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Chapter 1

Introduction

“ The appeal of MD simulations is due to their ability to provide realistic descriptions of the
actual molecular motions, and the ability to simulate the time evolution of reactive trajectories is
very useful. Furthermore, MD simulations appear to provide a simple and effective way of averag-

ing over protein configurations and obtaining the free energies that control biological functions.”

— Arieh Warshel Acc. Chem. Res. 35, 385 (2002)
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B PROTEIN DENATURATION AND COUNTERACTION

How and why a denatured polypeptide chain can spontaneously fold into a compact
and highly ordered conformation has remained an important unresolved question in wide
range of disciplines. In order to attain their respective biological activities, protein must
have to fold into precise three-dimensional conformations. The folding of protein into its
native state is the most fundamental example of biological self-assembly. Hence understand-
ing this process will help to elucidate the process of evolutionary selection of properties of
a biological system for functional advantage. Native state of a protein refers to the state of
the highest thermodynamic stability under physiological conditions. If the folding process
of a protein from its unfolded state undergoes all possible conformations, it will take an
astronomical length of time to reach to the native state. However, literature [1, 2] revealed
that folding process does not involve a series of mandatory steps between specific steps,
but rather a stochastic search path is followed. Anfinsen and co-workers proposed that the
compactness of the three dimensional structure of a protein depends intrinsically on the
sequence of amino acid residues as well as on the multiple contributions from the cellular
environment [3]. The uniqueness of energy landscape of a particular protein also pertains
to amino acid sequence and this leads natural selection to evolve so that the protein gets
native folded state rapidly and efficiently. Anfinsen’s work shed light on understanding
the process through which the sequence of polypeptide chain guides the whole protein to a
particular three-dimensional conformation. To fully map the folding/unfolding process all
conformational ensembles (from native state to denatured state) are required to character-
ize and the mechanism of conversion is also needed to explore. Experimental approaches
can provide only limited information regarding these aspects. Molecular dynamics (MD)
simulation is the most realistic technique available that allows time dependent monitoring
of the detailed interactions of the protein with its surrounding chemical environments. In
present days protein unfolding simulations are carried out equally as because they can be
expected to reliably depict possible folding pathways of protein when viewed in reverse [4].
Theory of microscopic reversibility dictates that the mechanism of folding can be probed in
both the directions of unfolding and refolding under same conditions [4]. Over recent years
a huge number of research works have been reported in the approach of fully mapping the
protein folding pathways. Anticipating the process of folding and unfolding of protein will
contribute in understanding of biological processes also, such as protein degradation and

translocation, aging, and human diseases. In view of this, unfolding of protein is relevant
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to investigate since it plays crucial role in development of different amyloid diseases and
many other cellular processes [5-7|. This leads us to focus on simulations of proteins in

solutions to investigate the detailed processes of protein folding/unfolding equilibrium.

We consider two different widely studied proteins GB1 and Trp cage that are
known to exhibit adequate folding behavior with simulation techniques. Small S-hairpin
peptides have been used as model peptides for studying folding/unfolding mechanism of
proteins [8, 9]. B-hairpin is the simplest example of an anti-parallel 5-sheet found in protein
structures that may be considered as a suitable system to study the fundamental issues in
protein folding. A number of recent studies have also examined the osmolyte effects on the
stability of S-hairpins [10-14]. Several computational studies are reported to explore the
folding mechanism of S-hairpin and the effects of osmolytes on its stability. Because of the
small size and fast kinetics, Trp cage is another extensively investigated protein in terms
of computational and experimental works [15-20]. It has a well packed hydrophobic core
and typical tertiary contacts that make it a highly stable paradigm in the field of protein

research.

The challenges in the conformational sampling of complex biological systems pro-
hibit the complete exploration of energy surfaces. In literature many significant efforts
have been made till date for developing efficient simulation methods. Since from the birth
of Replica Exchange Molecular Dynamics (REMD) in 1999 by Sugita and Okamoto [21],
it has been a very popular approach to carry out biomolecular simulations. We have con-
sidered REMD simulation technique over the regular canonical molecular dynamics (MD)
simulation because of the fact that for the latter technique it is usually difficult to obtain
accurate canonical distributions both at low- and room temperatures [21]. Because sim-
ulations at such temperatures tend to get trapped in one of the huge number of local or
minimum energy states. REMD overcomes the energy barriers by state exchange moves.
One replica at a higher temperature exchanges its temperature with the immediate lower
temperature replica and vice versa. This exchange facilitates barrier crossings of the en-
ergy landscape and helps to create the suited trajectories for configurational transitions.
This in turn helps to trace out the trajectory of conformational transitions followed by
the protein under consideration. REMD simulation technique is also used for enhanced
conformational sampling which is always preferred for protein simulation studies. REMD
ensures efficient sampling by crossing the energetic barriers. REMD method has numerous
other advantages too. It produces information over a range of temperatures (so that we

get the melting temperature curve of the protein), it works equally on explicit and implicit
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solvents. In comparison to constant temperature MD (of protein simulation), it reduces
the sampling time by a factor of 20 or so. The ability to run REMD on parallel processors
has made it a popular tool for researchers, however, accurate measures of simulation data

for large proteins remains to be exploited.

Protein conformation is sensitive to its surrounding environmental conditions such
as temperature, pressure and assorted molecules comprising the volume around it [22].
Some small molecules that accumulate in high concentration inside the cell in response to
osmotic stress are known as osmolytes. Nature exemplifies certain evidences of using pro-
tecting and denaturing osmolytes to restore cellular functions. For example, certain marine
animals have adapted life at very high pressure and salinity by using osmolytes having de-
naturing effect such as urea [23] and protecting osmolyte such as betaine, trimethylamine
N-oxide (TMAO) etc. to counteract the effect of denaturant [24]. Protecting osmolytes are
often classified into two classes ‘compatible’ or ‘counteracting’ osmolytes [25, 26]. Compat-
ible osmolytes increase protein stability but do not affect functional activity of the protein,
whereas counteracting osmolytes cause changes in protein function. Some methylamines
(e.g. trimethylamine-N-oxide (TMAOQO), betaine etc.) are considered as counteracting os-
molytes. Some amino acids (e.g. proline and glycine) and polyols (e.g. trehalose, sucrose,
and sorbitol) are considered compatible osmolytes. Urea is an extensively studied denatur-
ing osmolyte, which has been postulated to exert its effect either directly [27] (by binding
to the protein) or indirectly [28] (by altering the solvent structure which in turn offers dena-
turing effect on the protein). Some studies attributed the urea denaturation to both direct
and indirect mechanisms [29, 30] while others emphasized the role of hydrogen bonding
between urea and protein [31, 32]. However, the exact mechanism of urea-induced denat-
uration is not adequately established till date [33]. The osmolyte TMAO is found in the
urea-rich cells of elasmobranchs and coelacanths to protect the protein against deleterious
effect of urea. TMAO is considered as counteracting osmolyte which imparts its effect
on both structural stability and functions of the protein. Studies based on TMAO-water
interaction showed that the unfavorable interaction of TMAO with protein backbone is
dominantly responsible for its stabilization effect [34]. Further, studies on the molecular
interactions between TMAO and protein functional groups also give evidence of some fa-
vorable and unfavorable contributions towards the overall stabilizing effect of the osmolyte
[34, 35]. Folding propensity of the protein was proposed to arise due to enhanced water
structure in presence of TMAO which in turn affects the folding/unfolding equilibrium of

the protein [36, 37]. Some studies are found to highlight the direct interaction between



