] of caffeine molecules (simulated in GROMACS software) as well as for
systems containing Smith model of NaCl are displayed in Fig. 3-7. From these figures
we have observed stabilization of CM upon salt addition. A closer look in to these figures
reveal that in pure water system at 325 K temperature, the caffeine-caffeine aggregation is
purely enthalpically driven for Weerasinghe caffeine model whereas the entropic contribu-
tion being unfavorable. On the other hand, for the major caffeine model used in this study

both enthalpy and entropy contribute to caffeine association and the contribution of the
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former is higher than the latter. Moreover, as observed for caffeine molecules used in this
study, the decomposition of caffeine-caffeine PMF for these systems into enthalpic and en-
tropic contributions also implies enthalpically driven caffeine self-association in pure water,

whereas, at 325 K in salt solution, self-association of caffeine is mostly entropy driven.

The temperature dependence of free energy at 300 K and 325 K shows very similar
plots, but the enthalpic and entropic contribution to it are not similar by any means for
any systems. Therefore, we will now try to propose an explanation for enthalpy-entropy
compensation to get a complete picture of thermodynamics on the association of caffeine
molecules. It is now well accepted that for small purely hydrophobic molecule such as
methane, its surrounding water structure and hydrogen bonding between water molecules
are not much affected. But solute-water attractive interaction plays an important role in
wetting /dewetting behaviors of large solutes like caffeine. Together with its bigger size, it
can even form H-bonds with solvent water molecules. Therefore, the presence of caffeine
molecules in water affects the hydrogen-bonding network of latter. The hydrophobic-driven
association process of caffeine will depend on the strength of solute-solvent attraction,
which may vary temperature changes and due to the presence of salt NaCl. In the next
subsections, we, therefore, will try to understand the hydration of caffeine in water and
salt solution and change in water structure due to change in temperature and the presence

of salt.

Hydration of Caffeine:

The estimation of number of water molecules in the first solvation shell of solute by using
eq. 1 provides information about the hydration pattern of caffeine. This in turn gives,
albeit indirectly, the self association of caffeine molecules. Therefore, in this section we
discuss the effect of temperature change on the association propensity of caffeine molecules
both in presence and in absence of salt. We probe the solvation of caffeine molecules
by means of site-site pair correlation functions involving different atomic sites of caffeine
and oxygen of water. Due to presence of both hydrophilic and hydrophobic groups in
caffeine molecule, it is important to understand the effect of temperature and salt on
hydration of these atomic sites which reveals better understanding of caffeine hydration.
From the site-site distribution functions (not shown) we have calculated the number of
first shell water molecules around the hydrophilic (i.e., O11, O13, N9, and HS8) as well as
hydrophobic (i.e., C10, C12 and C14) atomic sites of caffeine using equation (eq. 1). Table
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3-3 shows the number of water molecules in the first solvation shell of different atomic
sites of a caffeine molecule. In the parentheses of the same table we also include the total
number of first solvation shell water molecules when a single caffeine is immersed in similar
aqueous environments (obtained from a separate set of simulations containing only one
solute caffeine molecule). As is evident from these values that the association of caffeine

molecules causes a loss in the water molecules from its hydration shell.

Table 3-3. The number of water molecules in the first hydration shell of different

atomic sites of caffeine

Temp. (K) Systems O11 O13 N9 H8 Cl10 Cl12 Cl4 Totalcy

275 S0 2.00 190 1.27 2.16 14.97 13.84 14.87 51.01 (54.54)
MO 1.99 189 1.26 2.12 14.38 13.39 14.41 49.44 (53.90)
300 S1 1.99 188 1.27 2.13 15.25 14.35 15.09 51.96 (53.89)
M1 1.95 185 1.26 2.09 14.55 13.66 14.63 49.99 (53.30)
325 S2 1.99 181 1.22 2.06 15.43 14.59 15.31 52.41 (53.43)
M2 1.90 1.79 1.19 2.02 14.84 13.94 14.68 50.36 (52.75)
350 S3 1.91 1.80 1.19 2.03 15.58 14.76 15.53 52.80 (52.92)
M3 1.88 1.75 1.15 194 15.11 14.02 14.72 50.57 (52.25)

Totalcn represents the total number of first shell water molecules around the hydrophobic and hydrophilic

atomic sites of caffeine.

Considering the effect of salt at a given temperature first, we observe that the addition
of salt causes an exclusion of water molecules from the caffeine sites and this is true for
all temperatures considered in this study. Again, the total coordination number is found
to be the lowest for system SO when there is no salt (and system MO for salt solution).
This implies that the association of caffeine molecules is the highest at 275 K, and the
association propensity of caffeine decreases with increasing temperature. In regard to the
effect of temperature on hydration of atomic sites, one interesting point to be noted is
that the effect of temperature does not follow any particular trend for hydrophilic and
hydrophobic sites. A closer look into the first coordination number values of different sites
reveals that as temperature increases, the interaction of water molecules with hydrogen
bonding sites of caffeine viz. O11, O13, N9, and HS8 decreases slightly. This suggests
exclusion of some water molecules due to breaking of caffeine-water hydrogen bonds at

higher temperature. On the other hand, the hydrophobic methyl groups tend to be more
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hydrated at higher temperature. This shows that there is a constant competition between
hydrophobic self-association and hydrophilic hydration of caffeine, and temperature plays a
very crucial role in it. Comparing the total coordination values (C' Ny, ) for salt solutions
and the systems without salt, we notice that, as temperature is increased the difference
between them increases. For example, the difference in the C' N,y values for systems SO
and MO is 1.57 and the same for systems S3 and M3 is 2.23. This shows the effect of salt

on hydrophobic association is more pronounced as temperature increases.

— 275K
— 300K
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350K
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Figure 3-8.Site-site radial distribution functions involving: (a) Na™ -013, (b) Nat -011, and (c) ClI~

-HS. Black, red, green and blue colors are for systems M0, M1, M2 and M3 respectively.

In our previous work [53], we have reported that Na*tand CI~ ions exhibit an appreciable
amount of affinity for caffeine molecule. Therefore, to investigate the effect of temperature
on interaction of caffeine molecules with ions in salt solutions, we have shown the rdfs
between Na' ions around two electronegative carbonyl oxygens O13 (Fig. 3-8 (a)) and
O11 (Fig. 3-8 (b)) and CI~ ions around more electropositive hydrogen HS8 of caffeine
molecule (Fig. 3-8 (¢)). The affinity of Na® ions for caffeine increases with temperature

as is evident from the formation of stronger first peak in the rdf at higher temperature.
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Further, as can be seen from the pair correlation function involving CI~ ion and HS8 of
caffeine that the effect of temperature change is not very pronounced. These changes in
the rdfs are further confirmed by the spatial distribution plots (with an isovalue of 1.4) of

Na™ and Cl™ ions around these atomic sites of caffeine (see Fig. 3-9).

Figure 3-9.Spatial distribution plot of ions around caffeine, with an isovalue of 1.4 for systems MO (left)

and M3 (right). Top: Nav ions around caffeine, bottom: CI~ ions around caffeine.

Water Structure

Because of the formation of extensive water-water hydrogen bonds, water molecules
are known to be a network forming liquid. The addition of a solute, as large as caffeine,
in water causes breaking of water hydrogen bonding network. In this section we discuss
the effect of NaCl salt and caffeine on the local structure of water and how the water
structure is perturbed as temperature increases. The calculation of water oxygen-water
oxygen distribution function is an effective way to examine water structure and the same
for different systems is shown in Fig. 3-10 (a) and (b). The appearance of first and second
peak (at 2.75 A and 4.5 A respectively) in the rdf implies the presence of hydrogen bonded
first neighbor and the tetrahedrally located second neighbor. The locations of these peaks
in this distribution function are in accordance with those already reported in the literature
[113-115]. Considering the effect of increased temperature on water-water interaction in
both pure water and salt solution systems, we observe: (a) drop in first peak height, (b) a

shallower first minimum and (c) an outward shift of the position of first minimum. Here, we
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note that these observations are in consistent with that of already reported elsewhere [116]
and suggest the breaking of water structure as temperature increases. The first peak of
g(r) in pure water are slightly sharper than those in salt water, but the changes in the first
minimum and the second peak are easy to notice. It has been reported that, for salting-out
salts like NaCl, the ion-water interaction is stronger than the water-water interaction [117].

The ion-water pair correlation functions are presented in Fig. 3-10 (c¢) and (d).

_ —_— K
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Figure 3-10.(a) and (b) represent site-site radial distribution functions involving with water oxygen where
(a) is for pure water and (b) is for salt solution. (c) and (d) represent pair correlation functions involving

sodium ton-water oxygen and chloride ion-water oxygen respectively in salt solution.

It can be clearly seen that the peak height of Nat-O, is much higher than the peak
height of water-water rdf. Furthermore, the peak heights of ion-water rdf decreases with

increasing temperature indicating increased thermal disorder at higher temperature.

Hydrogen Bond Properties

Water-water and solute-water hydrogen bonding influences many important character-
istics of a solvent. As already mentioned, in aqueous solution, caffeine molecules can form
hydrogen bonds with water with its three hydrogen bonding sites, and these are two car-

bonyl oxygen O11 and O13 and ring nitrogen atom N9 [35]. All these atoms act as hydrogen
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bond acceptors for caffeine-water hydrogen bonds. We have carried out an analysis of the
average number of hydrogen bonds formed between water and these three hydrogen bond
acceptor sites of caffeine (in terms of per caffeine). In the same table we also include
the average number of water-water hydrogen bonds per water molecule. The results are

presented in Table 3-4.

Table 3-4. The number of water-water (per water) and water-caffeine (per caffeine)

hydrogen bonds in different systems

System HB,_,, HBoii—w HBois—w HBng_u

SO 3.42 1.51 1.52 0.95
S1 3.33 1.50 1.52 0.94
S2 3.23 1.48 1.48 0.93
S3 3.14 1.43 1.46 0.87
MO 3.28 1.50 1.48 0.90
M1 3.15 1.44 1.44 0.89
M2 3.07 1.43 1.41 0.87
M3 2.98 1.39 1.38 0.84

w represents water and O11, O13, and N9 correspond to the different atomic sites of caffeine. The estimated

standard errors for all data are less than 0.002.

Following earlier works [118-120], in this study we have used geometric criteria for
calculating caffeine-water and water-water hydrogen bonds. According to this hydrogen
bonding definition, two molecules are considered to be hydrogen bonded if the distance
between donor (D) and acceptor (A) is less than or equal to 3.4 A and simultaneously
the angle of H-D-A is less than 45°. As expected, the number of water-water hydrogen
bonds per water molecule is lower in salt solution compared to that of pure water systems.
Again, with increasing temperature, the number of hydrogen bonds per water molecule is
decreased from 3.42 to 3.14 in pure water; and 3.28 to 2.98 in salt water. These is due to
breaking of water structure at higher temperature. The average number of caffeine-water
hydrogen bonds is found to decrease in presence of salt at a particular temperature. This
can be attributed to the interaction of ions with caffeine carbonyl atoms (011, O13), and
also due to higher tendency of aggregation of caffeine molecules in presence of salt. As

temperature increases, there is a decrease in the number of hydrogen bonds per caffeine
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molecules, between water and hydrophilic sites of caffeine due to thermal disorder of water
molecules, which is in consistent with the our analysis of caffeine hydration at different

hydrophilic atomic sites.

B Discussions

Our results accounts for the thermodynamics of self-association process of caffeine
molecules and demonstrate the determinant role of caffeine-water, caffeine-salt interactions

as well as change in water structure due to presence of salt in water.

The free energy of association shows a weak temperature dependent, but contact well
in PMF becomes deeper in presence of salt. As already discussed, water density around
caffeine is not isotropic. The presence of hydrophilic proton acceptor groups makes caffeine
molecule partially soluble in water. But, unlike small solutes, due to its large size and
the presence of extended flat hydrophobic surface, a caffeine molecule cannot be accom-
modated inside the cavity of hydrogen-bonded network of liquid water. As a result, this
leads to breaking of hydrogen bonds of some of the water molecules around its surface. The
favorable enthalpy and entropy driven association of caffeine molecules at 300 K therefore
results from the release of water molecules from caffeine surface to the bulk water. The
release of highly ordered water molecules around caffeine contributes to entropy, whereas
the liberation of water molecules from the hydrophobic faces leads to regain of lost water-
water hydrogen bonds, contributing to enthalpy. In this regard, we further note that, some
experimental studies have reported that the association of caffeine molecules in water at
room temperature is enthalpic driven [90, 67, 121, 122]. Standard enthalpy for dimerization
reaction of aqueous caffeine at 303.15 K and 0.35 MPa pressure is reported to be -14.72
kJ/mol [67] and our calculated enthalpy of caffeine association at 300 K and 1 atm pressure
is -7.74 kJ /mol. With increasing caffeine-caffeine separation the enthalpic contribution be-
comes less favorable, until, at solvent separated distance (7.2 A ) which is highly stabilized
by enthalpy, entropic contribution being unfavorable. The rdf plot of water around the cen-
ter of mass of caffeine (not shown) shows that though water molecules are mostly excluded
from the vicinity of caffeine molecules, a stable second peak is formed between 6.3 A and 7.3
A . Tt is also reported earlier that water molecules form a highly structured layer between
two solutes at an inter-solute distance of around 7.0 A and remains so down to around an
intersolute distance of 6.0 A [123]. Therefore, below the solvent separated distance, due

to expulsion of water from the intersolute region to the bulk, this highly structured water
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layer is released, and the favorable energy arising from water-caffeine interaction is lost,

resulting in sharp increase in enthalpy, though it is still favorable (negative).

At 325 K for pure water, we notice that as inter solute distance increases, initially,
the CM is stabilized by both enthalpy and a small favorable entropic contribution, but
the entropic contribution is slightly less favorable as compared to that at 300 K, which is
further compensated by decrease in enthalpy. The enhancement in enthalpic contribution
at higher temperature correlates with experimental observations [67]. The hydration of
caffeine molecule in water shows that though there is an opposite trend for hydration of
hydrophilic and hydrophobic groups of caffeine molecules, overall as temperature increases,
caffeine molecules becomes more hydrated (See Table 3-3, and the discussions above).
Therefore, aggregation of caffeine at high temperature releases more water molecules, which
regain their lost hydrogen bonds at bulk, contributing to more favorable enthalpy. Again,
the water oxygen-oxygen rdf plot suggests breaking of water structure as temperature
increases (Fig. 3-10). This leads to an increase in entropy at 325 K. Therefore, the change
in entropy due to liberation of water molecules from caffeine surface is not much pronounced
compared to that at 300 K. The SSM is still stabilized by negative enthalpy due to the
formation of highly structured water layer at solvent separated distance. But, the enthalpic
contribution is less at higher temperature, due to higher thermal disorder at 325 K, which
results in decrease in the favorable energy arising from caffeine-water interaction at solvent

separated distance.