Chapter 1 5

protein and TMAO molecules [36, 38, 39]. Thirumalai and co-workers [40] have proposed
that TMAO acts as crowding agent that favors compactly folded native conformations of
the protein through excluded volume effect. In other words TMAO increases stability of
protein by acting as a nano-crowder. Crowding role of TMAO on native state stabilization
is also supported by a recent study of F. Gai and co-workers [41]. Another study [42] pro-
posed that TMAO produces a local environment surrounding the protein that increases the
strength of backbone-backbone hydrogen bonds and reduces the conformational entropy of
the entire system. Bolen and co-workers [43] suggested that the osmophobic interaction of
the peptide backbone with TMAQO molecules plays a vital role in protein stabilization. Pet-
tit and co-workers [44] have explored the conformational preferences of decaalanine peptide
in osmolyte solutions from the calculations of solvation free energy changes. They found
that TMAO exerts its effect in ternary solutions from the most favorable van der Waals
component. In a recent work Garcia and co-workers [33] reported the preferential exclusion
of TMAO molecules from the surface of protein. Another study by Ganguly et al. [45] has
shown that both urea and TMAO mutually exclude each other from the protein surface
with simultaneous enhancement of urea-urea and TMAO-TMAO self-aggregation. They
support indirect mechanism for TMAO stabilization which is established through strong
TMAO-water interaction. In a recent study [46], Ganguly et al. emphasized on the deli-
cate balance between TMAO-water and TMAO-urea interactions. TMAO-urea interaction
results in depletion of urea from the protein surface. They have also reported that choice of
different force field parameters of different atomic sites of TMAO have substantial impact
on these interactions in mixed urea-TMAO solution. Simulation studies on TMAO-water
mixture provide strong support of compactly bound water molecules around the polar head
group of TMAO molecule [47]. Though a lot of research works has been devoted still study
on this crucial osmolyte is captivating new area of surveillance everyday. In literature many
experimental evidences also exist showing urea induced denaturation, TMAO induced pro-
tection and also counteraction of TMAO against urea action [42, 48]. The findings are
substrate specific based on intermolecular interaction mechanism. These studies inspired
us to investigate and characterize the protection and denaturation mechanisms of osmolytes

urea and TMAO at molecular level using REMD simulation technique.

For possible quantitative characterization of different contributing factors of TMAO
on protein stabilization different model systems are considered. In most of the studies, Kast
model of TMAO [36, 49, 50] is used as osmoprotectant. Recently, Garcia and co-workers [33]

have introduced another model of TMAO called Osmotic model based on osmotic pressure
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measurement of TMAO solutions. Osmotic model incorporates more realistic interactions
through parameterization of the strength of Lennard-Jones interactions of different atomic
sites and scaling down the charges of TMAQO atomic sites. Some other models of TMAO
are also available viz. Netz model [51] and Shea model [52]. These are developed on the
base of Kast model to reproduce thermodynamic properties of aqueous TMAO solution.
But till date no such force field parameters for TMAO is available that adequately de-
scribes the balance of interactions in mixture of solution. So, we have restricted our study
to Kast model based on our previous study. In each of the work we have compared the
behavior of the protein in urea solutions as well as in mixture of urea and TMAO. In the
first work, we have compared the protection behavior of Kast model and Osmotic model
[53]. Throughout the study we have tried to shed lights on the protection of TMAO against
urea denaturation to find out the best fitted mechanism of TMAO counteraction. From
this study, we have found that Kast model of TMAO gives better protection against urea
denaturation when used in conventional 2:1 ratio of urea:TMAOQO. Hence for the rest of the

studies (from Chapter 3 onwards) we have considered Kast model of TMAO.

Inside the cell, the fundamental process of protein folding is assisted by a class
of conserved protein known as molecular chaperones. Molecular chaperone can be defined
as any protein that interacts, stabilizes, or helps a non native protein to acquire its na-
tive conformation, but is not present in the final functional structure [54]. Chaperones
initiate folding process of a newly synthesized protein by preventing its aggregation and
misfolding [55]. The GroEL/GroES chaperonin system of E. coli has been studied most
extensively [55-57]. Proteins are stabilized by many long-range interactions and they also
have tendency to populate kinetically trapped intermediates [58]. Ring-shaped chaperonin
GroEL binds with non-native protein within its central cavity and together with its co-
factor GroES, that acts as a lid, accomplish folding [59, 60]. Both the folded protein and
GroES are released from the GroEL unit after reaching the folded state. GroES binding
causes substantial conformational change that significantly increases hydrophilicity of the
cavity wall (i.e. more number of polar residues project towards inner wall of the cavity)
[54]. This situation promotes folding by arrangement of ordered water molecules by the
side of the surface and thereby generating a local environment where the protein buries its
exposed hydrophobic regions effectively and thus accelerates folding [54, 61]. Brinker et
al. [62] suggested that GroEL/GroES chaperonin system induces a confinement effect on
the protein that smoothen up the energy landscape of the protein by preventing kinetically

trapped intermediates. The effect of GroES is negligible. In literature many computational
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and experimental studies have been reported to study protein folding/unfolding behavior
under confinement in order to understand the functioning of the chaperone unit [63-67].
Recent computational studies considered the effects of confinement on protein folding and
stability in the context of chaperons, pores, and other cellular environments [63, 66, 67].
Tian et al. [63] addressed the protein Trp cage under polar and nonpolar confinement and
showed that protein folding stability was influenced by several factors, such as the nature of
confined wall, sequence of the protein, and entropic stabilization. They established that the
nonpolar confinement stabilized the folded state while the polar confinement destabilized
the protein. Coarse-grained simulations of proteins showed that the effect of confinement is
dependent on the size of the confining volume relative to the size of the protein [67-69]. The
common observations from most of the studies are that confinement stabilizes the folded
state of proteins, confined solvent also plays a crucial rule and the effects of confinement
are reflected in the reduction of the conformational entropy associated with protein fold-
ing, which in turn leads to the stabilization of the folded states. This leads us to carry out
REMD simulations [21] of Trp cage inside a non polar as well as polar confinement in pure
water and in presence of binary osmolyte solution of urea and ternary osmolyte solutions
of urea and TMAOQO. Effect of confinements on the osmolytes and their subsequent effects

on the protein is investigated thoroughly.

Urea TMAO (Trimethylamine N-oxide)

CPK presentations of urea and TMAO molecules. Carbon, nitrogen, oxygen and hydrogen atoms are

presented by , blue, red and white color respectively.
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How TMAO stabilizes proteins and counteracts the denaturing effect of urea re-
mains to be an important issue in protein science. In the current study, an effort has been
made to address this issue. First, we anticipate the results for binary and ternary solutions
of urea and urea-TMAO respectively. Then the mechanisms lying behind denaturation
and counteraction are investigated and illustrated. The simulation works and concluding
remarks are presented in the subsequent chapters. The next section of the present chapter
deals with the basic techniques of MD and REMD employed in our work. The details of the
analyses of the applications of these techniques for specific systems are given in respective

chapters. This is followed by a brief description of the works presented in the current thesis.
B METHODOLOGY

In this thesis, we have used classical molecular dynamics (MD) as well as replica
exchange molecular dynamics (REMD) simulation techniques. REMD is a widely used
method to enhance conformational sampling of MD simulations. REMD simulation can
improve sampling of conformational states when the states are separated by significant
energy barriers. The fundamental tools and methods underlying MD and REMD are the
same. Note that, throughout this thesis, specific AMBER]12 force field parameter sets are
used [70].

In MD simulation, the potential energy function (U) is described by all interac-
tions 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 [71].