The presence of salt in caffeine solution affects the association thermodynamics of caf-
feine molecules. The addition of NaCl salt significantly stabilizes the contact configuration,
as indicated by the decreasing in free energy value establishing the salting out effect of NaCl
salt. Here we can note that, the salt-induced strengthening of hydrophobic interactions for
small solutes, like methane, are reported to be enthalpic in origin; whereas salting out effect
for large length scale hydrophobic moiety is entropic in nature [124, 125]. The origin of these
different thermodynamic characteristics is proposed by different mechanism of salting out
for small and large scale length molecules. In a simulation study, Mancera [124] explained
that the addition of salt results in loss of water-water hydrogen bonds thereby decreasing
the enthalpy of the system. On the other hand, for large solutes, Zangi et al [125] reported
that in presence of NaCl the salting out effect is entropic. They explained that due to the
high charge density of Na™ and Cl~ ions, there is a greater tendency of water molecules
to cluster around these ions forming hydration complexes. As a result, the less polar hy-

drophobic molecules are pushed away from water. This decreases the available surface area
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of solute molecules accessible to water, and thus the salting out effect is described to be
dominantly entropic in origin. Therefore, the thermodynamic as well as structural aspects
of hydrophobic interaction is highly sensitive to the length scale of the particles, especially
in the transition region from small to nanoscale. Though caffeine molecule is smaller than
1 ns scale, from our study and other different experimental studies [67] we have noticed
the crossover behavior of thermodynamics of solute association in water. This crossover
behavior may also affect the salting out mechanism of caffeine association in salt solution.
Unfortunately, we have no experimental data available for association thermodynamics
of caffeine molecules in salt solution. However, our study reveals the transition between
enthalpic and entropic association, and it seems that both mechanism are on interplay
depending upon temperature. At 300 K, though the CM is still stabilized by favorable en-
thalpy, its contribution is much less compared to pure water, which is compensated by more
favorable entropy, arises due to expulsion of water molecules upon aggregation. Again, it
has been found that though Na™ ions are mostly excluded from the caffeine surface, the hy-
drophilic sites of caffeine show some affinity towards Na*t ions, and it is more pronounced
at higher temperature (see Fig. 3-8). The release of ions from caffeine surface due to
aggregation at 325 K temperature further contributes to ion-water clustering, resulting in
entropy dominated contact pair formation of caffeine, the contribution of enthalpy becomes
small. Due to strong ion-water interaction, the attractive water-water interaction at solvent
separated distance decreases in salt solution, contributing less enthalpy (when compared to
pure water system) to the free energy at 300 K. On the other hand, the combining effect of
ion-water clustering and higher interaction of salt ions with caffeine at 325 K, the favorable
energy of water layer at solvent separated distance is totally entropy driven, enthalpic con-
tribution being unfavorable. Our theoretical prediction on self-association thermodynamics
of caffeine are further supported by similar trends of enthalpic and entropic to PMF in pure

water and salt solution with different caffeine and salt models.
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B SUMMARY AND CONCLUSIONS

In this chapter, we have investigated the effect temperature on the interactions of caf-
feine molecule with itself and with the solvent molecules in pure water and salt solutions.
We have considered caffeine-caffeine center of mass radial distribution function and cluster
structure analyses to understand the association propensity of caffeine. Our results show
that the overall tendency for aggregation is higher in salt solution than in pure water. As
temperature increases, probability of formation of higher order clusters decreases. Spatial
distribution plot shows vertical stacking arrangement of caffeine molecules, which gives a
trend of decreasing caffeine aggregation at higher temperature. Addition of salt enhances
the probability of caffeine distribution around itself. To get a clear picture on thermody-
namics of association, we have calculated PMF as a function of caffeine-caffeine distance,
and then calculated enthalpic and entropic contribution to PMF for both the two force field
model of caffeine, which shows qualitatively similar thermodynamic trends. Interestingly,
we have observed that for pure water both enthalpy and entropy changes are favorable for
caffeine aggregation, whereas, salt-induced strengthening of caffeine-caffeine interactions at
325 K temperature is found to be mostly entropic in nature. Water molecules form strong
hydration complex with ions due to the high charge density, which leads to exclusion of
water molecules from caffeine surface, leading to entropy driven aggregation. Salt ions, in
particular Na™ ions, interact more with hydrophilic sites of caffeine at higher temperature,
and aggregation of caffeine liberates these ions to the bulk, which adds to the entropy driven
association of caffeine. In this regard, it should be noted that though caffeine molecule is
smaller than the required 1 nm length as predicted by Chandler [74] for crossover from
entropic to enthalpic dependence of aggregation of nonpolar solutes, our analyses point out
the transition of thermodynamic behavior of caffeine association to shorter length-scale.
The robustness of results is further confirmed by estimating enthalpy-entropy contribution
to caffeine-caffeine PMF using a different caffeine (and NaC'l) model having different force
field parameters for different atomic sites. Since size of caffeine molecule falls in between
small and large solutes, the thermodynamic property of association is highly sensitive to
change in environment. The change in association tendency of caffeine molecules is also re-
flected in the hydration pattern of caffeine, and we have found excellent correlation between
thermodynamics of association and hydration of caffeine molecules. We have observed that
the highest exclusion of water molecules from caffeine surface occurs at 275 K in salt water.

It is important to note that the hydration pattern of hydrophobic and hydrophilic sites
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of caffeine does not follow similar trend and the hydration number analyses reveal that
hydrophobic sites tend to be more hydrated as temperature increases, whereas hydrophilic
sites show more exclusion of water.

Therefore, in this chapter we have discussed in brief the thermodynamics of self-aggregation
of caffeine molecules. The ‘hydrophobic effect’ is recognized as the major driving force for
intermolecular protein-protein interaction, which ultimately leads to amyloid fibril forma-
tion. Therefore, in Chapter 4 we will explore the effect of presence of caffeine on the

hydrophobic self-assembly formation.
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Inhibiting Action of Caffeine Association on the

Aggregation of di-t-butyl-methane (DTBM)

“Organic molecules can aggregate to form particles in aqueous buffers, and these aggregates
can sequester and thereby inhibit protein targets. Aggregation-based inhibition is baffling from a

chemical perspective, but viewed biophysically such behavior is expected.”

— B. K. Shoichet Drug Discov. Today 11, 607 (2006)

67
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Overview:

Hydrophobic effect is one of the major driving forces in biomolecular interactions. Bi-
ological molecules such as proteins and nucleic acids contain numerous hydrophobic com-
ponents, and their interactions plays a critical role in protein folding-unfolding and protein
aggregation. In our study, we have carried out molecular dynamics simulation of aggrega-
tion of a model hydrophobic molecule di-t-butyl-methane (DTBM) in a regime of caffeine
: DTBM stoichiometric ratio to understand the effect of caffeine on hydrophobic aggrega-
tion, and also the mechanism and mode of caffeine action. From the calculations of site-site
radial distribution functions followed by coordination number analyses and spatial distribu-
tion plots we have observed disruption of hydrophobic moieties of DTBM aggregates in 10
: 1 or more stoichiometric ratio of caffeine : DTBM systems. Calculations of binding affini-
ties, preferential interaction parameters, and effect of caffeine cluster’s size on aggregation
show that though DTBM affinity with itself is more compared to caffeine, with increasing
caffeine number this affinity decreases. On the other hand, in presence of higher number of
caffeine in the system, caffeine clusters form a hydrophobic environment in which a DTBM
molecule is encapsulated. The presence of a significant number of water molecules in this
confinement also ensures the hydration of DTBM. Moreover, these caffeine clusters also act
as a barrier and physically block the DTBM molecules to interact with the like molecules

leading to disruption of DTBM aggregates in caffeine solution.
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B INTRODUCTION

The tendency for nonpolar molecules to aggregate in solution is often referred to as
the ‘hydrophobic effect’. The hydrophobic effect is one of the most significant forces in
biological systems and is centrally important to biomolecular recognition. Despite exten-
sive research devoted to the hydrophobic aggregation, its molecular mechanisms remain
controversial. Hydrophobic hydration and hydrophobic interaction are two subdivision to
describe hydrophobic effect. These inter-related phenomena are believed to determine, to
a considerable extent, the conformation of macromolecule in aqueous solutions, the aggre-
gation of amphiphiles, enzyme-substrate binding, and the formation of micelles and bilayer
membranes. However, aggregation of unfolded proteins, which occurs mainly through the
exposed hydrophobic surfaces of protein is also thought to be associated with several disease
processes [1-5, 126]. Since biological molecules such as proteins and nucleic acids contain
numerous hydrophobic components, the exact nature of these interactions plays a critical

role in protein folding-unfolding and protein aggregation.

Therefore, an extensive study of hydrophobic aggregation is important to get a clear
understanding of how such aggregation can be inhibited. In this context, molecular dy-
namics (MD) simulations may become an important computational tool for understanding
an accurate account of the physical basis of the inhibition of hydrophobic aggregation of bi-
ological macromolecules. Also due to complexity in structure and size in big biomolecules,
it is useful to use a small hydrophobic molecule to carry out an atomic and molecular
level description of hydrophobic effect. Several studies have shown that a variety of small
organic molecules have the potential to inhibit hydrophobic aggregation in biomolecules
[14-24]. The inhibition effect of small molecule inhibitors on biomolecular aggregation are
sensitive to the stoichiometric ratio of inhibitor and biomolecules [127, 128]. Among small
organic molecules, caffeine molecule is particularly of importance for using as a drug for
several factors. 1)Caffeine (also known as 1,3,7-trimethylxanthane, (see Fig. 1) (a)) is an
inherently safe, inexpensive, readily available chemical stimulant, and probably the world’s
most widely used psychoactive substance [28, 29]. 2)Due to the amphiphilic nature of caf-
feine, it passes through all biological membrane and is absorbed into the blood stream after
being ingested and easily crosses the blood-brain barrier. 3)Recently different studies on
caffeine molecules have shown its ability to prevent aggregation of amyloidogenic protein

in human and non-human species [23-26, 129].
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Figure 4-1. The structure and atomic numbering of di-t-butyl-methane in ball-stick model. Hydrogen

atoms are left off for better visual clarity.

However, the mechanism and mode of inhibition action of caffeine is unclear and till date
no attempt has been made to explore the molecular level understanding of the inhibition of
hydrophobic aggregation. Therefore, for our study, we have explored the inhibition of self-
aggregation of a hydrophobic model probe di-t-butyl-methane (DTBM, Fig. 4-1) by caffeine
in water. DTBM molecule is already used as a model hydrophobic solute for atomic level
exploration in MD simulation study [130]. From earlier studies it is observed that because
of the presence of hydrophobic surface in caffeine molecule, it self-aggregates in water above
its solubility limit (0.1M). Caffeine molecule can form complex with different biomolecules,
DNA, and drug molecules with @ — 7 type of stacking interaction [51, 52]. However, in
our study, we have considered the hydrophobic DTBM molecule without any aromatic
part in it. This rules out any stacking type of interaction between DTBM and caffeine,
which allows us to check the mechanism of inhibitory action of caffeine, if any, on purely
hydrophobic effect. Clearly, understanding how a small organic molecule like caffeine might
play a role on hydrophobic aggregation of model DTBM molecules, will definitely shed some
light on the role of caffeine in destabilizing other hydrophobic assemblies. Therefore, in
the present work, we have employed classical molecular dynamics (MD) simulation as a
tool to understand the effect of different stoichiometric ratio of caffeine on self-association
behavior of DTBM molecules in water.

Our goals for this study are:

(i) To investigate the aggregation of DTBM in aqueous solution and in caffeine solution
with different caffeine : DTBM stoichiometric ratio. (ii) To explore the self-association of
caffeine and size and arrangements of caffeine aggregates; (iii) To understand the underlying
mechanism, if any, of inhibition of DTBM aggregation by caffeine.

The organization of the rest of the chapter is as follows. We first present the
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models and details of simulations. Results are discussed thereafter, and the last section

includes concluding remarks with a brief summary.

B MODELS AND SIMULATION METHOD

To study the effect of caffeine on the self-aggregation of hydrophobic solute di-t-butyl
methane (DTBM) classical molecular dynamics (MD) simulations were performed in pure
water as well as in presence of caffeine in water. OPLS/AA force field parameters were
employed to characterize the DTBM molecules [131]. The caffeine was modeled using
AMBER generated all atom force field as used in previous studies [53, 54]. For water
SPC/E model was employed [132].

Table 4-1. Overview of Simulations®

System Nearr Nprem  Nwa caffeine : DTBM  Ceapp(M)  box length (A) p(gem™?)

S0 0 10 4200 - 0 50.52 0.99
S1 15 10 4200 3:2 0.19 50.91 1.01
52 20 10 15000 d2:1 0.17 76.87 1.00
S3 80 10 25000 8:1 0.17 91.89 1.00
S4 100 10 25000 10: 1 0.20 92.27 1.00
S5 150 10 40000 15:1 0.21 106.33 1.01
S6 100 10 25000 10: 1 0.20 92.24 1.00

Nearf, Nprear, and Nygt refer to the number of caffeine, the number of DTBM, and the number of water

respectively. Ccqr¢ and p represent the caffeine concentration and the density of the system respectively.

To prepare the initial configurations of all the systems packmol program was used [86].
Here we note that the inhibition effect of small molecule inhibitors on aggregation are
sensitive to the stoichiometric ratio of inhibitor and biomolecules [127, 128]. Therefore,
to understand the effect of caffeine on DTBM aggregation on molecular basis, we have
prepared systems with a regime of caffeine : DTBM stoichiometric ratio. In the initial
structure, we have randomly placed 10 DTBM molecules in a cubic box and immersed in
water. Considering the same initial separation of DTBM molecules we then added varied
number of caffeine molecules to prepare systems with different caffeine : DTBM stoichio-
metric ratio. In order to understand the effect of caffeine on DTBM aggregation in more
detail, we have considered one more simulation where caffeine molecules are added to a

equilibrated DTBM-water system with DTBM clusters already formed. It has been ob-
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served that different small molecule inhibitors inhibit biomolecular aggregation by forming
chemical aggregates with like molecules [133, 134]. Here it is worth mentioning that a varied
concentration range of caffeine are generally used in different experimental and theoretical
studies [39, 78, 90, 135, 136]. In this study, we have kept the concentration of caffeine
just above the solubility limit (0.1 M) to allow the formation of self-aggregated caffeine
clusters. This is in line with the our previous studies as well as studies carried out by
other researchers in which the caffeine concentrations were kept slightly above its solubility
limit in water solvent[53, 54, 68]. An overview of different systems used in this study are
presented in Table 4-1.

All MD simulations were performed using the AMBER 12 package [61] in isothermal
isobaric (NPT) ensemble at 300 K temperature and 1 atm pressure using a time step of
2 fs. For all the systems, the initial configurations were energy minimized for 5000 steps,
with first 2500 steps in steepest descent method followed by the identical number of steps
in conjugate gradient method. The systems were then heated slowly from 0 to 300 K over
180 ps in canonical ensemble (NVT). Temperature of each of the systems was controlled by
the application of Langevin dynamics method with a collision frequency of 1 ps~!. Then
each of the systems was equilibrated for 5 ns followed by 95 ns production runs in an
isothermal-isobaric ensemble (NPT). The physical pressure was maintained by employing
Berendsen barostat with a pressure relaxation time of 2 ps [87]. For calculating short-
ranged nonbonding interactions a cutoff radius of 10 A was used. For the treatment of
long-range electrostatic interactions particle mesh Ewald method was used. For all the
systems, the edge effects were removed by considering periodic boundary conditions in
all three directions. Bonds involving hydrogens were constrained by the use of SHAKE
algorithm [137].

Here we note that the findings of our previous comparative study of different force
field parameters of caffeine (in SPC/E water) [54] reveal that in aqueous solution the
caffeine model used in this study and the one developed by Weerasinghe and co-workers
[33] behave in similar fashion in spite of the fact that our caffeine model showed slightly
more self-aggregation tendency. Furthermore, the results of a systematic comparative study
of different solute force field parameters (AMBER99, GROMOS 53A6 and OPLS-AA) in
combination with five different water models (SPC, SPC/E, TIP3P, TIP4P and TIP4P-
Ew) demonstrated that the performance of SPC/E water model is the best with all the
three force fields of the solute [138].
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B RESULTS AND DISCUSSION
Hydrophobic aggregation of DTBM and the effect of caffeine on it:

In order to understand the aggregation propensity of DTBM molecules in water and in
caffeine solutions we have calculated the number of free monomer DTBM molecules, if any,

in all systems and the same is shown in Fig. 4-2 (a) as a function of simulation time (ns).

o S0 (b)

Time (ns)

Figure 4-2. (a) Monomer count of DTBM as a function of simulation time. (b) the probability distribution

of clusters of different sizes (my) with respect monomer (my ).

For system SO in pure water, there is a sharp drop in monomer count within 10
ns, depicting a strong self-association of DTBM molecules. As a result of this all the
DTBM molecules are clustering together in order to reduce the surface contact with water
molecules. On addition of 15 caffeine molecules in the system, there is only a slight change
in the monomer count. As caffeine number increases, we see a time lag in DTBM cluster
formation. In system S5, all the DTBM molecules prefer to be in monomeric form most
of the time, showing inhibition of DTBM aggregation by caffeine. In Fig. 4-2 (b) we have
shown the probability distribution of different size of DTBM clusters (m,,) with respect to
monomer (mj). For this, we have considered clusters of size two when center of mass of
one DTBM molecule is within 7.2 A of another like molecule. Similarly, a DTBM trimer
is formed if a third DTBM molecule is present within 7.2 A of any of the dimer forming
DTBM molecules etc. This cut off distance is obtained from the position of the first minima

in DTBM-DTBM rdf (Fig. 4-3 (a)). Monomers are considered as those DTBM molecules



74 Chapter 4

which are not within the cut off distance of any other DTBM molecules. We observe that
for system SO, the probability of cluster size 10 is even higher than that of monomer in-
dicating a highly aggregating behavior of DTBM molecules. In presence of caffeine, the
number of higher order DTBM clusters decreases, and with increasing caffeine number the

probability of finding clusters with respect to monomer tends to zero.
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Figure 4-3. (a,b) Radial distribution functions of DTBM around DTBM involving the central carbon
atom (C2), and involving methyl groups of DTBM in different systems, and (c) spatial distribution plots
for DTBM around DTBM, with an isovalue of 1.2. Left to right: Systems SO to S6.

In order to gain insight into the intermolecular interaction between DTBM molecules
we have calculated radial distribution functions (rdf) involving the central carbon atom of
DTBM molecule (C2-C2) for all systems, and these are shown in Fig. 4-3 (a). We observe
that with increasing caffeine number in the system, the peak height initially decreases
slightly for systems S0-S3. However, in system S4 a sharp depletion in the peak height is
observed, which continues to decrease even further for system S5. We also present the rdfs
involving methyl groups of DTBM in Fig. 4-3 (b). The contact peak, which appears at 4.15
A, shows a sharp drop in its height for systems S4 and S5. The spatial density plot of DTBM
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around DTBM with an isovalue of 1.2 clearly shows the change in the aggregation pattern
of DTBM with increasing caffeine number (see Fig. 4-3 (c)). Sdf plot shows negligible
density of DTBM around DTBM for system S5, which indicates that almost all the DTBM
molecules are separated from each other and there is the least probability of finding DTBM
molecule near another like molecule. Furthermore, we have done a quantitative estimation
of number of DTBM molecules that are present in the first solvation shell of central atom
and methyl carbon of DTBM (and the possible effect of presence of caffeine molecules on

to it) from the respective pair correlation functions by the equation: [139]

Nag = 47T,05/ 72 gap(r)dr (4.1)

0
where n,p refers to the number of atoms of atom type § surrounding atom type o.
r. and pg are the distance of the first minimum in the pair-correlation function, g.s(r),
and number density of  in the system respectively. It is observed that for DTBM-DTBM
interaction, coordination number does not change much up to system S3, however, for S4

and S5 there is a drastic drop in its value (see Table 4-2).

Table 4-2. Number of first shell coordination number of DTBM and water around

selected atomic sites of DTBM molecule.

system Dco — Deo Dcy — Doy Doy — wat Doy — wat Doy — wat
SO 1.78 (£ 0.02) 0.59 (£ 0.01) 27.17 (£ 0.05) 13.87 (£ 0.02) 4.07 (£ 0.01)
S1 1.76(% 0.01) 0.56 (4 0.01) 22.44 (£ 0.02) 12.52 (£ 0.03) 3.78 (£ 0.01)
S2 1.33 (£ 0.03) 0.45 (£ 0.02) 25.80 (£ 0.02) 13.91 (£ 0.02) 4.01 (£ 0.01)
S3 1.01 (4 0.02) 0.36 (£ 0.02) 28.89 (£ 0.03) 14.08 (4 0.04) 4.09 (£ 0.02)
S4 0.34 (£ 0.03) 0.08 (£ 0.01) 32.34 (£ 0.02) 16.93 (£ 0.02) 5.23 (£ 0.01)
Sh 0.16 (£ 0.02) 0.03 (£ 0.02) 33.61 (£ 0.03) 17.40 (£ 0.02) 5.33 (£ 0.02)

It is a well accepted fact that in aqueous solution the self-aggregation propensity of a
non-polar solute molecule is closely related to its hydration pattern. The hydration and
concept of dewetting of solute is length-scale dependant When hydrophobic solute molecules
are present in water, the solute interact with the surrounding water, and depending on the
interaction, the solute self-aggregate in aqueous solution [54, 140-143]. Thus, in order
to obtain the molecular details of DTBM hydration, it is important to consider various
structural properties which provide the information about it. This instructs us to compute
selected site-site rdfs between DTBM (C2, C1 and C4 atoms) and water (oxygen atom)
and these are shown in Fig. 4-4 (a,b,c).
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Figure 4-4.Radial distribution functions involving water and selected atomic sites of DTBM. (a) water
around central (C2) atom, (b) water around C1 atom, and (c) water around C4 atom of DTBM for different

systems.

Considering the hydration of DTBM in pure water first, we find that, the height of the
first peak is below the bulk density for all these selected atomic sites of DTBM. This indi-
cates the exclusion of water from DTBM surface due to hydrophobic aggregation of DTBM
molecules. On addition of caffeine for system S0-S3, the first peak height in DTBMo-water,
DTBM¢-water and DTBMy-water rdfs remains almost unaffected. This correlates with
the fact that there is no apparent enhancement of hydrophobic aggregation of DTBM in
these system (see Table 4-2). The hydration tendency of hydrophobic DTBM molecule
increases abruptly for systems S4 and S5 due to disruption of DTBM aggregates, and we
observe a sharp increase in the peak height of this distribution function. The first peak
height of DTBM¢o-water and DTBM¢-water is above the bulk in these two systems sug-
gesting extensive hydration of DTBM in presence of higher caffeine : DTBM stoichiometric
ratio in the system. Concentrating on DTBM-water coordination numbers (see Table 4-
2), we find that there is only a slight increase in the number of first solvation shell water
molecules up to system S3. But for the systems S4 and S5, a sharp increase in its value is
observed. This finding is in agreement with the DTBM-water rdfs discussed below.

These findings motivate us to calculate the average solvent accessible surface area
(SASA) of DTBM. SASA provides information about the surface area of a solute over

which the contact between solute and solvent can occur. In Table 4-3 we have tabulated
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the SASA values for different systems.

Table 4-3. Solvent accessible surface area (SASA) per DTBM for different systems.

System SASA (A?)
S0 179.31 (£ 2.42)
S1 175.99 (£ 3.01)
S2 181.23 (£ 2.30)
S3 185.61 (% 2.50)
S4 276.15 (£ 2.60)
S5 208.36 (+ 3.01)

In accordance with the hydration number analysis discussed above (also see Table 4-2),
SASA values also give an evidence of a much higher hydration of DTBM for systems S4
and S5. Focusing on the hydration of methyl group of DTBM (i.e., C4 atom), we find that
though the trend of hydration is similar to that of other atomic sites of DTBM, the peak
height of DTBM¢gy-water distribution function is always below bulk density even for system
S5. In this regard we note that the first peak in this rdf appears at about 3.6 A with first
minimum at 5 A and a solvent separated minima at 7.3 A which is in consistent with
the hydration of methane in water reported elsewhere [144]. Nevertheless, the first peak
height of this rdf gives us an indication that DTBM molecules may prefer to be associated
with itself and caffeine molecules through its methyl groups. This fact further implies that
these methyl groups of DTBM prefer caffeine over water in its solvation shell even after
disruption of DTBM aggregates.

From all the above observations the inhibitory effect of caffeine on hydrophobic ag-
gregation of DTBM molecules is quite evident. But, the underlying mechanism by which
caffeine prevents the self-aggregation of DTBM is unclear. Thus, in the following sections
we try to define a mechanism by which the aggregation of hydrophobic solutes DTBM is

inhibited in presence of higher caffeine : DTBM stoichiometric ratio in the system.

Self-association of caffeine:

It has been found in the literature that the ability of self-assembly is a general property
of small organic molecule inhibitors [133, 134, 145]. In view of this we have also ana-
lyzed the self-association of caffeine in different systems. Different experimental studies,
like, vapor pressure osmometry, sedimentation equilibria, NMR, and other spectroscopic
methods [55, 56, 146] have demonstrated that caffeine molecules self-associate in aqueous

solution by forming ‘vertical-stacking’ of clusters. The probability distribution of preferred
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‘vertical-stacking’ is also observed in some theoretical studies [77]. In order to examine
the orientational preference of aromatic plane of a caffeine molecule with that of another
caffeine molecule, we define the inter-plane angle as the angle between the vectors normal
to the respective planes. In Fig. 4-5 we have shown the normalized probability distribution
of cosine P(cos(f)) of inter-plane orientational angles made by the plane normal vectors of
two caffeine molecules. The cosine of angle # close to 1 and -1 corresponds to parallel and
anti-parallel orientations, and cos() close to 0 corresponds to perpendicular orientation
of aromatic plane of caffeine molecules. We have observed that the preferred arrangement
of two caffeine plane are parallel (and anti-parallel), which depicts aromatic stacking of
caffeine one above another in parallel arrangement. Similar distribution probabilities of

different orientation is also observed for the positively charged guanidium ions in water
[147].
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Figure 4-5.0rientational preference of aromatic plane between two caffeine molecules.

In order to examine the self-association of caffeine molecules in different solutions con-
sidered in this study, we have shown the rdf of center of mass of caffeine around caffeine
and are shown in Fig. 4-6 (a). The self-association tendency of caffeine increases only
slightly from system S1 to S5 as the concentration of caffeine doesn’t change much in the
systems. The rdfs of water around caffeine also depicts the same behavior (see Fig. 4-6 (b))
. This indicates that it is not the aggregation propensity of caffeine, however the cluster
size and number of aggregates which effects the DTBM aggregation. In order to make
a quantitative estimation of self-association of caffeine molecules, we have performed the

cluster structure analyses of caffeine and examine the probability distribution of caffeine
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clusters of different sizes (m,,) with respect to monomer (m;). This is shown in Fig. 4-6
(c). Following earlier studies, to estimate the cluster size, we have considered clusters as
an assembly of stacked caffeine molecules, with neighboring caffeine molecules within 6.4

A of each caffeine molecules [53, 54].
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Figure 4-6. Radial distribution functions involving (a) center of mass of caffeine around caffeine, (b) water
around caffeine, and (c) probability distribution of caffeine clusters of different sizes (m,) with respect to

caffeine monomer (my ).

From Fig. 4-2 (a) we can see that association tendency of DTBM remains constant after
60 ns. Therefore, we have considered the first 60 ns for caffeine cluster structure analyses to
interpret the effect of caffeine clusters on DTBM association. It is observed that although
the concentration of caffeine is above the solubility limit, all caffeine molecules does not
cluster together to form a single assembly. It has been observed in our analyses that the
probability of formation of cluster size greater than 15 is negligible, and therefore those are
not shown in the figure. It can further be seen that the probability of formation of caffeine

clusters of size 3 to 10 increases from system SO to S5.

Mechanism of inhibition of hydrophobic aggregation of DTBM by caffeine ag-

gregates:

Now the key question is how these higher numbers of medium order caffeine aggregates

inhibits the hydrophobic association of DTBM molecules. From the above analyses of hy-
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dration of DTBM molecules, it is clear that in caffeine solutions with higher stoichiometric
ratio of caffeine, the hydration of DTBM increases extensively compared to pure water. This
relatively higher hydration of DTBM in caffeine solution (despite its water-insolubility) is
only possible if 1) The self-association of caffeine provides a hydrophobic environment for
DTBM molecule (within the confinement of caffeine aggregates), and/or 2) if there is a
strong interaction of DTBM and caffeine, due to which DTBM molecules prefers to bind
with caffeine, leading to disruption of DTBM aggregates. In this regard it should also be
kept in mind that several factors could results in time-dependent inhibition by aggregates,
such as, cluster size of caffeine aggregates, arrangement of caffeine in aggregates, role of
interaction of caffeine aggregates with DTBM, number of caffeine, and number of DTBM.
As the inhibiting action of organic aggregates is extremely sensitive to the stoichiometric
ratio of both of inhibitors and hydrophobic biomolecules [127, 148], therefore, in this study
we have kept the number of D'TBM molecules fixed in all systems, which helps us to better
understand the role of caffeine aggregates solely on hydrophobic association of DTBM.

Figure 4-7.Snapshot of water around DTBM inside the confinement of caffeine for system S5 at 100 ns.

Red, cyan and colors are for DTBM, caffeine and water inside the confinement respectively.

As the hydration of DTBM increases with increasing caffeine ratio, it can be assumed
that the only probable location of hydrophobic DTBM molecules is some hydrophobic
pocket made by caffeine in aqueous solution of caffeine. The water molecules bound to

caffeine aggregates and inside the confinement of caffeine aggregates might interact with
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DTBM surface leading to hydration of DTBM. In this regard we have shown the snapshots
of systems S5 at 100 ns, which shows clearly how DTBM molecules are encapsulated within
caffeine clusters and interaction of water with DTBM within the confinement (see Fig. 4-7).