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

interaction terms

U= Ubond + Uangle + Udihedral =5 Uvdw S UCoulomb (]-]-)

The first three terms ( Upond, Uangie;s 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
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Uangle = Z KG(‘gac - eeq)Q (13)
angles
Vi
Udihedral = Z 7(1 + cos(ng —0)) (1.4)
dihedrals

The letters b, 8, ¢, 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 (U,q,) [72] describing the van der Waals interaction [73], and the
second one is the Coulomb term (Uegopuioms) [74] that deals with the electrostatic interactions

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

defined as:

=% Se[(%) - (22)] 19

0

Ucoulomb = Z [ﬂ] (16)

4me,r;i
i i<y 0w

where the overall sum is over all the atom pairs i and j. Lennard-Jones parameters o and
e are the diameter of atomic site and well depthenergy, respectively. r;; is the inter-atomic
distance. ¢; and ¢; 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

2

H=Y 24y (1.7)

2m

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

where ¢ = 1,2,..... N, m; is the mass of i-th particle and F; is the force acting on particle
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1. This equation is obtained easily from the Lagrangian

LN NN
L= 5 ;mivi.vi — 3 Z Zu(nj) (1.9)

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

grangian equation of motion is

d <8L> oL
dt 04" O
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
Y. = —— 1.11
=5 (1.11)
! OH
e =~ (1.12)

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

wise interaction potential, the Hamiltonian is
L N TR
H = §;mivi.vi + §ZZU(T”) (1.13)

i=1 j#i

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 6N 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 [75]. 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 [76] 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:
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r(t+dt) =r(t) +v(t)dt + %a(t)dtQ (1.16)
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.
REMD algorithm of Sugita and Okamoto has become a widely-used tool for sim-
ulation of macromolecules that arises by applying the parallel tempering method to MD
simulation. The REMD algorithm runs multiple isothermal MD simulations in parallel at
a sequence of increasing temperatures (g, 71, ..., 1) and intermittently attempts to swap
simulations between temperatures i and j. The proposed swap accepted with probability
is given by the Metropolis criterion below:
P,cc = min(1, exp[( S )(EZ — E])]) (1.18)
kgT;  kpT}

where I; and F; and T; and T are the energies and temperatures of the i-th and j-th replica,

respectively. If the exchange is possible, the temperatures of the neighboring replicas will be
exchanged, and the velocity will be scaled and reassigned according to the new temperature;
otherwise, the two replicas will continue on their trajectories with the same temperature.
In this way, replicas of the system which were trapped in local minima after the exchange
have gained the kinetic energy to cross higher energy barriers.

Development of Metropolis criterion involves following steps: In standard replica
exchange molecular dynamics, the simulated system consists of of M non interacting copies
(or replicas) at M different temperatures. The position, momentum and temperature for
each replica are denoted by ¢4, pl! and T},, and here, i=1,.....M and m=1,...,M. The equi-

librium probability for the generalized ensemble is given by:

M
W, ¢", T,,) = ewp{ 2T H(pm,qm)} (1.19)
i=1 m

In the expression, the Hamiltonian H(pl7, ¢l1) is the sum of kinetic energy K (p!!) and
potential energy E(gl1). At temperature T,,, we denote pll, ¢l by x%} and further we
define X = x[li(l)]""’$%’(lv[)] as one state of the generalized ensemble. Now we consider a
pair of replicas that are exchanged. Suppose we exchange replicas i and j, which are at

temperatures 7T,, and T,,, respectively. The exchange can be represented as:

X =2l ol o X =gl gl (1.20)
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To maintain detailed balance of the generalized system, microscopic reversibility

has to be satisfied, thus giving
W(X)p(X = X')=W(X)p(X — X) (1.21)

where p(X — X') is the exchange probability between two states X and X’. An important
step in the derivation of the exchange criterion is the substitution of the Boltzmann factor
for the weight of each conformation into Eq. 1.21, yielding Eq. 1.22 (given below). Note
that, it is not strictly correct until equilibrium has been reached, (this is the point at which

the structures are actually considered for exchange with this probability).

1 . r 1 . .
L L gl = bl Uy \ e
exp{ T, (™, ¢") kBTmH(p ,q7) p.p(X — X)

(1.22)

1 - 1 o
y B oG X/
exp{ kBTmH(p , ") k,BTmH(p .q )}-p( — X)

By rearranging Eq. 1.22, we obtain the Metropolis exchange probability (see Eq.
1.18). It must be reiterated that Eq. 1.22 is valid only for equilibrated ensembles that follow
Boltzmann distribution. This assumption is followed till the end of the simulation. Use of
this exchange probability results into adoption of the correct ensemble by each replica.

In the standard REMD, several replicas at different temperatures are simulated
simultaneously and independently for a chosen number of MD steps. Then exchange is
attempted between a pair of replicas (the probability of success is calculated using Eq.
1.18). If the exchange is accepted, the temperatures of the replicas will be swapped, and
the velocities will be scaled accordingly. Otherwise, if the exchange is rejected, both of the

replicas will continue with their current trajectories with the same thermostat temperature.
B PRESENT WORK

TMAO, a widely studied osmolyte, counteracts the denaturing effect of urea, typically
in 8:4 molar ratio of urea:TMAQO, and thereby stabilizes the native conformation of the pro-
tein to maintain cellular function. The mechanism by which TMAO provides counteraction
against the action of urea and stabilizes protein has been investigated. We focus on the
effects of urea and TMAO on the folding/unfolding equilibrium of protein and put an effort
to uncover the molecular basis of denaturation and counteraction mechanisms. In Chap-
ter 1, we present a detailed literature review of the mechanism of action of the osmolytes,

their effects on the protein. The reason of choosing REMD (Replica Exchange Molecular
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Dynamics) simulation technique over the classical MD technique is also explained. Chap-
ters 2 deals with the Smith model of urea and two different models of TMAO viz. Kast
model and Osmotic model. Osmotic model was developed based on Kast model that yield
a higher osmotic pressure of TMAO-water solution. It enhances TMAO-water interactions
and reduces TMAO-TMAO interactions when compared to that of the Kast model. We
have performed a comparative study utilizing these two models of TMAO to examine the
extent of protein protecting ability of the two models. We have tried to explore the under-
lying mechanism by which urea and TMAO exert their effects on the protein S-hairpin. A
close examination of the occupancy of different intra-protein hydrogen bonds shows that
TMAO molecules protect the terminal hydrogen bonds of the protein effectively. Urea
causes denaturation of the protein through breaking of the terminal intra-protein hydrogen
bonds. Kast model of TMAO, in conventional 2:1 ratio of urea:TMAO provides counter-
action against denaturing effect of urea. Osmotic model provides maximum counteraction
when used in 1:2 ratio, but fails to provide sufficient conformational stability to the protein
in conventional 2:1 ratio of urea and TMAQ. These findings lead us to carry out further
studies with Kast model of TMAO. Errors in the results obtained from molecular dynamics
simulation arise from insufficient sampling. Assessing the quality of the sampling shows
how accurately a given quantity is computed. Without adequate sampling, the predictions
of the results remain incompletete. Conclusions can not be drawn from an undersampled
calculation. We will address the statistical uncertainty for individual observables wher-
ever needed in the following chapters. Statistical analyses are of utmost importance in

establishing the reliability of simulation data for any given study.

In Chapter 3, we have emphasized on the counteraction behavior of TMAO
against action of urea without using any confinement. Using REMD simulation technique
we have studied urea-induced denaturation and TMAO-induced counteraction of the pro-
tein Trp cage. We have particularly emphasized on three factors that persuade stability
on the protein Trp cage: (i) salt bridge between residues Asp9 and Argl6, (ii) the buried
hydrophobic core surrounding the indole plane of residue Trp6 and (iii) orientational pref-
erence of different aromatic planes constituting the protein with respect to the indole plane
of residue Trp6. Existence of the salt bridge and hydrophobic core of the protein are in-
vestigated thoroughly. Angles between vectors normal to the planes are considered for the
comparison of orientational preference among different pair of planes. We have analyzed
RMSF and secondary structure of the protein that reflect the behavior of the protein under

the effect of urea and mixture of urea-TMAOQO solution. Analyses of melting curves and free
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energy landscapes indicate the difference of folding behaviors of the protein in presence of
different chemical environments. We have calculated average number of hydrogen bonds
among different components. Large number of protein-urea hydrogen bonds indicate direct
interaction of urea with the protein that result in unfolding of the protein. Small num-
ber of protein-TMAO hydrogen bonds provide insufficient support for direct interaction
mechanism of TMAO with the protein. Since we have not observed any evidence of di-
rect interaction, the study provokes indirect mechanism of protein stabilization by TMAO

molecules.