Here it is to be noted that a single snapshot does not provide the complete picture of a
given system, which, in fact, is very dynamical in nature. Therefore, to gain more insights
into the interaction of caffeine and DTBM, we have calculated rdf involving center of mass

of caffeine and DTBM central atom (C2) and are shown in Fig. 4-8 (a).
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Figure 4-8.(a) Radial distribution functions involving caffeine around DTBM for different systems, (b)
spatial distribution plots for caffeine around DTBM, with an isovalue of 1.2. Left to right: Systems S1 to
S5.

We observe that although the caffeine concentration in all the systems are similar,
the peak height of DTBM-caffeine rdf increases with increasing caffeine number in the
system. To understand the localized caffeine-DTBM interaction pattern for the whole
trajectory, we have shown the sdf plot of caffeine around DTBM with an isovalue of 1.2

for all the systems (see Fig. 4-8 (b)). The spatial density of caffeine around DTBM is
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circular, and it increases with increasing caffeine number in the system. This suggests
the encapsulation of DTBM molecules by caffeine, which results in inhibition of DTBM
self-aggregation. For the encapsulation and physically blocking the DTBM molecules to
interact with each other to form aggregates, there should be enough number of medium-
sized caffeine clusters, which form a tight confinement around DTBM molecules. Therefore,
an increase in caffeine stoichiometric ratio leads to better inhibition by caffeine. Here it
is worth to mention that the confinement created by the medium-sized caffeine cluster is
not void of any water molecules. Indeed, the average number of water molecules around
DTBM inside the confinement of caffeine aggregates is found to be 16.76 for system S5.
In order to understand the binding affinities of DTBM molecules with caffeine and
water, we have calculated binding free energies from potentials of mean force (PMF). PMF

can be obtained from the corresponding rdf, g(r), using the relation:

W (r) = —kgTlng(r) (4.2)

where kg is the Boltzmann constant, T is the temperature. The binding free energy

[149] of solute-solute and solute-solvent can be calculated from the volume integral of the
PMF as

E, = —k;BTln[47r/V/0rcexp(—W(fr‘)/k‘BT)r?dr] (4.3)
where
V =dxr}/3 (4.4)

is the volume occupied by the associated pair of interacting molecules. A negative value
of Ej, shows attractive affinity and the larger the value of Ej, (absolute value), the higher
is the affinity of binding. In Table 4-4 we have shown the binding affinities of DTBM with
DTBM, caffeine and water.

Table 4-4. Binding energy (in kcal/mole) of DTBM with itself, Caffeine and Water

Systems DTBM-DTBM DTBM-Caft DTBM-water
SO -6.68 (£ 0.02) -5.59 (£ 0.01)
S1 -6.69 (£ 0.02) -5.75 (£ 0.01) -5.61 (£ 0.02)
S2 -6.65 (£ 0.01) -5.88 (£ 0.01) -5.65 (£ 0.03)
S3 -6.60 (£ 0.02) -6.09 (£ 0.02) -5.67 (+ 0.02)
S4 -6.30 (£ 0.03) -6.29 (+ 0.02) -5.86 (£ 0.02)
S5 -6.12 (£ 0.02) -6.47 (£ 0.01) -5.98 (+ 0.01)
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The binding affinity values of DTBM with different solution species give explanation of
our observation of aggregation propensity of DTBM in different caffeine solution. It can
be seen that binding free energy of DTBM with itself is the highest, and with water it
is the lowest. DTBM-DTBM binding free energy is the highest for SO and lowest for S5,
whereas, DTBM-caffeine binding free energy increases with increasing caffeine number in
the system.

On molecular level, the effect of caffeine on DTBM aggregation can be characterized
in terms of preferential molecular interaction between DTBM-caffeine and DTBM-water
interaction relative to DTBM-DTBM interaction [150]. The distribution functions are
directly related to the cosolvent preferential interaction parameter through Kirkwood-Buff
integrals [94-98|, which provide a statistical thermodynamic framework for evaluating the
preferential interaction parameter, 74, for a solute (d, for DTBM), in the solvent mixture

cw’

of water (w, for water) and a cosolute (c, for caffeine) via-

7y = pe(Gae — Gaw) (4.5)

where, p. is the number density of the cosolvent (caffeine) and Gy and Gy, are
Kirkwood-Buff G factors.
Preferential interaction parameter of DTBM with itself over water 74, can be calculated

by the following expression:

74y = Pa(Gad — Gaw) (4.6)

We have also evaluated the preferential interaction parameter of DTBM with itself over

caffeine 74 by the expression:

7. = pa(Gaa — Gac) (4.7)

where pg is the number density of DTBM in a given system. Gg., Gaw, and Gy are
the Kirkwood-Buff integrals [107, ?] and they can be evaluated from the DTBM-caffeine,
DTBM-water and DTBM-DTBM distribution functions respectively.

For a grand canonical ensemble, G;; is defined as

Gij = 47?/000 [gi(r) — 1)r2dr (4.8)

For a closed system, the above equation can be written as
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R
G, ~ i / g1y (r) — 1]r2dr (4.9)
0
where R is the distance where the integral approaches zero.

Preferential interaction parameters for DTBM at different stoichiometric ratio of caffeine

are shown in Fig. 4-9.
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Figure 4-9. Preferential interaction parameters of DTBM for like molecules, caffeine and water in different

systems.

From the figure we can see that for system SO to S3 79, > 0, and 74, > 0 indicating the
preferential accumulation of DTBM around itself relative to water and caffeine. However,
as caffeine number increases, 74, and 7%, decreases, and for system S4 and S5, 74, is negative
implying a relatively more preference for caffeine over itself of DTBM molecules in higher
stoichiometric ratio of caffeine solutions. Now it seems that there is a constant competition
between DTBM hydration and DTBM caffeine interaction as caffeine number increases in
the solution. Preferential interaction parameters calculated for DTBM with caffeine over

water, 7%

cw’

show positive values, indicating more preference towards caffeine over water
by DTBM molecule. 72 increases with increasing caffeine number from system S1 to S5
indicating increasing DTBM-caffeine interaction with increasing caffeine number in the
system. Given the above observations that there is a sharp drop in 74, and 74, values from
S1 to S5 is possible only when DTBM molecule is confined within the caffeine clusters.
Therefore, all the above analyses clearly illustrates the physical blocking of DTBM
molecules by caffeine aggregates. Thus, the higher propensity of DTBM-caffeine and
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DTBM-water interactions at higher caffeine : DTBM stoichiometric ratio as well as the
entrapment of DTBM molecule in caffeine clusters are the reason for the dissolution of
DTBM aggregates.

Effect of caffeine on previously aggregated DTBM systems:

It can be assumed from the above analyses that caffeine aggregates, once formed, can
physically blocks the DTBM molecules, thereby preventing them to form hydrophobic ag-
gregates. To further characterize whether caffeine clusters can sequester DTBM molecules
from aggregates and break the already formed DTBM clusters, we have considered an
equilibrated DTBM-water system where DTBM clusters are already formed, and then we
added 100 caffeine molecules to it (system S6).

In Fig. 4-2 (a), we have shown the monomer count of DTBM as a function of simulation
time (ns). Although the DTBM clusters are already aggregated in the initial structure, we
observed the presence of monomers as time progresses. The rdfs involving DTBM-DTBM
central carbon and methyl-methyl of DTBM in Fig. 4-3 (a and b) show a decrease in peak
height compared to system SO, where all DTBM molecules are aggregated. This change
in peak heights depicts the role of caffeine clusters in prohibiting hydrophobic aggregation
of DTBM. However, the peak heights of system S6 are higher compared to 5S4, although
the systems have same stoichiometric ratio of caffeine and DTBM. Further, for system S6,
the sdf plot of DTBM around DTBM (see Fig. 4-3 (c)) reveals that a complete disruption
of already aggregated DTBM molecules is not achieved when caffeine molecules with the
same stoichiometric ratio (of that of system S4) are added in DTBM-water binary mixture.
Since the stoichiometric ratios of caffeine to DTBM are the same for systems S4 and S6,
we have, further, computed potential of mean forces (PMFs) of DTBM association for
these two systems. It is found that for system S6 the PMF of DTBM association is -
6.71 kJ/mol with a standard error (calculated using block averaging method) of £+ 0.77
and the same for system S4 it is -3.16 kJ/mol with a standard error of £+ 0.60. Here
it is worth mentioning that even though our simulations are quite lengthy (100 ns), the
difference between the PMF values of DTBM association for systems S4 and S6 might
be an outcome of shortage of simulation time for the latter system. Therefore, although
caffeine molecules fail to disaggregate already associated DTBM molecules completely, the
time dependence of breaking the DTBM aggregates validate our proposed mechanism of

inhibition of hydrophobic self-association of DTBM by caffeine aggregates.
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B SUMMARY AND CONCLUSIONS

In this work, we have carried out molecular dynamics simulations of 10 hydrophobic
model DTBM molecules in pure water and in a regime of caffeine : DTBM stoichiometric
ratio. In order to monitor the effects of caffeine on DTBM aggregation, we have calculated
radial distribution functions between the central carbons of DTBM, and between methyl
group carbons. We have also analyzed coordination number at first minima in rdf and
spatial distribution plot to check the overall interaction of DTBM-DTBM, DTBM-caffeine
and DTBM-water in caffeine solution. Our results show that the tendency of DTBM
aggregation is only slightly affected at lower stoichiometric ratio of caffeine. Hydration of
DTBM is unaffected initially with increasing caffeine number, but as the caffeine : DTBM
stoichiometric ratio increases to 10 : 1 or more, the hydration of DTBM increases. The
sharp increase in DTBM hydration despite the fact that it is highly hydrophobic in nature
shows the disaggregation of DTBM. The preferential interaction of DTBM with caffeine
over water is positive for all system, suggesting the more preference of DTBM molecules
for caffeine over water. Cluster structure analyses, sdf plots of caffeine around DTBM and
snapshots of the trajectory reveals that caffeine aggregates form a hydrophobic environment
around a DTBM molecule, and DTBM interacts with water within the confinement of
caffeine aggregates. DTBM-DTBM binding free energy is found to be more favorable than
DTBM-caffeine for all systems, but it becomes more unfavorable with increasing caffeine
number, whereas, DTBM-caffeine binding free energy becomes more favorable. To further
verify our observation, we have considered one more system where DTBM molecules are
already aggregated and formed cluster, and caffeine molecules are added later to check
the sequestering ability of DTBM by caffeine molecules. We have observed the breaking
of DTBM cluster in presence of caffeine in the system. These findings ultimately lead us
to propose that, at high caffeine : DTBM stoichiometric ratio, due to increase in DTBM-
caffeine interaction and presence of higher numbers of caffeine clusters, DTBM molecules
are encapsulated within a number of different caffeine clusters. These caffeine clusters form
a hydrophobic environment for DTBM in which the presence of considerable amount water
molecules also ensures the hydration of DTBM . Moreover, these caffeine clusters then
also physically block the other DTBM molecules to interact with the encapsulated DTBM

molecule, leading to disruption of DTBM clusters in concentrated caffeine solutions.

As the hydrophobic interaction is a substantial factor to the self-aggregation of proteins,
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the atomic level description of disruption of protein aggregates with caffeine may be revealed

using molecular simulation study, and work along this direction is already underway.






Chapter 5

The Role Caffeine as an Inhibitor in Aggregation of
Amyloid Forming Peptides

“Protein aggregation is arguably the most common and troubling manifestation of protein
instability, encountered in almost all stages of protein drug development. Protein aggregation,
along with other physical and/or chemical instabilities of proteins, remains to be one of the major

road barriers hindering rapid commercialization of potential protein drug candidates.”

— W. Wang Int J Pharm. 289, 1 (2005)

89
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Overview:

In Chapter 4, we have observed the inhibiting effect of caffeine on hydrophobic aggre-
gation of purely hydrophobic model DTBM molecules. These results further led us to study
the effect of caffeine directly on protein aggregation, which is more complex compared to
the purely hydrophobic assocition. From the results of several studies it is believed that
caffeine can prevent the development of Alzheimer’s disease. However, the molecular mech-
anism of the therapeutic potential of caffeine is largely unknown. In this chapter, we have
investigated the effect of caffeine on the aggregation of amyloid-5 derived switch-peptide
with varied stoichiometric ratio of caffeine to peptide. Our molecular dynamics study of
peptides in pure water show the formation of (-sheet conformation, which is prevented
to a large extent in presence of 10:1 or more caffeine to peptide ratio. We have observed
that caffeine can inhibit the formation of S-sheet by interacting with the peptide aromatic
moiety. A detailed molecular dynamics analyses on inhibition of peptide aggregation by
caffeine further revealed that caffeine molecules form hydrogen bonds with peptide thereby
weakening the interstrand hydrogen bonds between peptides. Again, the self-aggregated
caffeine clusters form a hydrophobic environment around hydrophobic residues of peptides,

and physically blocks them to interact with each other.
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B INTRODUCTION

Physicochemical properties such as conformational constrains, hydrophobicity, net charge
and aromatic stacking interactions of aromatic residues play a key role in aggregation of
otherwise normally soluble proteins into insoluble amyloid aggregates. Different experi-
mental studies revealed that a notable frequent occurrence of aromatic residues in different
amyloid-related peptides raises the possibility of amyloid formation process. Amyloid fibril
formation is basically a process of intermolecular recognition. m-stacking interaction can
provide specific directionality and orientation by specific pattern of stacking leading to
ordered amyloid structure. The immediate previous chapter of this thesis dealt with inhi-
bition action of caffeine on aggregation of purely hydrophobic DTBM molecules. Although
the hydrophobic effect is one of the major factors stabilizing the tertiary structures of pro-
teins, however, hydrogen bonding and electrostatic interactions also play crucial roles in
protein aggregation. Therefore, in this chapter, we study the inhibiting effect of caffeine on
amyloid aggregation with more realistic 18-residue amyloid-g derived switch-peptide. Ag-
gregation of Amyloid peptides (Af) plays a central role in the pathogenesis of Alzheimer’s
disease, the devastating neurodegenerative disease. Since, the A peptide exhibits a high
propensity for spontaneous aggregation, the initial stages of oligomer formation are difficult
to characterize. Mutter’s group have introduced conformational switch-peptides by incor-
poration of an intramolecular O to an N-acyl migration-based molecular switch that allows
the controlled initiation of a folding process even in highly amyloidogenic polypeptides
[151]. Therefore, to understand the effect of caffeine on amyloid aggregation and mecha-
nism and mode of caffeine action we have used a switch peptide (SwP) which contains two

Phe rings in its side chain [152]. The amino acid sequence of the SwP is as follows:
AcSLSLHQKLVFFSEDVSLGNH; (S,, or Switch-on state)
AcSLSLHQKLVFF (H")SEDVSLGNH, (S, or Switch-off state)
In SwP the hydrophobic core of A, which comprises of residues 14-24 (HQKLVFFSEDV),
is flanked by two (Leu-Ser),, oligomers.