In Chapter 4, we have examined the effects of non polar confinement on the
folding/unfolding equilibrium of the protein Trp cage by means of REMD simulation tech-
nique. We have used a near spherical non polar fullerene ball consisting of 2940 carbon
atoms in order to mimic the role of chaperonin unit in protein folding. Free energy land-
scapes (FELs) are calculated as a function of temperature and RMSD (root mean square
deviation) that depict conformational space visited by the protein. Analyses of radius
of gyration and RMSF (root mean square fluctuation) indicate that the protein experi-
ences decreased conformational space due to limited volume provided by the confinement.
Protein-urea interaction energy is also analyzed by splitting it into electrostatic and van
der Waals components. Analysis of density profiles of water for pure water system reveals
that there is dewetting of the hydrophobic surface of the fullerene ball. In binary urea solu-
tion all the residues of the protein show high probability to remain near the surface of the
fullerene ball. Under the effect of confinement urea molecules get more access to solvate the
protein that cause denaturation. Average number of intra- and inter- molecular hydrogen
bonds are also calculated that shed light on denaturation and counteraction mechanisms

of urea and TMAO respectively.

Similar to the work in Chapter 4, in Chapter 5 we have studied the effects of
polar confinement on the folding/unfolding equilibrium of the protein Trp cage using replica
exchange molecular dynamics simulation. We have used a spherical polar confinement con-
sisting of 2940 carbon atoms with randomly distributed charges on the different carbon
atoms of the fullerene like ball. Like the preceding chapters here also we have explored
FELs as a function of temperature and RMSD. Comparison of FELs and other proper-
ties like radius of gyration, RMSF, DSSP indicate that in polar confinement the folding
propensity of the protein becomes lower than that in non polar confinement. Urea induced
denaturation is found to be more effective in presence of polar confinement. Equivalent

folding propensity of the protein in pure water and mixed ternary solution indicates that
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TMAO counteracts urea’s action effectively in presence of polar confinement. Analysis of
density profiles of water ensures an enriched layer of water that wets the polar surface of
the confinement. The protein residues in all the solutions show small tendency to occupy
peripheral region of the confinement. The roles of salt bridge and the hydrophobic core
of the protein pertaining stabilization are also analyzed. Calculation of intra- and inter-
molecular hydrogen bonds are also employed to analyze the mechanisms of urea and TMAO
inside the polar confinement.

In Chapter 6, we have discussed the results of each of the work and tried to bring
our view on the counteraction mechanism of TMAO and the effect of confinement on the
protein folding/unfolding equilibrium. A comparative view of the effect of polar/non polar

confinement on protein conformation is also elucidated.






Chapter 2

Model Dependency of TMAQO’s Counteracting Effect
Against Action of Urea

“Proteins can do Almost Everything....Before we can hope to understand how genes work,
how muscles contract, how nerves conduct electricity, how embryos develop, or how our bodies

function, we must attain a deep understanding of proteins...”

— B. Alberts et al., Molecular Biology of the Cell, Fifth Edition, 2008, Garland Science,
New York, USA, p. 125

17
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Folding and unfolding of proteins are of vital importance for the regulation of their biological
activities. Native state of a protein refers to the state of the highest thermodynamic stability
under physiological conditions. The compactness of the three dimensional structure of
a protein depends intrinsically on the sequence of amino acid residues as well as on the
multiple contributions from the cellular environment. Protein is sensitive to the surrounding
environmental conditions such as temperature, pressure and assorted molecules comprising
the volume around it [22]. Urea is an extensively studied denaturing osmolyte, which
has been postulated to exert its effect either directly [27] (by binding to the protein) or
indirectly [28] (by altering the solvent structure which in turn offers denaturing effect on the
protein). Most of the recent studies have established direct interaction of urea with protein.
The counteracting osmolyte TMAO is found in the urea-rich cells to protect the protein
against deleterious effect of urea. Studies based on TMAO-water interaction showed that
the unfavorable interaction of TMAO with protein backbone is dominantly responsible for
its stabilization effect [34]. Though lot of research works have been devoted still study on
this crucial osmolyte is unraveling new facets everyday.

In literature many experimental evidences exist showing urea induced denatu-
ration, TMAO induced protection and also counteraction of TMAQO against urea action
[42, 48]. The findings are substrate specific based on intermolecular interaction mechanism.
These studies inspired us to investigate and characterize the protection and denaturation
mechanisms of osmolytes urea and TMAQO at molecular level using simulation technique.
To bring out the detailed mechanism of protein-solvent interactions and their roles in overall

conformational behavior of the protein are the core objective of this study.
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Comparison of counteracting effect of Kast model versus

Osmotic model

Overview: We have performed molecular dynamics simulation of GB1 peptide (a 16-
residue (S-hairpin) in different osmotic environment. Urea is used for denaturation of the
peptide and TMAO is used as the counteracting osmolyte to offset the denaturing effect
of urea. Direct mechanism of urea-induced denaturation is evident from interaction energy
calculations. Electrostatic interactions between urea and protein plays a major role in
denaturation process. To emphasize on protein protecting action of TMAO against urea,
two different models of TMAO are used viz. Kast model and Osmotic model. The study
reveals that Osmotic model of TMAO gives the best protection to counteract urea’s action
when it is used in ratio 1:2 of urea:TMAQO. The cause of better protection with Osmotic
model (in 1:2 ratio) arises due to the fact that presence of TMAO makes urea-protein
electrostatic energy more unfavorable. Preferential solvation of TMAO molecules by urea
(and water) molecules is also observed. This preferential solvation of TMAO molecules
causes a depletion in the number of urea molecules in the vicinity of the protein. Intra-
protein hydrogen bonds between different residues of protein further reveals the breaking of
backbone hydrogen bonds of residues 2 and 15 in presence of urea and the same hydrogen
bond is preserved in presence of TMAQ. Free energy landscapes show that the narrowest
distribution is obtained for osmotic TMAO model when used in 1:2 ratio of urea and

TMAO.



20 Chapter 2

B INTRODUCTION

In some marine organisms urea is accumulated in their cells as a result of osmotic
adaptation [31, 77, 78]. Urea being a denaturant, accumulation of another stabilizing
osmolyte is commenced to offset urea’s action. Trimethylamine-N-oxide (TMAO) is one
such kind of protecting osmolyte found in urea-rich cells of marine animals. It tends
to stabilize the folded state of protein and thus provide favorable conditions for cellular

functions.

Urea is required in high concentration to cause protein denaturation. Two mech-
anisms are often proposed to explain urea-induced denaturation, viz. direct and indirect
mechanism [22, 27-30, 77-79]. Direct mechanism assumes that preferential interaction be-
tween protein and urea play a significant role, whereas indirect mechanism assumes that
urea alters the water structure that causes an enhancement of hydration of the protein and
perturbs the protein conformation (discussed in Chapter 1). Some studies support working
of both of the mechanisms [30]. Most of the recent studies emphasize on the protein-urea di-
rect interaction which makes dominant contribution in urea-induced protein denaturation.
Though a great deal of effort has been made in order to understand the underlying mecha-
nism by which TMAO counteracts the deleterious effect of urea on protein molecules but a
definitive answer towards this is yet to be obtained [4, 33, 36, 40, 42, 49, 80-82]. Different
hypotheses have been proposed for the counteracting ability of TMAO on urea denatura-
tion: (i) preferential exclusion of TMAO molecules from the protein surface [33, 80], (ii)
TMAO’s ability to act as a molecular crowder which states that TMAQO molecules help
in strengthening protein backbone-backbone hydrogen bonds by creating a local protein
environment [40, 42], (iii) Preferential solvation of TMAO molecules by urea and water [49]
and (iv) TMAO-induced strengthening of water-water and water-urea interactions [4]. In
this context it is worth to mention that in a recent study J. E. Shea and co-workers [82]
showed that peptide hydration is greatly affected in presence of osmolytes urea and TMAOQO.
For urea, once it is bound to the protein, it repels water molecules and favors urea-urea
and urea-protein interactions. Whereas, TMAO molecule does not favor interacting with
the like molecules rather, it helps to redistribute the water molecules (from hydrophilic
residues of the protein to hydrophobic residues) which causes the formation of stable com-
pact conformation of the protein. Thus, it can be said that the mechanism of protection
and deprotection (of protein) is still a matter of dispute, and a generic mechanism is still

in demand.
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Small [-hairpin peptides have been used as model peptides for studying fold-
ing /unfolding mechanism of proteins [8, 9]. [-hairpin is the simplest example of an anti-
parallel -sheet found in protein structures that may be considered as a suitable system
to study the fundamental issues in protein folding. They may also provide a clue into the
problem of conformational diseases such as prion diseases, Alzheimer’s diseases, etc. Re-
cent studies are reported that have examined osmolyte effects on the stability of S-hairpins
[10-14]. Several computational studies are reported to explore the folding mechanism of
B-hairpin and the effects of osmolytes on its stability [83].

For possible quantitative characterization of different contributing factors of TMAO
on protein stabilization different model systems are studied. In most of the studies, Kast
model of TMAO [36, 49, 50] is used as osmoprotectant. Recently, Garcia and co-workers [33]
have introduced another model of TMAO called Osmotic model based on osmotic pressure
measurement of TMAO solutions. Osmotic model incorporates more realistic interactions
through parameterization of the strength of Lennard-Jones interactions and scaling down
the charge of TMAO molecule.

In this work we have reported the MD simulation of GB1 hairpin in water and
compared its behavior in urea solutions as well as in mixture of urea and TMAO with
two different models of TMAQO. Model dependent study of the counteracting effect of this
protecting osmolyte has not been explored till date. Several computational studies have
addressed the folding mechanism of GB1 hairpin because of its strong ability to retain its
secondary structure element in solution [84]. Throughout this study we have tried to shed
light on the protection of TMAQO against urea denaturation of S-hairpin and use of different
model of TMAO to find out the best fitted mechanism of TMAO counteraction. In the
next section, we have described the models and simulation method. Thereafter we have

discussed the results. Finally, conclusions are summarized in the last section.
B MODELS AND SIMULATION METHOD

In this study we have carried out classical molecular dynamics (MD) simulations of
counteraction of TMAQO on urea conferred denaturation of a 16-residue S-hairpin, GEWTY-
DDATKTFTVTE, corresponding to the C-terminal of the immunoglobulin binding domain
of streptococcal protein G (PDB code: 1GB1). Three sodium ions were added to neutralize
the charged side chains of the protein. For protein AMBERf99 [85] force field parameter-
ization was adopted. SPC/E [86] model of water was used for simulation of each of the

system as described in Table 2-1. Smith model of urea [87], Kast [88] and Osmotic model
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[33] of TMAO were used. Each of the simulations was performed for 50 ns using AMBER12

[70] simulation package.

Figure 2-1. NMR structure of the protein [(5-hairpin with residue-wise color identity.

With Packmol [89] package the initial configurations of all the systems were con-
structed, and then they were subjected to 10000 steps of minimization (steepest descent
followed by conjugate gradient method). The resultant systems were then heated gradually
from 0 K to 300 K followed by an equilibration run. Then the simulations were carried out
up to 50 ns in NPT ensembles (at 300K temperature and 1 atmospheric pressure). A 10.0
A cutoff was used for all non-bonded interactions. SHAKE [90] algorithm was implemented
in order to put constrain in all bonds involving hydrogen. Temperature was controlled by
Langevin dynamics [91] with a collision frequency of 1 ps~! and pressure was controlled by
using Berendsen barostat [92] with pressure coupling constant 2.0 ps. Electrostatic interac-
tions were evaluated fully by particle-mesh Ewald (PME) method and periodic boundary
conditions [93] were applied in all three directions. To carry out post-simulation analyses
AMBER ptraj module as well as VMD [94] (Visual Molecular Dynamics package) were used

on the trajectories obtained from constant temperature molecular dynamics simulation.
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Table 2-1. Overview of Systems®

System Nyater  Nurea  Ntmao  Density(p) BoxLength
(g/cc) (A)
Protein-Water (PW) 3000 0 0 1.0102 45.190
Protein-Water-Urea (PWU, 5M) 2293 283 0 1.0915 45.080
Protein-Water-Urea-TMAO 1727 283 141 1.1178 44.779

(PWUT, 2:1 i.e. 5M:2.5M, Kast)

Protein-Water-Urea-TMAQO 1727 283 141 1.1326 44.619
(PWUT, 2:1 i.e. 5M:2.5M, Osmotic)

Protein-Water-Urea-TMAQO 1627 141 283 1.5192 43.839
(PWUT, 1:2 i.e. 2.5M:5M, Osmotic)

% Nyater, Nurea and Nryao represent the number of water, urea and TMAO molecules respectively. p

represents density of the system.

B RESULTS AND DISCUSSION

Root Mean Square Deviation (RMSD)

The calculations of the atom positional root-mean-square deviation (RMSD) of
the C,-atoms of the protein provide information about the conformational changes of the
protein in different chemical environments. For this, following earlier work [95], we calcu-
lated windowed RMSD for different systems as a function of time. It is evident from the
literature [96] that RMSD value up to 1.5 A can be considered as a criterion for the folded
state of the S-hairpin. From the plot of RMSD vs. time for all the systems studied (Figure
2-2), it is observed that binary 5 M urea solution perturbs the protein conformation as
RMSD value exceeds 3.0 A .

For the systems containing TMAO along with urea, the counteraction behavior
of TMAO is apparent from the much lower RMSD values distributed around 1.5 A. A
comparison of the three RMSD values among three different mixed osmolyte systems shows
that the most stable conformation of the protein is achieved when Osmotic model of TMAO
is used in the osmolyte mixture with 1:2 ratio of urea:TMAO. Kast model of TMAO is,
however, able to counteract the protein against urea denaturation in 2:1 ratio. Noticeable

fluctuations in RMSD values for the Osmotic model containing system is observed when
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the mixture is used in 2:1 ratio. Thus Kast model of TMAO in 2:1 ratio and Osmotic model
in the reverse ratio i.e., 1:2 provide the most effective counteraction of TMAO against the

action of urea.

— PWU

— PWUT (Kast 2:1)
— PWUT (Osmotic 2:1) |
— PWUT (Osmotic 1:2)

0 10 20 30 40 50
Time (ns)

Figure 2-2. Root mean square deviation (RMSD) of Cy-atoms of the protein as a function of simulation
time. PW (black), PWU (red), PWUT (Kast 2:1) (green), PWUT (Osmotic 2:1) (blue) and PWUT
(Osmotic 1:2) (magenta).

Solvent Accessible Surface Area (SASA)

The solvent accessible surface area (SASA) measures the surface area of the solute
protein over which contact between the solute and solvent molecules takes place. Using
VMD [97] we have calculated SASA by considering a probe radius of 1.4 A . In Table 2-2
we include the SASA values for all the systems. In the same table we also present the
standard errors of SASA values for all the systems. The standard errors were estimated
by dividing total simulation runs in to five blocks, each of 10 ns. Then, the SASA values
were obtained for each block, and standard errors were calculated assuming that the block
values provide independent estimates of the SASA values. Note that, the similar procedure

is applied for the estimation of standard standard errors of other properties mentioned
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in this article. Nevertheless, these values indicate that the maximum value of SASA is
obtained for binary urea system while its smallest value is obtained for the system without
any osmolyte. This observation suggests that urea delivers denaturation to the protein
such that the unwinding of the two anti-parallel sheets takes place resulting into increase
of surface area of the protein to be accessed by solvent molecules, whereas the smallest
value of SASA indicates that in absence of any osmolyte i.e. in aqueous environment the
protein continues to maintain its native conformation. For the mixed osmolyte systems,
the value of SASA is found to be almost identical irrespective of the type of TMAO model
used. Nevertheless, these values are less than that of binary urea system indicating more

compact or folded form of the protein than binary urea system.