In recent study of the investigation of early stages of aggregation of AS-derived switch-
peptides, it has been revealed that aromatic stacking of phenylalanine (Phe) residues occur
prior to aggregate formation, which ultimately leads to the formation of amyloid fibril
[152]. This hypothesis (regarding the key role of m-stacking interaction) postulates that

drugs that can block m-stacking interaction may inhibit the amyloid formation. Different
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theoretical and experimental studies showed that caffeine molecules form complex with dif-
ferent biomolecules;, DNA, and drug molecules with m-stacking interaction [51, 52]. Caffeine
molecule also self-aggregates in aqueous solution and the aromatic ring of its play a central
role to form high-order caffeine clusters [53-56]. Therefore, caffeine molecule seems to be
a potential candidate as an inhibitor of amyloid, and can act as a potent drug controlling
amyloid disease. Thus, in this work, we attempt to explore the effect of caffeine on protein

aggregation and to understand the underlying mechanism of caffeine action.

The organization of the rest of the chapter is as follows. We first present the
models and details of simulations. Results are discussed thereafter, and the last section

includes concluding remarks with a brief summary:.

B MODELS AND SIMULATION METHOD

The caffeine solute was modeled by using AMBER generated all atom force field as
described in Chapter 2 [53]. For the SwP (S,, or Switch-on state) the ff99SB force field
parameters were used [153], and the popular extended simple point-charge (SPC/E) model

was employed for water molecules [132].

The initial configurations of the systems were prepared with packmol program [86].
At first, five fully stretched SwP were randomly placed and immersed in a cubic box of
water with sufficient separation between them. Here we note that the inhibition action of
the inhibitor on peptide is found to be extremely sensitive to the stoichiometric ratio of
peptide and inhibitor as pointed out by several studies [148, 127]. Increasing the protein
concentration dramatically diminishes the potency of different small molecule inhibitors.
On the other hand, increasing the inhibitor concentration by similar amount would return
efficacy. Therefore, the effects of inhibition of such small molecules on protein aggregation
are regarded as a stoichiometric mechanism, with stoichiometries like thousands of inhibitor
molecules to one protein [127, 128]. From the studies of different small molecule inhibitors
it is revealed that inhibitors inhibit amyloid formation by forming chemical aggregates with
the like molecules [133, 134, 145]. In our previous studies we have observed that caffeine
molecules self-aggregate above its solubility limit of 0.1 M [53]|. Therefore, in this study we
kept the concentrations of caffeine for all systems slightly above its solubility limit. To the
initial structures of five SwP in water we varied the number of caffeine molecules, and an

overview of different systems considered in this study is presented in Table 5-1.
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Table 5-1. Overview of Simulations?

System  Nearr Nswp  Nuwat  Ceapr(M) caffeine : SwP  box length(A) p (g em™3)

S0 0 3 4200 0 — 50.52 0.98
S1 15 5 4200 0.19 3:1 50.91 0.99
52 20 3 15000 0.17 10:1 77.46 1.00
S3 80 d 25000 0.17 16:1 92.22 0.99
S4 100 d 25000 0.20 20:1 92.61 0.99

Neaff, Nswp, and Nyqt represent the number of caffeine, the number of SwP and the number of water
molecules respectively. Cgufrr and p refer to the caffeine concentration and the density of the system

respectively.

The MD simulations were conducted using AMBER 12 package [61] in isothermal iso-
baric (NPT) ensemble. All simulations were subjected to energy minimization for 5000
steps, with first 2500 steps in steepest descent method followed by the equal number of
steps in conjugate gradient method. The systems were then heated gradually by increasing
the temperature from 0 to 300 K over 180 ps in a canonical ensemble (NVT). Langevin
dynamics method was used to maintain the desired temperature [154]. All the simulations
were then equilibrated for 5 ns in an isothermal-isobaric ensemble (NPT) at 1 atm pressure,
which were again followed by 95 ns production run in NPT ensemble. Berendsen’s barostat
[87] with a pressure coupling constant of 2 ps was used to maintain the physical pressure.
The short-ranged van der Waals (VDW) interactions were calculated using the switching
function, with a cutoff radius of 10 A . The long-ranged electrostatic interactions were
calculated using the particle mesh Ewald method [155]. Bonds involving hydrogens were

constrained by use of SHAKE algorithm [137].
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B RESULTS AND DISCUSSION

Self-aggregation of Switch-peptide in pure water and different caffeine solution:

Different proteins have been reported to form amyloid fibrils. A combination of different
steps ultimately leads to the formation of the fibrils. In the initial stage, protein monomers
self-assemble and oligomers are formed. These oligomers later finally evolve into mature
amyloid fibrils by [-sheet formation. Due to the long chain length of the SwP with 18
amino acids present, and as we have started with placing them randomly in the simulation
box without any constrains, the formation of the ordered [-sheet structure is least expected
in MD simulations. However, we observe the formation of anti-parallel 5-sheets in the final
state of the oligomer formation of peptides for system SO (see Fig. 5-1). This indicates the

highly amyloidogenic nature of SwP in pure water.

Figure 5-1.Snap-shot of peptide SwP aggregation in system SO at the final state.

To probe the time evolution of peptide aggregation, we have shown the distribution of
cluster sizes of peptide with simulation time for all systems (see Fig. 5-2). The two peptides
are considered to form clusters when residues of one peptide are within 7 A of residues of
another peptide. We observe that in pure water system all the five peptide aggregate and
form stable clusters of size 5 after 30 ns simulation run. In presence of caffeine in system
S1, we still observe cluster formation and breaking all throughout the simulation. However,
with increasing caffeine number in the system, the aggregate formation tendency of caffeine

decreases, and in system S3 and S4, peptide exists as monomers at 100 ns.
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Figure 5-2.Time evolution of peptide aggregation, shown as the distribution of clusters of different sizes

of peptide with simulation time for all systems.

To probe the initial stages of SwP aggregation, we have shown the snap-shots of all the
systems at a fixed time interval (see Fig. 5-3). The hypothesis of aromatic stacking of Phe
residues of SwP prior to aggregate formation is well established in our previous study [152].
In system SO, we also notice aromatic interactions between the Phe residues of the peptides,
which ultimately leads to aggregation. This observation is in accordance with our earlier
study [152]. However, in system S1, the interactions between the Phe residues are hindered
to some extent, although peptide molecules aggregate towards the end of simulation. On
increasing caffeine : peptide ratio to 10:1 in system S2, we observe a further restriction
in the interaction between Phe residues as is observed in the aggregation tendency of the
peptides. However, some intermolecular peptide-peptide interactions still persist through
other side-chain hydrophobic residues (discussed below). In system S3, all the Phe residues
are well separated from each other even up to 100 ns and self-association is restricted. A
further increase in caffeine number prevents the peptide aggregation from the very early
stage of simulation. Therefore, we observe that in 20:1 stoichiometric ratio of caffeine, the

self-association tendency of SwP decreases significantly.
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Figure 5-3.Snapshots of SwP association in all the systems at different time intervals. The contour density

of Phe residue is shown in purple color and

left-off to enhance the visual clarity.

color represents water molecules. Caffeine molecules are
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In order to characterize the effect of caffeine on Phe-Phe interaction, we have calculated
the radial distribution functions (rdfs) between the intermolecular Phe residues of SwP for
all the systems and they are shown in Fig. 5-4 (a). For system S0, the first peak appears at
5 A along with a well developed second peak at 10.5 A . With increasing caffeine number
in the system, the peak height decreases drastically, and the peak positions shift to higher
distances. This implies that the separation between the Phe residues increases, suggesting

the blocking of aromatic Phe-Phe interaction in presence of caffeine.
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Figure 5-4.Radial distribution functions of (a) Phe around Phe, and (b) caffeine around Phe for different

systems.

To analyze the conformational changes of the peptides in pure water and in different
caffeine solutions, we have shown the dynamics of secondary structure of peptide and these

are shown in Fig. 5-5 (a-e).
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Figure 5-5.Secondary structure analyses.

and (e) system S4.

(a) system SO, (b) system S1, (c) system S2, (d) system S3,
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For system SO, we observe the formation of highly ordered 3-sheet conformation (yellow
color) from the very early stage of the simulation, which remains intact up to 100 ns. The
percentage of -sheet structure slightly decreases in presence of caffeine in system S1, but
the system still contains high amount of -sheets. With further increase in caffeine ratio
in the system in S3 and S4, the [-sheet formation is negligible. This indicates that 3:1
stoichiometric ratio of caffeine with peptide is not sufficient to prevent [S-sheet formation,
however, higher stoichiometric ratio of caffeine and SwP can definitely prevent ordered
[-sheet formation as well as the aggregation of SwP.

The residue-residue contact maps of peptides for each pair of residues at the final step
of simulation are shown in Fig. 5-6 (a-e). The highest inter-peptide contact is observed
for system SO. With increasing caffeine number, the pairwise inter-peptide residue-residue

contact decreases, and in system 5S4, the inter-peptide contact is negligible.
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Figure 5-6.Residue-residue contact maps of peptides. The graph square is colored black at 0.0 A distance.
It is linear gray between distance 0.0 and 10.0 A and white when it is greater than 10.0 A . (a) system SO,

(b) system S1, (c) system S2, (d) system S3, and (e) system S4.

To examine the energetic aspects of peptide association and the effect of caffeine on
to it, we have decomposed the total interpeptide and peptide-caffeine interactions in to
van der Waals (vdw) and electrostatic components, and these are presented in Table 5-
2. It is apparent that the inter-peptide vdw interaction energy of system S0 is favorable

(more negative) in absence of caffeine. With increasing caffeine number, this vdw energy
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increases (less negative), which indicates less favorable interaction between the peptides.
In contrast, the average intermolecular electrostatic energy does not change much in all the
systems. Furthermore, with increasing caffeine : peptide stoichiometric ratio, both vdw
and electrostatic components of caffeine-peptide interaction energy become more and more

favorable.

Table 5-2. van der Waals and electrostatic interaction energy (in Kcal/mol) of SwP

with itself and with caffeine

Systems VDWgup—swp Electrostatics, p—swp VDWgwp—catf Electrostaticsyp—cafs
SO -158.48 -2101.26 — —
S1 -119.22 -2098.58 -96.31 -44.26
S2 -74.76 -2003.43 -228.36 -121.44
S3 -58.56 -1988.35 -299.31 -171.23
S4 -41.95 -1986.44 -323.12 -190.14

Previous studies of the self-association of proteins have already reported that the inter-
protein hydrogen bonding interactions contribute significantly to the formation and stabi-
lization of B-rich protein structures [156-159]. Therefore, to further characterize the protein-
protein interaction, we have estimated the average number of intermolecular peptide-
peptide H-bonds for all the systems (see Table 5-3). A hydrogen bond is assigned if the
distance between the donor (D) and acceptor (A) atom is less than 3.5 A, and simulta-
neously, a maximum 45° angle of H-D-A is considered. The results clearly depict that
the average number of intermolecular H-bonds between peptides decreases rapidly with

increasing caffeine : peptide ratio.

Table 5-3. Average intermolecular SwWP-SwP and SwP-caff hydrogen bonds; and

average solvent accessible surface area (SASA) per SwP for different systems

System HBSwp_Swp HBSwP—caff SASA(Az )
S0 22.48 — 1533.48 (£ 28.31)
S1 18.57 2.62 1765.59 (£ 32.05)
S2 8.77 6.76 2068.52 (+ 19.10)
53 6.02 10.24 2155.03 (£ 19.46)
S4 4.21 12.64 2173.81 (£ 13.02)

Parentheses show the standard errors of SASA values that are estimated by considering five number of

independent blocks of 10 ns each, for last 50 ns.
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A comparison of time evolution of inter-peptide hydrogen bond pattern for systems SO
and S4 is shown in Fig. 5-7. We notice a sharp increase in the total number of H-bonds
between peptides in system SO as simulation progresses, whereas the total inter-peptide
H-bonds remains almost constant in system S4 over the entire simulation time. This gives

a clear picture of the effect of caffeine in solution.
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Figure 5-7. Time evolution of the inter-peptide hydrogen bonds for systems SO and S4. Indigo is for system

S0, and green color indicates system S4.

Again, to understand the solvation of peptides in different systems, we have calculated
the average solvent accessible surface area (SASA) of the peptide in all the systems and
they are shown in Table 5-3. We observe a large increase in SASA value for peptides as
we move from system SO to S4, which indicates more surface area of SwP available for

solvation.

Interaction between caffeine and Switch-peptide:

The results of our earlier study on amyloid formation of SwP demonstrated that the
use of small amyloid -breaker penta-peptide, which blocks the major recognition region
of peptide containing two Phe residues ultimately diminishes the ability to form stable
amyloid structures [152]. Here we note that in presence of caffeine, the inter-peptide Phe-

Phe interactions are largely affected (see Fig. 5-4 (a) and the discussions above). Caffeine
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molecules are known to form complex with different biomolecules, DNA, drugs and other
biologically active molecules by forming aromatic m-stacking interaction. Therefore, in
order to understand the underlying mechanism by which the caffeine molecules prevent the
peptide oligomer formation, it is important to examine the interaction of caffeine with the
peptide. In order to understand the interaction of caffeine with aromatic Phe residues of
the peptide, we have calculated the rdfs of caffeine around Phe residue of SwP for different
systems (see Fig. 5-4 (b)). The first peak height of the rdf appears around 6.5 A and this
peak height increases with increasing the stoichiometric ratio of caffeine : peptide reflecting
the enhancement of interaction of caffeine and Phe residues as one moves from system S1

to S4.

S3 S4

Figure 5-8. Contour density plot for caffeine around SwP within 7.5 A of the peptide. From top
left to bottom right represent system S1 to S4. Purple color represents the contour density of Phe residues

of the peptide

The contour density plots of caffeine around SwP within 7.5 A of the peptide (averaged
over the last 10 ns of simulation) for different systems show that the caffeine density (yellow)

increases as we move from system S1 to S4 (see Fig. 5-8). It is also interesting to note
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that although contour density of caffeine is higher around Phe residues, we also observe a
non-negligible caffeine density around other residues of the peptides. This indicates that
along with the Phe residues, caffeine also interacts with other non-aromatic residues of
peptide.

It is worth mentioning here that peptides without any aromatic residues are also re-
ported to form amyloid fibrils, though such structures are formed by larger peptides or over
a longer timescale [160]. The presence of aromatic residues significantly accelerates the pro-
cess of fibrillization. Thus, the blocking of these aromatic groups surely delays the amyloid
formation. Therefore, along with the blocking of aromatic residues, it is also important for
the inhibitors to possess the capability to block the other H-bonding and hydrophobic sites

of the peptide so that the inter-peptide interactions can be prevented significantly.
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Figure 5-9. Probability distribution of caffeine clusters of different sizes with respect monomer.

It has been found in the literature that the ability to form promiscuous aggregates is
a general property of many small organic molecule inhibitors [133, 134, 145]. Our earlier
studies showed that caffeine molecules self-associate in water and form clusters by vertical
stacking of one caffeine above another [53, 54]. The probability distribution of caffeine
clusters of different sizes (m,) with respect to monomer (m;) is shown in Fig. 5-9. For
this we have considered the geometric criterion as adopted in our previous studies [53, 54].

It can be noticed that with increasing caffeine number, the probability of formation of
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medium sized clusters of the order of 3 to 10 increases. The probabilities of formation of
cluster sizes greater than 15 is negligible, and therefore they are omitted.