Table 2-2. SASA for respective systems®

System SASA(A?)
PW 1715.08 (£16.40)
PWU 1844.69 (£8.44)

PWUT (Kast 2:1)  1782.04 (£3.84)
PWUT (Osmotic 2:1)  1796.79 (+5.88)

PWUT (Osmotic 1:2) 1786.34 (£10.34)

@ Solvent accessible surface area (SASA) for respective systems. The numbers inside parentheses are the

standard errors that were estimated by dividing the total simulation runs in to five blocks.

Free Energy Landscapes (FELs)

Two suitable reaction coordinates that describe the folding dynamics of the pro-
tein (viz. RMSD and intra-protein hydrogen bond numbers in this study) are chosen to
construct free energy landscape of the S-hairpin in different osmolyte solutions as well as in
pure water. The free energy landscapes (FEL) are constructed according to the following
equation:

AG(V) = —kgT[InP(V) = InPay] (2.1)

where P(V) is the probability distribution of the coordinate (V) which is calculated from

the entire trajectory and is subtracted from the maximum of the distribution P,,,, so that
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AG=0 for the free energy minimum. In this study, AG vs C,-RMSD is plotted for the
respective intra-protein hydrogen bond numbers (see Figure 2-4).

The energy landscapes indicate different intermediates throughout the trajectory.
In order to verify convergence of the simulation run we have constructed free energy land-
scapes for different time frame (see Figure 2-5) and compared with the energy landscape
of the entire run. First 5 ns from each of the simulations is discarded and rest 45 ns is
split into three windows (i.e. 15 ns each) and FEL is calculated for each 15 ns window.
Convergence of sampling is indicated from the resemblance of FEL for last 15 ns with
the overall FEL. Representative conformations of the protein at the end of simulation is
shown in Figure 2-3. Figure 2-4 (a) shows that in pure water the conformation of the
hairpin remains almost intact throughout the entire simulation path. In presence of 5 M
urea (Figure 2-4 (b)) the landscape shows two distinctive minima. The minimum below
1.5 A of RMSD indicates folded form of the protein and above 1.5 A indicates unfolded
conformations. This figure further reveals that urea acts on the protein and decreases the
number of intra-protein hydrogen bonds so that the native conformation is not retained,
in fact the protein attains denatured conformation with much higher RMSD values.

In mixed osmolyte systems, (Figure 2-4 (c¢)-(e)) the maximum stable behavior of
the hairpin is observed in Osmotic model of TMAO system when reverse ratio of osmolytes
is maintained. Mixed osmolyte system with Kast model of TMAO also shows significant
protection of the protein. But Osmotic model in regular 2:1 ratio does not protect the
protein properly which is indicated by much rugged energy surface with multiple number
of minima. The narrowest distribution of FEL in reverse Osmotic system further suggests
that the maximum efficiency of the Osmotic model to protect the protein when it is used
in 1:2 ratio. The cause lying behind better protection of Osmotic model can be interpreted
as due to the removal of more number of urea molecules from the protein surface as well
as the preferential solvation of TMAO molecules by urea (and water) molecules (addressed

below).

1 1 N\ (A
i‘) e ‘vf 1

PW PWU PWUT (Kast 2:1) PWUT (Osmotic 2:1)  PWUT (Osmotic 1:2)

Figure 2-3. Snapshots of the protein in different systems at the end of simulation.
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(1)

RMSD (A)

H-Bonds

RMSD (A)

Figure 2-4. Free energy landscapes (FEL) for systems (a) PW, (b) PWU, (¢) PWUT (Kast 2:1), (d)

PWUT (Osmotic 2:1) and (e) PWUT (Osmotic 1:2).
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Dihedral Angle Principal Component Analysis (dPCA)
For principal component analysis (PCA) of a system containing M atoms the

correlated internal motions are represented by the covariance matrix:

i = (@i — (2:))(2; — (2;))) (2.2)

where z;,....x3y are the mass-weighted Cartesian coordinates of the atoms and (...)

denotes the average over all sampled conformations. The eigenvectors and eigenvalues of

the covariance matrix contain information about the collective motions of the atoms and
their amplitudes.

To obtain dPCA [98] we have performed PCA on sin- and cos-transformed dihedral
angles. Five different free energy surfaces are constructed for five different systems by using
‘Carma: a molecular dynamics analysis program’ [99]. Figure 2-6 shows the free energy
change as a function of first two dihedral angle principal components. dPCA can clearly
resolve the minima of the free energy surface. The different landscapes efficiently show the
protein conformational changes under different environments.

In Figure 2-6 (a), the two minima belong to two folded conformations with one
major dominant conformation which are separated from each other by an energy barrier. In
binary urea system, the occurrence of folded conformations is found to be small. Note that
the low energy barriers depict easy transitions between closely related conformations. But
in binary urea system all the minima are separated. Highly populated folded conformations
are observed for Kast and Osmotic model in reverse ratio (as shown in Figure 2-6 (c) and
(e)). On the other hand, Osmotic model in 2:1 urea and TMAO ratio shows a very narrow
distribution (Figure 2-6 (d)) indicating low occurrence of folded state.

Thus, it becomes clearly visible that in pure water the protein exhibits one state
folding with a small occurrence of another folding state which are closely spaced energeti-
cally. In 5 M binary urea solutions, urea molecules establish direct interaction (as is evident
from energy decomposition analysis addressed below) with the protein delivering denatura-
tion. It results into small occurrence of folded conformations. Because of huge changes in
internal structure of the protein, the minima are separated by large energy barriers. High
occurrence of folded conformations are found when Osmotic model of TMAO is used in 1:2
ratio. But when the Osmotic model is used in 2:1 ratio, folded conformation of the pro-
tein is found with a relatively smaller occurrence due to insufficient counteraction provided
by the TMAO molecules. When Kast model of TMAO is used much better counteraction

against action of urea is achieved in comparison to Osmotic model of TMAO used in reverse
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Figure 2-6. Dihedral angle principal component analysis (DPCA) for systems (a) PW, (b) PWU, (c)

PWUT (Kast 2:1), (d) PWUT (Osmotic 2:1) and (e) PWUT (Osmotic 1:2).
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Effect of TMAO on Urea-Protein Interactions

In order to examine urea’s direct interaction pattern with the protein we have de-
composed the urea-protein interaction energy into electrostatic and van der Waals (vdW)
energy components and the same is shown in Figure 2-7. Note that in protein-urea in-
teraction energy calculations we consider the interaction between the protein and all urea
molecules present in a given system. The electrostatic energy refers to the direct interaction
of urea with the protein through hydrogen bonds or other electrostatic interactions and van
der Waals energy refers to the favorable interaction of the protein and urea through dis-
persion interactions [100]. Literature reveals that [101, 79] dominant interaction amongst
the two is system dependent. Depending upon the other osmolyte present and nature of
the protein, the degree of interaction energy dependency changes and it is not necessarily
mutually exclusive. Figure 2-7 indicates that electrostatic energy plays a dominant role in
protein-urea interaction. Both electrostatic and van der Waals energies between protein
and urea (and hence total interaction energies) become more unfavorable when TMAO is
introduced. But the effect of TMAO on the electrostatic energy is noticeable more than the
van der Waals energy. This can be explained on the basis of the fact that urea molecules
are being replaced from the solvation shell of the protein when TMAO is introduced. This
prompted us to calculate radial distribution function (rdf) involving urea carbon and pep-
tide heavy atoms and the same is shown in Figure 2-8 (a). In Figure 2-8 (b), we show rdf
involving nitrogen atom of TMAO and peptide heavy atoms. A decreased peak height of
the first peak of urea carbon-peptide heavy atoms rdf as well as the presence of a small
peak at around 4.4 A in TMAO nitrogen-peptide heavy atoms rdf for mixed osmolyte
systems indicate that some of the urea molecules may be replaced (by TMAO molecules)
from the protein surface. The calculations of average number of heavy atoms of urea and
TMAOQO around the protein (as shown in Table 2-3) confirms this fact (i.e., a depletion in
the number of heavy atoms of urea molecules around the peptide heavy atoms for mixed
osmolyte system). Behavior of Kast and Osmotic model of TMAO are found to be similar
when the ratio of urea:TMAOQ is the same. On the other hand for the reverse ratio, TMAQO
being more in number (a much lower urea number density), a much lowering in the num-
ber of urea molecules is observed in the solvation shell of protein and hence protein-urea

interaction energy becomes more unfavorable.



32 Chapter 2

@) — PWU
— PWUT(Kast 2:1)
— PWUT(Osmotic 2:1)

I PWUT(Osmotic 12)

Electrostatic(kJ/mol)

(b)

Van der Waals(kl/mol)

0 10 20 30 40 50
Time(ns)

(c) 0
-100

B Electrostatic
#  van der Waals
B Total

-200

nergy (kJ/mol)

=300

E

-400

Figure 2-7. Intermolecular (a) electrostatic, and (b) van der Waals interaction energies between protein
and urea molecules as a function of simulation time. Part ¢ represents electrostatic, van der Waals and

total protein-urea interaction energies averaged over simulation time.

In this context it is worth to mention here that Kokubo and coworkers [44] re-
ported that urea forms better vdW contacts with the protein than TMAQO. Favorable vdW
interaction of urea with denatured states of protein helps it to stabilize the extended dena-
tured state than the compact helix state. For binary TMAQO solution vdW contribution is
more (for both native and denatured conformations) than water. This favorability of vdW

component cannot overcome the unfavorability of electrostatic component which makes it
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a higher free energy system with low protein solubility. This effect becomes highly sig-
nificant for denatured protein with more exposed area. Thus, a binary TMAO solution
with a compact protein is more stable than the one containing a denatured protein. As a
result, TMAO solution stabilizes the native state of a protein. When mixture of urea and
TMAO is considered, it provides the most favorable vdW component. As like the binary
TMAO solutions, similar explanations are provided for ternary mixed osmolyte solutions.
Counteraction of TMAO does not stem from electrostatic component (since electrostatic

component is more unfavorable for ternary osmolyte solution than binary TMAO solution).
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Figure 2-8. Radial distribution functions involving (a) urea carbon and (b) TMAO nitrogen and the
peptide heavy atoms for the systems PWU (black) , PWUT (Kast 2:1) (red), PWUT (Osmotic 2:1) (green)
and PWUT (Osmotic 1:2) (blue) respectively.

Protein Solvation and Hydrogen Bond Properties

According to previous study [102], when a heavy atom of solution species fell
within a distance of 3.5 A from any heavy atom of the protein, it was considered to be
inside solvation shell of the protein. The calculations of average number of solvent molecules

within 3.5 A of the protein heavy atoms also reveal similar observations (see Table 2-3).
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It is apparent that in mixed osmolyte systems urea molecules are more likely to occupy
nearby positions of the protein than TMAO. But what is remarkable is that the presence
of TMAO molecules decreases the number of urea molecules at the protein surface and
this effect is more profound for Kast model and Osmotic model (in 1:2 ratio) of TMAO.
This observation can act as a corroborative evidence of what we observed for protein-urea

hydrogen bonds (discussed below).

Table 2-3. Average number of heavy atoms of water, urea and TMAO within first

solvation shell®

System Nwo)  Noeoy  Nuwy  Nuoy  Newy  Neewy Nrgo
PW 50.33 — - - - ) _
(£1.04)
PWU 32.77 244 1408  6.13 __ - -

(£1.79) (£0.16) (£0.77) (£0.48)

PWUT 2878 181 1267 475 4.06 0.11 0.79
(Kast 2:1)  (£1.34) (£0.10) (£0.51) (£0.27) (+0.13) (£0.01) (%0.05)

PWUT 2913 194 1396  5.24 4.43 0.39 1.23
(Osmotic 2:1)  (£1.32) (£0.15) (40.69) (40.34) (&0.14) (+0.01) (+0.04)

PWUT 2393 091 6.64 258 1044  0.63 2.09
(Osmotic 1:2)  (£0.75) (£0.04) (£0.37) (+0.20) (£0.26) (+0.03) (£0.17)

* Nw(oy), Nu(c), Nuwy, Nuo), Nr(c)s Nr(n), Nr(o) are the average number of heavy atoms
of water, urea and TMAO within 3.5 A of any heavy atom the protein residue. W, U, and T refer to
water, urea, and TMAO molecules respectively. The numbers inside parentheses are the standard errors

that were estimated by dividing the total simulation runs in to five blocks.

Following earlier work [103], a maximum distance of 3.5 A and a minimum D-H-
A angle of 120° are used as geometric criteria to estimate the number of different types
of hydrogen bonds (where D and A represent donor and acceptor atoms respectively).
Note that, we have used the same hydrogen bond criteria for defining intra- as well as
intermolecular hydrogen bonds. The average number of hydrogen bonds formed between
protein and different species as well as intra-protein hydrogen bonds are shown in Table
2-4. In case of pure water system, i.e., in absence of any osmolyte the number of intra-

protein hydrogen bond is maximum. This is in consistent with the idea of spontaneous
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folding behavior of proteins when they are surrounded by aqueous environment [103]. Tt
can be seen that the minimum number of intra-protein hydrogen bond is formed in case of
binary urea system. It indicates unfolding of the protein under the influence of urea. Urea
molecules form considerable number of hydrogen bonds with the protein. This allows urea
molecules to deliver their effect on the protein which in turn delivers denaturation. The total
number of hydrogen bonds formed by the protein with the solution species (n? in Table
2-4) indicates that in presence of Kast model of TMAQO, the protein is less likely to form
hydrogen bond with urea molecules than in presence of Osmotic model of TMAO when used
in 2:1 ratio. This table further reveals that the minimum number of protein-urea hydrogen
bond is formed for Osmotic TMAO model (in reverse ratio). Furthermore, the addition
of TMAO decreases urea-water hydrogen bonds. This is because of the fact of formation
of considerable amount of TMAO-water hydrogen bonds. What is interesting is that in
mixed osmolyte systems TMAO molecules are also solvated by urea molecules significantly
(as revealed by urea-TMAO hydrogen bond numbers). This in turn makes urea molecules
somewhat unavailable for the protein to deliver denaturing effect. We note that, Kuffel et
al. [104] investigated the effects of osmolytes urea, TMAO and TMU (tetramethylurea) on
the structure of surrounding water. They concluded that these osmolytes fit reasonably well
into the structure of surrounding water and a slight enhancement in the stability of vicinal
water-water hydrogen bonds is also observed. These findings agree well with the previous
findings [49]. Here we also note that, by using a combination of thermodynamic experiments
and Kirk-Buff theory approach Rosgen and co-workers [105] suggested preferential solvation
of TMAO molecules by water and urea. They proposed that TMAQO’s strong hydrogen-
bonding ability with water and urea molecules as well the excluded volume effect account for
the stabilization of protein native conformation in presence of TMAO. According to their
proposed hypothesis, in binary TMAO solution (in absence of urea) protein is preferentially
hydrated with at least one water layer between the protein and TMAO. TMAO molecule
interacts with the protein through an intercalated water molecule. When urea is added,
TMAO can interact with the protein through either an intercalated urea, or an intercalated
water molecule. Since some of the water molecules in the intermediate layer are replaced by
urea, and TMAO molecules interact with these urea molecules this effectively increases the
spacing between the TMAO and protein molecule. As a result of this TMAO molecules are
more excluded from the protein surface in ternary mixed osmolyte solution when compared
to binary TMAO solution (without urea). This makes the TMAO molecules a powerful

protein stabilizer in presence of urea.