In Fig. 5-10 we have shown the snapshots of the last step of simulation of all systems.
We observe caffeine clusters around the Phe residues and other hydrophobic residues of the
peptide. Here we note that in system S1, although caffeine molecules interact with Phe
residues of the peptide, they are not capable of blocking the peptides from interaction with
each other fully, leading to the formation of peptide aggregates. When caffeine number
increases further, medium sized caffeine clusters are formed in large numbers. These caf-
feine clusters interact with the Phe residues and other hydrophobic residues and create a
hydrophobic environment around them. Due to extensive caffeine-peptide interaction, the
aromatic Phe residues and all other hydrophobic residues are blocked to interact with each

other. This leads to a significant reduction in the self-assembly formation of the peptides.

Figure 5-10. Snapshots of the last step of simulation for different systems. From top left to bottom right
represent system S0 to S4. color represents caffeine molecule, and other colors represent peptide.

Phe residues are represented in green color, and other peptides residues are represented in purple color.

In our earlier studies, we have reported that each caffeine molecule has three hydrogen

bonding sites that act as hydrogen acceptors [53, 54]. In order to investigate the formation of
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any H-bonds between caffeine and peptides, we have carried out the H-bond analyses. The
average number of H-bonds between peptide and caffeine increases with increasing caffeine
stoichiometry (see Table 5-3). Therefore, the loss of inter-peptide H-bonds (as discussed
above) can be attributed to the fact that caffeine binds to peptide backbone and side-chain
residues through its hydrogen acceptors, thereby weakening the backbone-backbone and
side-chain H-bonds between peptides. This leads to a decrement in the peptide-peptide
hydrogen bonding interaction for the systems with higher number of caffeine molecules.
For a quantitative estimation of number of caffeine in the first solvation shell of the
peptide we have calculated the number of caffeine around all the residues from the respective

pair correlation functions by using the equation:

Nap = 47r,05/0 r2ga5(r)dr (5.1)

where n,p represents the number of atoms of type S surrounding atom type « in a
shell extending from 0 to r. (the distance of the first minimum in the distribution function,
Gap(1)), and pg is the number density of 8 in the system. The number of first shell caffeine

molecules around each of the residues is shown in Fig. 5-11.
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Figure 5-11. First shell coordination number of caffeine around all the residues of the peptide.
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For system S1, the average number of caffeine molecules in the first coordination shell
of each of the residues of the peptide is below one with a maximum coordination number
is seen for the two Phe residues (residues 8 and 9). These coordination number values

increase for each residue with increasing caffeine stoichiometry, and for system S4 they
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reach close to two for the Phe residues. This signifies that there are approximately two
caffeine molecules in the immediate vicinity of the Phe residues for system S4. Therefore,
from our computational study, we got an insight of the mechanism of inhibiting effect of

caffeine on peptide aggregation.

B SUMMARY AND CONCLUSIONS

In this chapter, we have investigated the effect of caffeine on the aggregation of amyloid-
derived switch-peptide with varied stoichiometric ratio of caffeine to peptide by means of
a combination of molecular dynamics simulation and experimental analyses. From the
secondary structure analyses of peptide, we have observed the formation of highly ordered
[-sheet in pure water system. In presence of 3:1 caffeine to peptide ratio, the percentage
of (-sheets structure decreases to some extent, although peptides are aggregating heavily.
However, in presence of 10:1 ratio and more, the -sheet formation diminishes. Radial
distribution function, residue-residue contact map, interaction energy and solvent accessible
surface area calculations have also demonstrated that with 10:1 and more caffeine to peptide
ratio, the aggregation tendency of peptide diminishes significantly, and the self-assembly
formation is getting ceased. The analysis of interaction of caffeine with switch-peptide
showed that caffeine molecules initially interact with the aromatic phenylalanine residues,
thereby restricting the Phe-Phe interaction. A detailed analysis of MD simulations further
show that caffeine molecules form hydrogen bonds with the peptide molecules and this
leads to weakening of the interstrand hydrogen bonds between peptides. On the other
hand, caffeine molecules form medium ordered clusters of like molecules of size ranging
from 3 to 8 by vertical stacking. These clusters form a hydrophobic environment around the
hydrophobic sites of peptides, and physically block them from interacting with each other.
All the above results suggested that caffeine has the capacity to inhibit the aggregation of
amyloid-forming peptides by reducing hydrophobic interaction between them. The blocking
of aromatic Phe residues of the peptides by caffeine clusters through peptide-caffeine 7-
stacking interaction, and other residues by hydrophobic and hydrogen bonding interaction
leads to complete disaggregation of peptide in caffeine solution with 10:1 or higher caffeine

to peptide stoichiometric ratio.
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How do the Caffeine Aggregates Inhibit the Fibril
Formation of Apg-Amyloid ?

“The realization of the role of aromatic moieties in fibril formation is currently being used to
develop novel inhibitors that can serve as therapeutic agents to treat amyloid-associated disorders.”

— E. Gazit FEBS J. 272, 5971 (2005)
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Overview:

In order to understand the mechanism of inhibition action of caffeine in more detail, we
have considered the seven residue peptide AfS16_22, which form amyloid fibril in vitro The
peptide with sequence KLVFFAE (16-22) is amphiphilic in nature. The LVFF sequence
(17-20) in the Af16_22 peptide is the central hydrophobic core (CHC) in full length A
peptide. The N-terminal residue has positively charged lysine and C-terminal has neg-
atively charged glutamic acid. The aromatic residues (FF) in the Af 92 peptide play
an important role in the molecular recognition and self-assembly process that leads to
amyloid fibril formation. Therefore, AB15_ 25 is an attractive model system to probe the
formation of peptide oligomers for our study. Therefore, in this chapter, we have carried
out molecular dynamics simulation of five amyloid forming Afs_90 peptide in pure wa-
ter and in a regime of caffeine solutions, with different caffeine : peptide stoichiometric
ratios. The secondary structure analyses of peptides in pure water show the formation of
[-sheet conformation, whereas on addition of caffeine these ordered conformation become
negligible. Radial distribution function, contact map, nonbonding interaction energy, hy-
drogen bonding, potential of mean force and hydration analyses show less inter-peptide
interaction in presence of caffeine, and the effect is more with increasing caffeine ratio. The
interaction of aromatic phenylalanine residues of peptide with caffeine restricts the inter-
peptide interaction tendency. With increasing caffeine numbers, interaction of caffeine with
other hydrophobic residues also increases. Thus, the hydrophobic core recognition motive
of amyloid formation of peptide is physically blocked by caffeine, thereby abolishing the

self-assembly formation.
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B INTRODUCTION

Alzheimer’s disease (AD), the most common form of dementia, that affects more than
44 million people world-wide, is a result of deposition of well-ordered amyloid fibrils in the
brain formed due to aggregation of proteins [1-5]. Recent experimental evidences suggested
that although the amyloid plaques are one of the hallmarks of the diseases, the neurotoxic-
ity may be caused by oligomers formed in the early stage of fibril formation [48-50]. Thus,
drugs that can prevent the formation of early oligomeric intermediates or make them un-
stable is a major concern in the field of drug discovery against AD. The initial stages of
oligomers formation are difficult to characterize in experimental studies, since AS peptide
is highly amyloidogenic. In this context, we note that computer simulation can provide
the information required to capture the early steps of amyloid formation and demonstrate
insights of the behavior of the drug that can inhibit AS aggregation. In pure aqueous
solution, the A monomer exists mainly in random coil conformation, with only a small
population of it in local non-random structures. It is suggested that the structural transi-
tion from non-aggregated random coil to highly ordered [-sheets conformation followed by
fibril formation leads to toxic deposit in plaques. For computational analysis, the aggre-
gation study of full length A5, 4 is computationally expensive. A number of solid-state
NMR studies on fibrils of several short sequences (that are obtained from the full length
Ap fragment) have shown to form amyloid fibril in isolation [160-166]. The seven residue
peptide Af315 9o is one of the shortest length peptide that can form amyloid in vitro [161].
This peptide with sequence KLVFFAE (16-22) is amphiphilic (see Fig. (b)), and found
to be critical for fibrillization. The LVFF sequence (17-20) in the A6 22 peptide is the
central hydrophobic core (CHC) in AS peptide. The aromatic residues (FF) in the AfS15_29
peptide play an important role in the molecular recognition and self-assembly process that
leads to amyloid fibril formation (due to stacking interaction). Hilbich et al. reported
that the substitution of the hydrophobic residues with hydrophilic residues in LVFF hy-
drophobic core region results a considerable reduction in amyloid fibrillization [167, 168].
Therefore, LVFF region is indeed responsible for $-sheets formation in A5 peptide. Again,
the N-terminal residue of Af6_92 peptide has positively charged lysine and C-terminal has
negatively charged glutamic acid. The electrostatic interaction between peptides due to
opposite charges on terminal residues leads to stabilization of antiparallel strands [169].

The ApPi6_o0 is studied by many different numerical approaches using various force fields
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[170-172]. Again, unlike the fibers of larger fragments, the structure of A[315 9o fibrils may
be anticipated to from its sequence alone. Therefore, Af5_22 is an attractive model system
to probe the formation of peptide oligomers. In our previous chapter (Chapter 5) we have
already observed the inhibiting action of caffeine on aggregation of switch-peptide. In this
chapter we have carried out a series of molecular dynamics (MD) simulations to investigate

the mechanism of inhibition in more detail. Our goals for this study are:

(i) To examine, in detail, the aggregation of Af16_22 peptide in pure water, and in
caffeine solutions with different caffeine : peptide stoichiometric ratios; (ii) To understand
the change in secondary structure of peptide in caffeine solutions; and (iii) To examine the

underlying mechanism, of caffeine molecules that act to prevent peptide aggregation.

The organization of the rest of the chapter is as follows. We first present the models
and details of simulations. Results are discussed thereafter, and the last section includes

concluding remarks with a brief summary.

B MODELS AND SIMULATION METHOD

The AB16_22 peptide has been modeled using ff99SB force field [153]. The C-terminals
and N-terminals of the Af4_90 peptides are capped with neutral acetyl and amide groups
respectively. To gain the molecular level understanding of the effect of caffeine on aggrega-
tion of ASi_4o peptide, we have performed simulations of five AfB15_22 peptide in aqueous
solution with a regime of caffeine : peptide stoichiometric ratios. The initial configurations
of the systems were prepared with Packmol program [86]. In the initial structure, the
five fully stretched conformation of Af4_ 22 peptides were randomly placed in a cubic box
with sufficient separation between them and then they are immersed in water. With the
same initial configuration of peptide solutions, we then added caffeine molecules in varied

numbers to prepare different systems.

In (chapter 5) we have already discussed that the inhibition action of inhibitors on
protein aggregation is sensitive to the stoichiometric ratio of the peptide and inhibitors.
Moreover, for small molecule inhibitors, such stoichiometries range up to thousands of
inhibitor molecules to one protein [127, 128]. Therefore, to understand the effect of caffeine
on aggregation of A5 2o peptide on molecular basis, we have prepared systems with a
regime of caffeine : peptide stoichiometric ratio. Since small molecule inhibitors inhibit
protein aggregation by forming aggregates with like molecules [133, 134], therefore, we

have kept the concentration of caffeine just above the solubility limit (0.1 M), where it can
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form self-aggregated caffeine clusters [53, 54]. The number of peptides in all the systems are
kept fixed and we varied caffeine : peptide stoichiometric ratios only to better understand
the role of caffeine as an inhibitor on peptide aggregation. An overview of different systems

used in this study are presented in Table 6-1.

Table 6-1. Overview of Simulations®

System  Nearr  Npeptide Nwat  Ceapr(M) caffeine : peptide box length(A) p (g cm™3)

S0 0 5 4200 0 - 20.83 0.96
S1 15 5 4200 0.19 3:1 51.22 0.97
S2 20 ) 15000 0.18 10:1 77.40 1.00
S3 80 ) 25000 0.17 16:1 91.93 1.00
PO 0 2 3000 0 - 41.80 0.98
P1 8 2 3000 0.18 3:1 42.07 0.99
P2 20 2 6000 0.17 10:1 57.41 1.00
P3 32 2 10000 0.18 16:1 65.93 1.00

Neayfs Npeptide and Nyq; represent the number of caffeine, the number of Af516_22 peptide and the number

of water molecules respectively. C., s and p refer to the caffeine concentration and the density respectively.

The caffeine solute was modeled using AMBER generated all atom force field as de-
scribed in (chapter 2) [53], and popular extended simple point-charge (SPC/E) model is
used for water molecules [132]. Here we like to mention that a comparative study of differ-
ent force field parameters of caffeine in SPC/E water revealed that the caffeine model used
in this study and the one developed by Weerasinghe and co-workers [33] behave in almost
similar fashion in qualitative sense, and therefore, it is expected that the change of caffeine
force fields should produce the similar qualitative effect of caffeine as an amyloid inhibitor
in computational study [54]. The MD simulations were conducted using AMBER, 12 pack-
age [61] in isothermal-isobaric (NPT) ensemble. The simulation protocols were identical to
those described in Chapter 5. Simulation runs were subjected to energy minimization for
5000 steps, with first 2500 steps in steepest descent method followed by the same number
of steps in conjugate gradient method. The systems were then heated slowly from 0 to
300 K over 180 ps in canonical ensemble (NVT). The temperature was controlled by the
application of Langevin dynamics method with a collision frequency of 1 ps™' [154]. All
the simulations were then equilibrated for 5 ns followed by 95 ns production runs in NPT
ensemble at 1 atm pressure. To analyze our results, we have used PTRAJ module available

in AMBER whenever required.
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In order to calculate potential of mean force (PMF) between two Phe residues of peptide,
we have performed umbrella sampling [173]. For this, we have prepared another four set of
systems with two peptides in water and different caffeine solutions maintaining the same
stoichiometric ratio of caffeine (system PO to P3, Table 5-1). Following the same procedure
as for our other systems, we then simulate these systems for 75 ns each. The final state
of each simulation is then considered as the starting configuration to perform umbrella

sampling to calculate PMF.
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B RESULTS AND DISCUSSION

Self-aggregation of Afs_2 peptide in pure water and in different caffeine solu-

tions:

Previous theoretical studies reported that Afis_s0 monomer predominantly adopts a
compact random-coil conformation with only a very small presence of a-helical structure
[174, 175]. These random coil monomers when aggregate form highly ordered secondary
structure. To probe the formation of oligomers of A1 22 in pure water (system S0), we

have shown the snapshots of the final state of the peptides at 100 ns in Fig. 6-1 (a-c).

(f)

Figure 6-1.Snapshots of systems SO at the final state. (a) The arrangement of hydrophobic (blue) and
hydrophilic (red) sites in the aggregate, (b) the Phe residues are defined in green) color in the aggregate,
and (c) antiparallel 5-strand formation by two peptides. d, e, f refer to snapshots of systems S1, S2 and

S8 at the final state.

Fig. 6-1 (a) distinguishes the hydrophobic (blue) and hydrophilic (red) parts of the
peptide. We see that all the hydrophobic residues assemble together by inter-peptide
hydrophobic interactions to reduce the water contact and form Afi6_92 oligomers with
hydrophilic residues pointing outwards. In Fig. 6-1 (b), we have specified the phenylalanine

(Phe) residues (green color), which are known to play a key role in fibrillization through
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aromatic m-stacking interaction [152]. It can be seen that all the Phe residues are present
at the core. Fig. 6-1 (c) shows the formation of anti-parallel 5-sheets in the oligomers. The
snapshots of the final state of peptides with different caffeine : peptide ratio for systems
S1, S2 and S3 are shown in Fig. 6-1 (d-f). We observe that with increasing number of
caffeine, the self-aggregation tendency of peptides decreases.

Here, it is to be noted that a single snapshot does not necessarily produce correct picture
of a particular simulated system. Thus, we also examined, in detail, the effect of caffeine
on the oligomer formation of peptide AfS15-2o (see below).

In order to examine how the conformation of the peptide changes in different caffeine
solutions, we have analyzed the changes in the secondary structure of the peptide as time

progresses (for last 80 ns) and these are shown in Fig. 6-2 (a-d).
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Figure 6-2.Secondary structure analyses. (a) system S0, (b) system S1, (c) system S2, and (d) system
S5.
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Using the definitions of secondary structure conformations (i. e., [-sheet, a-helix, ran-
dom coil etc.), we noticed that in system SO0, the percentage of -strand of Af16_ 99 in the
oligomer is 16 %. The two peptides (peptide 1 and 5) show fast conversion into S-strand
(yellow color), and remains intact up to 100 ns once formed. The percentage random-coil
conformation is found to be 66 % in this system. Though, we started the simulation by
placing the peptides randomly in the simulation box with sufficient separation between
them, the formation of -strand structure denotes the high amyloidogenic ability of the
peptide in pure water. However, in caffeine solution, we observe a significantly large prob-
ability of random coil conformation and with increasing caffeine number in the systems,

the probability of finding ordered secondary conformation becomes negligible.
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Figure 6-3.Residue-residue contact maps of peptides. The graph square is colored black at 0.0 A distance,
to a linear gray scale between 0.0 and 10.0 A and white when it is greater than 10.0 A . (a) system S0, (b)

system S1, (c) system S2, and (d) system S3.

The residue-residue contact map of each pair of residues for all the peptides, considering
the Ca-Ca distances, is shown in Fig. 6-3 (a-d). It is apparent from the figure that in
system S0, the residues of one peptide are in contact with the residues of other peptides.

For example, all the residues of peptide 1 and the residues of peptide 5 are in contact with
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each other. The residues of other peptides are also interacting significantly, as the colored
region is very prominent in system SO0. However, as the number of caffeine increases, the
pairwise residue-residue inter-peptide contact decreases, and in system S3 all the peptides
are separated, as there seems to be no inter-peptide residue-residue interaction.

To probe the time evolution of peptide clusters formation and lifetime of clusters, we
have shown the distribution of cluster sizes of peptide with simulation time for all systems
(see Fig. 6-4). The two peptides are considered to form clusters when residues of one
peptide are within 7 A of residues of another peptide. We observe that in pure water
system, cluster formation starts from very early stage of simulation and after 30 ns all five
peptides are aggregated. In presence of caffeine in system S1, the cluster size fluctuates
between 4 and 3 which ultimately stabilizes at 3 after 70 ns. System S2 shows initial
fluctuation in dimer formation. However, after 10 ns, the system remains mostly as a
monomer upto 30 ns, then again dimer and trimer starts to form ultimately leading to
dimer after 65 ns. It can be seen that the peptides in system S3 prefer to remain in
monomeric form for most of the simulation time. Although initially peptides interact to
form a dimer, after 50 ns only monomers are observed in the system, without any trace of

higher order cluster.
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Figure 6-4.Distribution of AB1s—22 peptide clusters of different sizes as a function of simulation time.

The two aromatic Phe residues in AS peptide are regarded to play a key role in amyloid
formation [152]. The aromatic stacking interactions have been suggested to provide an en-
ergetic contribution to the self-assembly of ordered amyloid fibrils. Therefore, to investigate
the effect of caffeine molecules on the inter-peptide Phe-Phe interaction, we have calculated

the radial distribution functions (rdfs) involving inter-peptide Phe-Phe for all systems and
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these are shown in Fig. 6-5 (a). The Phe-Phe rdf in system SO shows appearance of a
strong first peak at 5 A with a well developed second peak at 7.5 A. The hydrophobic
Phe residues of one peptide interact with the Phe residues of other peptides leading to
aggregation. Interestingly, the presence of caffeine molecules in system S1 causes a sharp
decrease in the peak height of Phe-Phe distribution function. With further increasing the
number of caffeine molecules in systems S2 and S3, the peak position also shifts to higher

distance, indicating the separation of Phe residues from one another.
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Figure 6-5.Radial distribution functions of (a) Phe around Phe, and (b) caffeine around Phe in different

systems.

The peptide AB16_99 is amphiphilic in nature and the hydrophobic core is present in its
middle part, whereas the charged terminal residues are present at the terminal positions.
The hydrophilic terminal portions interact with water, and the hydrophobic middle portion
tends to keep itself away from water. Therefore, to gain insight into the changes in the
pattern of hydration of different residues in presence of caffeine, we have estimated the
number of first shell water molecules around each residues from the corresponding rdfs by

using the equation [53, 54]:

Nap = 47?/)5/0 7’2g05(7’)d7’ (6.1)

where n,p represents the number of atoms of type § surrounding atom type « in a
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shell extending from 0 to r. (the distance of the first minimum in the distribution function,
9ap(1)), and pg is the number density of 5 in the system. Hydration numbers of each of

the peptide residues in different systems are shown in Fig. 6-6.
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Figure 6-6.Hydration number (the number of first shell water molecules) around all the residues of peptide.

We see that glutamic acid (residue 7) has the highest hydration number value which is
followed by lysine (residue 1), and these hydration numbers do not change much as caffeine
number is increased. Furthermore, a close examination in to these hydration numbers for
other peptide residues suggests that the effect of caffeine on these numbers is not very
profound except for the Phe-residues (residue 4 and 5) in which a moderate increase in
the hydration number value is observed as caffeine is added. Considering the fact that the
effective Phe-Phe interaction decreases dramatically as caffeine : peptide stoichiometric
ratio is increased (as revealed by Phe-Phe rdf, Fig. 6-5 (a)), this relatively smaller change
in the hydration number is not that significant. This gives an indication that caffeine
molecules may directly interact with the hydrophobic residues of the peptides, by creat-
ing a hydrophobic environment around them. This further implies, albeit indirectly, that
the caffeine-peptide interaction may play a significant role and prevents the inter-peptide
interaction.

In order to examine the effect of caffeine on peptide-peptide interaction for different
systems, we have decomposed peptide-peptide interaction energy in to electrostatic and
van der Waals components and these are plotted as a function of simulation time (see Fig.
6-7 (a) and (b)). In the same figure, we also show the average peptide-peptide electrostatic

and van der Waals (vdw) energies for different systems (Fig. 6-7 (c)). As can be seen
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that, the electrostatic energy component dominates over the van der Waals component in

peptide-peptide interactions.
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Figure 6-7. Time evolution and average van der Waals and Electrostatic peptide-peptide interaction energy.

Here it is worth mentioning that the electrostatic interaction of inter-peptide Lys 16 and
Glu 22 is reported to confer stabilization to the anti-parallel S-strand arrangements [176].
In comparison to pure water system, addition of caffeine makes both electrostatic and van
der Waals interactions more unfavorable. Here, we would also like to mention that the
electrostatic energy component (of peptide-peptide interaction) is not a strong function of

caffeine : peptide stoichiometric ratio. Similar observation was also made for myricetin, a
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natural polyphenol, as inhibitors of amyloid aggregation of GNNQQNY heptapeptide [177].
Nevertheless, it is interesting to observe that for caffeine solutions with higher number of
caffeine molecules, peptide-peptide van der Waals interactions become positive.

Further, the importance of inter-peptide hydrogen bonds is a well known fact in the
context of stabilization of peptide oligomers, which ultimately leads to the formation of
B-rich protein structures [159]. To probe the role of hydrogen bonds in the oligomers
formation of AfB16_99 in different solutions, we have estimated the average inter-peptide
hydrogen bonds for all systems and the same are shown in Fig. 6-8. A hydrogen bond
is assigned if the distance between donor (D) and acceptor (A) is less than 3.5 A and
simultaneously, and the angle of H-D-A is considered as less than or equal to 45°. The
total inter-peptide hydrogen bonds in SO is found to be 13. As caffeine number is increased
a sharp decrease in this hydrogen bond is observed and for system S3, a complete abolish

of the same is found.

20
inter-peptide H-bonds

Peptide-catfeine H-bonds

10 F

Average Hydrogen Bond Number

W77/

1]

S0 51

Systems

Figure 6-8.Inter-peptide and peptide-caffeine hydrogen bonds.

Interaction between caffeine and A5 5 peptide:

It is discussed above that increased caffeine : peptide ratio makes peptide-peptide in-
teractions unfavorable (see Fig. 6-7). Moreover, as shown above in Fig. 6-5 (a) that in
presence of caffeine molecules, the inter-peptide interactions between the Phe-residues are
greatly affected. Thus, it is instructive to estimate peptide-caffeine interaction energies for

different systems. The average peptide-caffeine electrostatic and van der Waals interaction
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energies for different systems are shown in Table II. We observe that both vdw and elec-
trostatic components are favorable. Unlike peptide-peptide interactions, peptide-caffeine
interactions are dominated by van der Waals interactions. The caffeine-peptide interaction
energy decreases (more negative) rapidly with increasing number of caffeine molecules, de-
picting more favorable interaction between them. In the same table we have also shown
the solvent accessible surface area (SASA) of peptides. We observe an increase in SASA
value with increasing the caffeine : peptide stoichiometric ratio, which depicts that more
surface area of peptides are available to solvent, indicating less aggregation propensity of
the peptide with increasing the stoichiometric ratio. Different experimental and theoretical
studies reported that caffeine molecules form complex with different biomolecules, DNA
and aromatic drug molecules by m-stacking interaction [146, 55, 56]. Furthermore, previous
studies of amyloid aggregation revealed that the blocking of the two aromatic Phe residues
of amyloidogenic peptides diminishes the ability of peptide to form stable amyloid fibrils
[152]. The shifting in position of the first peak to large-r value in Phe-Phe rdf indicates that
Phe residues are blocked to interact with each other (see Fig. 6-5 (a)). Therefore, in order
to understand the interaction of caffeine with Phe residues, we have calculated the rdfs of
caffeine around Phe for different systems and these are shown in Fig. 6-5 (b). The first
peak of this rdf appears at 6.5 A and the peak height increases with increasing number of
caffeine molecules, implying enhancement in the caffeine-peptide interaction. Furthermore,
caffeine molecule is known to possess three hydrogen bonding sites, viz. two carbonyl oxy-
gen and one ring nitrogen [53]. The average number of hydrogen bonds between caffeine
and peptide for different systems are shown in Fig. 6-8. It can be seen that total number
of caffeine-peptide hydrogen bond increases with increasing number of caffeine molecules.
As the number of oligomers is reduced and peptides get separated in presence of caffeine,
more hydrogen bonding sites of peptide are available for caffeine to form hydrogen bonds.
The calculation of average number of water-peptide (per peptide) and water-caffeine (per
caffeine) hydrogen bonds show a slight reduction in their values as caffeine : peptide stoi-
chiometric ratio increases (data not shown). To characterize the interaction of caffeine with
peptide in more detail, we have shown how the number of caffeine molecules within 7.5 A
of peptide surface changes as simulation progresses (see Fig. 6-9). We observe that almost
10 caffeine molecules are present near the vicinity of peptide in system S1. With increasing
caffeine stoichiometric ratio in the system, the number of caffeine molecules around peptide
surface increases, and in system S3 we observe the presence of approximately 30 caffeine

molecules within 7.5 A of peptide.
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Figure 6-9. Time evolution of number of caffeine molecules within 7.5 A of peptide surface.

To get a pictorial description of contour density of caffeine around AfS1g_20 peptide, we
have shown the spatial density plot of caffeine molecules that are present within 7.5 A of

peptide, (averaged over the last 10 ns of simulation (see Fig. 6-10).

S1 52 53

Figure 6-10.Contour density plots for caffeine around AB1s_oo peptides within 7.5 A of peptide for the
last 10 ns of simulation. color represents caffeine density, and other colors represent peptide.
Hydrophobic parts are represented in blue, hydrophilic parts in red, and Phe residues are represented in

green color.
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We find that caffeine density (yellow) within this interaction distance increases with
increasing the caffeine number. In system S1, with the presence of 15 caffeine molecules in
the system, the caffeine density is mostly populated around the Phe residues (purple) of
peptide. However, with increasing caffeine : peptide ratio, caffeine density has also started
appearing around other residues of the peptide. These findings suggest that once the Phe
residues are blocked, the caffeine molecules interact with other parts of the peptide through
hydrophobic and/or hydrogen bonding interaction. A comparison of contour density of
Phe residues (around another Phe residues) in system SO with other systems shows the
separation of Phe residues in presence of caffeine. For a quantitative analysis, we have
further calculated the first shell coordination number of caffeine around each residues of
the peptide from the corresponding rdf using equation 1 and the same is presented in Fig.

6-11.
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Figure 6-11.First shell coordination number of caffeine around all the residues.

The coordination number of caffeine for system S1 is below one for all the residues except
Phe residues (residue 4 and 5), where it is above one. This means that on average, at least
one caffeine molecule is present around Phe residues. With increasing caffeine number, the
caffeine coordination number increases for all residues. The snapshots of caffeine around
peptide at the final stage of simulation for different systems are shown in Fig. 6-12. It is
found that caffeine molecules (yellow) form clusters around peptide. Here we note that,
small organic molecules, which act as inhibitors in amyloid formation, have the general

property of forming chemical aggregates with itself. These colloidal aggregates range in
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size from 50 nm? to over 600 nm?®, and once formed, they physically sequester proteins
and inhibit enzymes nonspecifically [133, 134, 145]. Many recent investigations depicted
extensive aggregation of the caffeine molecules in aqueous solution above its solubility limit
[54, 77, 178]. These studies reveal that caffeine aggregates are formed by planar stacking
of the hydrophobic faces one above another [77]. Dipolar interaction between the caffeine
molecules is the driving force for caffeine cluster formation [178]. These vertical clusters

can be upto the size of 10 in a single cluster [54].

S1 52 S3

Figure 6-12.Snapshots of the last state of simulation for different systems. color represents caffeine
molecules, and other colors represent peptide. Hydrophobic parts are represented in blue, hydrophilic parts

in red, and Phe residues are represented in green color.

In this study, we have analyzed the cluster formation of caffeine for all the systems and
they are shown in Fig. 6-13. Following our earlier studies, we have estimated the cluster
size, by considering clusters as an assembly of stacked caffeine molecules, with neighboring
caffeine molecules within 6.4 A of each caffeine molecule [53, 54]. We observe that with
increasing caffeine number, the probability of formation of medium ordered caffeine cluster
increases. Therefore, it can be proposed that with enough number of caffeine clusters
in the system, caffeine molecules physically sequester the peptides and enclose the peptide
hydrophobic sites within the hydrophobic confinement of caffeine clusters, which ultimately
prevent the peptides from further inter-peptide interaction. As a result, in systems with

higher caffeine : peptide ratio, the oligomer formation tendency of peptides is ceased.
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Figure 6-13. Probability distribution of caffeine clusters of different sizes (my, ) with respect monomer (my ).

Potential of mean force calculation:

In order to provide a more comprehensive view on how peptide-peptide interaction is
affected in presence of caffeine in the system, we plot the potential of mean force (PMF)
between two Phe residues of two different peptides. We have used a spring constant of 1000
kcal /mol to compute the properties of the system at different windows, ranging from 3 A
to 15 A . Windows are seperated from each other by 0.25 A . Each window was simulated
for 10 ns leading to a total of 460 ns for 46 windows. The PMFs are computed using the
Weighted Histogram Analysis Method (WHAM) [179]. Fig. 6-14 shows the PMF at 300
K for the interaction of Phe residues between two peptides as a function of distance. The
global minimum in the PMF in pure water system (system P0) is observed at 4.6 A.In
presence of caffeine in the system, the minima shifts to a larger distance, and pmf increases
(more positive) with increasing caffeine number in the system. In addition to the global
minimum, the PMF of Phe residues in PO also show a well-defined second minimum at a

distance of 9.6 A .
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Figure 6-14.Phe-Phe PMF for different systems.

To get a more clear picture on the interaction of caffeine with peptide, we have carried
out different analyses (such as coordination number, hydrogen bonds, secondary structure)
when two peptides are separated 12 A apart and compared this with the results when
peptides are 5 A apart. Here it is worth mentioning that due to the presence of different
populations of peptide clusters in our main system, the information for single peptide will
provide important view on affect of caffeine solution on peptide. To probe the solvation
of single peptide in water and in different caffeine solutions, we have computed hydration
number around different residues of peptide and these and are shown in Fig. 6-15 (a).
When peptides are separated (12 A window), we observe that in pure water the hydration
of charged Lys and Glu residues are higher. Presence of caffeine leads to a slight decrease in
these values. However, the hydration of hydrophobic residues Leu, Val, and Ala increases
in system P1 compared to system P0. On the contrary, hydration of Phe residues decreases
in P1. In system P1, the coordination number of caffeine is found to be the highest around
Phe residues (4 and 5), and it is very small around other hydrophobic residues (see Fig.
6-15 (b)). Due to less number of caffeine molecules present in this system, the caffeine
molecules mostly prefer to interact with Phe residues of the two peptides which results in
to lower hydration. On the other hand, the coordination number of caffeine around the
hydrophobic sites increases sharply from system P1 to P3 with increasing caffeine number

in these system. Therefore, we observe a monotonous decrease in hydration of all residues
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compared to pure water system. Therefore, the slight increase in hydration of different
residues of peptides in caffeine solution in our main systems (i. e. system SO to S3) can
be attributed to the relative decrease in aggregation tendency of peptides which leads to
higher hydration, and not on higher solvation of single peptide in caffeine solution. We
observe that when the two peptides are 5 A apart, the hydration number doesn’t follow
any definite trend. On the other hand, coordination number of caffeine around peptide

residues increases with increasing caffeine number.
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Figure 6-15.Coordination number of (a) water and (b) caffeine around different residues of the peptide

when peptides are 5 A and 12 A apart respectively.

We have also obtained information about the peptide-peptide and peptide-caffeine hy-
drogen bond formation for two windows, when peptides are away from each other (12 A)
and when peptides are close to each other (5 A), and the same are shown in Fig. 6-16.
When the peptides are far apart (12 A distance) the average number of inter-peptide hy-
drogen bonds (see Fig. 6-16 (a)) show a modest change as caffeine number is increased
(from 1.5 for system PO to 0.3 for system P3). But, interestingly, when the two peptides
are close to each other (i.e. 5 A distance) a sharp drop in inter-peptide hydrogen bonds is
noticed. For example, the inter-peptide hydrogen bond is reduced from 5 (in system P0)
to 1 (in system P3).
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Figure 6-16.(a) Inter-peptide and (b) peptide-caffeine hydrogen bonds when peptides are 5 A and 12 A

apart respectively.

On the other hand, hydrogen bonds between caffeine and peptide (see Fig. 6-16 (b))
increases with increasing caffeine number in the system. When peptides are separated, more
peptide-caffeine hydrogen bonds are formed as more hydrogen bonding sites of the peptide
residues are available. We have also observed that although all three hydrogen acceptor
(two oxygen and ring nitrogen) atoms in caffeine can form hydrogen bonds with hydrogen
donor sites of peptide, the two carbonyl oxygen atoms have much higher propensity for
hydrogen bond formation (not shown). The residues having more hydrogen bond forming
affinity with caffeine are found to be Glu, (followed by) Lys, Ala and Val. However, we
observe that Phe residue has a stronger propensity to interact with caffeine among all
the residues. Therefore, we may assume that hydrophobic interaction is the main force
that drive the peptide-caffeine interaction. However, hydrogen bonding interactions also
contribute significantly in caffeine-peptide interaction.

The secondary structure analyses of the two peptides for system PO and P2 are per-
formed and they are shown in Fig. 6-17 (a-d). In pure water, when the peptides are 5
A apart, we observe that all the hydrophobic residues of the two peptides are in [-strand
conformation, and the terminal residues are in random coil or turn conformation (see Fig.

6-17 (a)).
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Figure 6-17.Secondary structure analyses of peptides. (a) system PO, 5 A apart; (b) system PO, 12
A apart; (c) system P2, 5 A apart and (d) system P2, 12 A apart.

However, when the peptides are far apart (12 A ), we don’t observe any 3-strand and the
peptide residues are mostly in random coil or in turn conformation. Moreover, during the
first 5 ns, we also observe a-helix conformation (see Fig. 6-17 (b)). It is worth mentioning
here that in the secondary structure analyses of peptides in system S1 we also observe the
formation of small amount of a-helix conformation (see Fig. 6-2 (b)). Due to less number of
caffeine molecule present in system S1, caffeine molecules mostly block the Phe residues and
thereby preventing the oligomer formation tendency of peptide. Therefore, to avoid water
contact, other hydrophobic sites in peptide monomer turn themselves and transform into
a-helical structure. With increasing number of caffeine molecules, the formation of ordered

[-sheet structure are totally prevented even when peptides are close to each other (see Fig.
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6-17 (c)). When peptides are separated the caffeine-peptide interaction increases, and the
hydrophobic residues of the peptide are stabilized within the hydrophobic confinement of
caffeine clusters. Therefore, residues of both the peptides are mostly in random coil or turn

conformation in caffeine solution (Fig. 6-17 (d)).

B SUMMARY AND CONCLUSIONS

Alzheimer’s disease, a common form of dementia, is caused due to aggregation of Aj
peptide and it is characterized by the deposition of aggregated fibrils in the brain. Several
clinical and preclinical studies on human and non-human species have shown the disease
curing ability of caffeine on Alzheimer’s disease. However, the mechanism and mode of
action of caffeine is not studied either experimentally or theoretically. Therefore, in this
study, we have investigated the aggregation tendency of amyloid forming short peptide
ApP16_22 in both pure water as well as in different caffeine solutions. In pure water, the
secondary structure analyses of Afq5_ 29 peptide showed the formation of highly ordered
B-sheets structure. All the five peptides present in the system aggregate together to shield
the hydrophobic central core from solvent water molecules and the hydrophilic terminal
residues are well exposed to water. The non-bonded inter-peptide interaction energy of
such oligomer formation is found to be favorable (negative) for different systems. The cal-
culations of potential of mean forces between phenylalanine residues of two peptides show
a global minimum at 4.6 A in pure water, which shifts to a larger distance in presence of
higher number of caffeine in the system. In presence of caffeine, the hydrophobic central
core of peptides is blocked by the caffeine clusters to interact with other peptides. The inter-
action between caffeine and the phenylalanine residues of peptide restricts the self-assembly
formation of peptide. The secondary structure analyses showed mostly random coil con-
formation of the peptide in presence of caffeine, which is the predominant conformation
of AB16_22 peptide as a monomer. The formation of small amount of a-helix conforma-
tion in system S1 suggests that, as the number of caffeine in this system is small, caffeine
molecules mostly interact with phenylalanine residues of the peptide and therefore, other
small hydrophobic sites turn themselves around resulting in to a-helical structure. For the
full length AS peptide, with relatively long stretches of hydrophobic residues, we believe
that the possibility of a-helix conformation due to the hydrophobic collapse will be more.

Radial distribution function, hydrogen bond analyses, residue-residue contact map calcula-
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tion, interaction energy calculation and solvent accessible surface area calculation showed
the disaggregation tendency of peptide in presence of caffeine, and with increasing number
of caffeine in the system, the self-assembly formation is getting ceased. The contour density
analyses of caffeine within 7.5 A of peptide showed higher caffeine density with increasing
caffeine number. We also observed that as the number of caffeine increases, the interaction
of caffeine with hydrophobic residues and hydrogen bonding sites of the peptide increases.
However, we observed that hydrophobic interaction is the driving force of peptide-caffeine
interaction. The cluster structure analyses of caffeine in all systems indicates the formation
of higher number of medium ordered caffeine clusters with increasing number of caffeine.
These clusters form a hydrophobic environment around the hydrophobic residues of pep-
tide, and physically block them from interaction. Therefore, our simulation study showed
that caffeine molecules inhibit the oligomers formation of Af4_ 9o peptide, by reducing
hydrophobic interaction between peptides. Again, as the self-aggregation tendency of pep-
tide decreases in presence of caffeine, the hydrogen bonding sites of peptide are available
to form hydrogen bonds with hydrogen accepting atomic sites of caffeine, which further

stabilizes the caffeine-peptide interaction.
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Summary and Our View on Action of Caffeine as an

Inhibitor

“We are at the very beginning of time for the human race. It is not unreasonable that we
grapple with problems. But there are tens of thousands of years in the future. Our responsibility
1s to do what we can, learn what we can, improve the solutions, and pass them on.”

— Richard P. Feynman
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We have carried out classical MD simulation to explore the underlying mechanism of effect
of caffeine on aggregation of protein. We systematically investigated the self-association
property of caffeine molecules first and then the changes in protein aggregation tenancy in
presence of caffeine aggregates. We started our investigation to explore the self-association
of caffeine molecules in presence of NaCl salt, as salt ions are an essential component of
living systems. We observed that caffeine molecules self-aggregate by forming clusters by
intermolecular 7-stacking interaction. Addition of NaCl salt causes the exclusion of water
molecules from caffeine hydrophobic surface. To investigate the solvation of caffeine more
closely we have calculated preferential interaction parameters. We have found that with
increasing salt concentrations, a caffeine molecule prefers to interact with another caffeine
over water molecules. Cluster structure analyses and SASA calculations have revealed
higher association of caffeine molecules at high NaCl concentration. We have also observed
a slight decrease in the caffeine-water average number of hydrogen bonds on addition of
salt. An investigation of the effect of temperature on self-association of caffeine molecules in
pure water and salt solutions showed that as temperature increases, the probability of for-
mation of higher order clusters decreases. Spatial distribution plot shows vertical stacking
arrangement of caffeine molecules, which shows a trend of decreasing caffeine aggregation
at higher temperature. Addition of salt enhances the probability of caffeine distribution
around itself. Calculation of potential of mean force and the enthalpic and entropic contri-
bution to it shows that thermodynamics of caffeine association is enthalpy driven in pure
water. However, presence of salt leads to entropy driven association specifically at higher
temperature. Interestingly, although caffeine molecule is smaller than the required 1 nm
length as predicted by Chandler [74] for crossover from entropic to enthalpic dependence
of aggregation of nonpolar solutes, our analyses point out the transition of thermodynamic
behavior of caffeine association to shorter length-scale as the chemical and physical envi-

ronments are changed.

To shed lights on the effect of caffeine on hydrophobic aggregation of biomolecules,
at first we have examined the self-aggregation of hydrophobic di-t-butyl-methane (DTBM)
molecules in a regime of caffeine : DTBM stoichiometric ratios. Calculations of site-site
radial distribution functions followed by the coordination number analyses and spatial
distribution plots showed the disruption of hydrophobic moieties of DTBM aggregates in
10 : 1 or more stoichiometric ratio of caffeine : DTBM. Cluster structure analyses, spatial
distribution function plots of caffeine around DTBM and the snapshots of the trajectory

reveal that caffeine aggregates form a hydrophobic environment around a DTBM molecule
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in which a DTBM molecule is encapsulated, and DTBM interacts with water within the
confinement of caffeine aggregates. Moreover, these caffeine clusters also physically block
the other D'TBM molecules to interact with the encapsulated DTBM molecule, leading to
disruption of DTBM clusters in solutions with 10:1 or higher caffeine to DTBM molecules.

Next, we have explored the effect of caffeine on protein aggregation, which is more
complex compared to purely hydrophobic assocition. Our studies on effect of caffeine on
the aggregation of amyloid-5 derived switch-peptide with varied stoichiometric ratios of
caffeine to peptide showed that formation of -sheet conformation is prevented to a large
extent in presence of 10:1 or more caffeine to peptide ratio. We have observed that caffeine
can inhibit the formation of S-sheet by interacting with the peptide aromatic moiety. In
order to understand the mechanism of inhibition action of caffeine in more detail, we have
considered the seven residue peptide Af16_92, which form amyloid fibril in vitro. In pure
water system, the peptides aggregate together to shield the hydrophobic central core from
the solvent water molecules and the hydrophilic terminal residues are well exposed to water.
However, radial distribution function, hydrogen bond analyses, residue-residue contact map
calculation, interaction energy calculation and solvent accessible surface area calculations
showed the disaggregation tendency of peptide in presence of caffeine, and with increasing
number of caffeine in the system, the self-assembly formation is getting ceased. In presence
of caffeine the hydrophobic central core of peptides is blocked by the caffeine clusters
to interact with other peptides. The interaction between caffeine and the phenylalanine
residues of peptide restricts the self-assembly formation of peptide. We also observed that
as the number of caffeine increases, the interaction of caffeine with the hydrophobic residues
and hydrogen bonding sites of the peptide increases. For all systems, the cluster structure
analyses of caffeine indicate the formation of higher number of medium ordered caffeine
clusters with increasing number of caffeine. These clusters form a hydrophobic environment
around the hydrophobic sites of peptides, and physically block them from interacting with
each other. Again, as the self-aggregation tendency of peptide decreases in presence of
caffeine, the hydrogen bonding sites of peptide are available to form hydrogen bonds with
hydrogen accepting atomic sites of caffeine, which further stabilizes the caffeine-peptide

interaction.

Therefore, we conclude that caffeine has the ability to inhibit amyloid formation of pep-
tide, and the blocking of aromatic Phe residue of the Af4_ 20 peptide by caffeine clusters
through peptide-caffeine m-stacking interaction, and other residues by hydrophobic and hy-

drogen bonding interactions lead to complete disaggregation of peptide in caffeine solution
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with 10:1 or higher caffeine to peptide stoichiometric ratio.
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