36 Chapter 2

Table 2-4. Average number of hydrogen bonds®

System nle  nhp  nhe nhdd nlnt o oalE" nlg" nigt
PW 43.7% —— —— 43778 7.35 —— —— ——
PWU 31.06 1451 —— 4557 5.71 4.56 —— ——

PWUT 26.69 13.28 0.62 4059 6.56 3.69 229  0.26
(Kast 2:1)

PWUT 27.83 14.25 1.62 43.70 6.07 3.74 3.01 0.21
(Osmotic 2:1)

PWUT 2263 7.63 224 3250 635 3.53 295 0.53
(Osmotic 1:2)

@ ni¥s, nbp and nly are the average number of hydrogen bonds formed by the protein with

T,

water, urea and TMAO respectively. nH%t“l is the total number of hydrogen bond formed by the protein

with the solution species and ngg P is the average number of intra-protein hydrogen bond. ngg W and
nggw are the average number of hydrogen bond formed per urea molecule and per TMAO molecule.

ngg T represents number of hydrogen bond formed between urea and TMAO per urea molecule.

A plot of occupancy of different intra-protein hydrogen bonds against time (Fig-
ure 2-9) shows that TMAO tends to protect the terminal hydrogen bonds (viz. in between
residues 2 and 15) joining the two [-sheets more effectively throughout the entire simu-
lation. But in binary urea system (Figure 2-9 (b)) shows no existence of this terminal
hydrogen bond. This leads us to conclude that in presence of urea, denaturation of the
protein takes place through breaking of terminal intra-protein hydrogen bonds. A com-
parison of TMAO containing systems depicts that Osmotic model containing system in 1:2
ratio (Figure 2-9 (e)) provides the maximum occupancy for terminal hydrogen bonds. This
results in elongated sheet conformation of the protein and the conformation attains more
stability. Although other intra-protein hydrogen bonds in between residues 13 and 4, 11
and 6, 10 and 6 (as shown in Figure 2-9 (a) and (b)) have high occupancy for urea and
pure water containing systems than TMAQO containing systems, it can be concluded that
terminal intra-protein hydrogen bonds play a major role in stabilizing overall conformation

of the protein.
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Figure 2-9. Occupancy of different intra-protein hydrogen bonds formed between the anti-parallel sheets
of the B-hairpin for all the systems studied viz. (a) PW, (b) PWU, (¢) PWUT (Kast 2:1), (d) PWUT
(Osmotic 2:1) and (e) PWUT (Osmotic 1:2).




38 Chapter 2

As a further investigation we calculated average number of hydrogen bond formed
by residues 2 and 15 with urea. For binary urea system the value is 1.031 and for mixed
osmolyte systems viz., in Kast model it is 0.692, for Osmotic model (in 2:1 ratio) is 0.451
and for reverse ratio it is 0.398. For the binary urea system, both side chain and backbone
of residue 2 and 15 forms hydrogen bond with urea with almost equal weights (0.541 and
0.490), whereas for mixed osmolyte systems side chain contribution is more than backbone
(0.508 and 0.040, 0.230 and 0.221, 0.227 and 0.171 respectively for above three TMAO
containing systems). Thus it is the backbone intra-protein hydrogen bond (of residue 2 and
15) which is more affected in binary urea system and in presence of TMAO this hydrogen
bond is being protected. These results lead us to conclude that involvement of backbones
of residue 2 and 15 to form hydrogen bond with urea plays a vital role in determining
overall conformation of the protein.

Above discussions lead us to infer that urea delivers its action through direct
interaction with protein through the breaking of terminal hydrogen bonds that link the
two sheets in parallel fashion while TMAO invokes an environment surrounding the protein

which is deficient in water and urea molecules and keeps the protein in its folded form.

B SUMMARY AND CONCLUSIONS

In this work, by employing classical molecular dynamics simulations, we have ex-
amined the extent of protecting ability of two different models of TMAO to counteract
urea’s action. We have also explored the underlying mechanism by which TMAO can
protect the deleterious effect of urea on protein conformation. The folding behavior of the
B-hairpin is found to be dependent on the nature of surrounding osmolyte used. Urea causes
denaturation of the initial conformation of the protein through breaking of intra-protein
hydrogen bonds joining its terminal residues. The turn region joining the two [-sheets
are also effected in presence of urea. Electrostatic interaction between urea and protein
is found to play an important role suggesting direct interaction mechanism is operative.
Both electrostatic and vdW interactions become more unfavorable when TMAO is intro-
duced. Effect being more noticeable on electrostatic than vdW component suggests that
urea molecules are replaced from the solvation shell of the by TMAO molecules. This is
evident from the calculations of average number of heavy atoms of urea and TMAO in the
solvation shell of the protein. Mixed osmolyte systems are studied in order to explore the
counteracting ability of different models of TMAO. Kast model of TMAO is found to be
capable of offsetting the denaturing effect of urea. Osmotic model of TMAO (in 2:1 ratio)
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is also found to exhibit a close behavior with that of Kast model except for the fact that
Osmotic model samples some number of denatured conformations of the protein. However,
when Osmotic model is used in 1:2 ratio, it provides maximum counteraction against action
of urea. Highly populated terminal intra-protein hydrogen bonds are formed resulting into
a highly compact conformation of the protein. As is evident from dPCA analysis that the
maximum number of stable conformations are sampled when Osmotic model is used in
1:2 ratio. It is achieved by retaining the H-bonds between the two strands of the protein,
which facilitates the protein to remain in folded state. Calculation of average number of
intra-protein hydrogen bonds between terminal residues 2 and 15 indicates that it is mostly
affected in binary urea solution and the same remains protected in presence of TMAOQO.

From the findings of the work carried out in this chapter lead us to conclude that
Kast model of TMAQO provides better protection to the protein when used in conventional
2:1 ratio of urea:TMAQO. This finding inspired us to carry out rest of the studies with Kast
model of TMAO.






Chapter 3

Stabilization of the Protein Trp Cage in Mixed
Osmolyte Solutions of Urea and TMAQO Without

Confinement

“Random walks allow the simulation to pass any energy barrier and to sample a much wider
phase space than by conventional methods. Monitoring the energy in a single simulation run, one
can obtain not only the global minimum-energy state but also any thermodynamic quantities as a

function of temperature for a wide temperature range.”

— Y. Sugita and Y. Okamoto Chem. Phys. Lett. 314, 141 (1999)

41
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REMD simulation is one of the most popular computational tools to explore the free energy
landscape of a protein due to efficient sampling. In REMD efficient sampling arises by
escaping a local minimum (where a trajectory is trapped), by exchange with a higher
temperature configuration. Hence REMD simulations can provide an atomic-level picture of
the protein’s conformational transition pathway. In this study, we present folding/unfolding
equilibrium of the protein Trp cage in presence of denaturing osmolyte urea and mixture of
denaturing and counteracting osmolytes urea and TMAO by REMD simulation technique.
We have used REMD method to elucidate different structural properties of the protein at
different temperatures. The study shows how the energy landscapes are affected depending
on the surrounding osmolytes. Proteins exhibit marginal stability and literature shows that
urea shifts the equilibrium toward unfolded state and TMAO shifts the equilibrium toward
folded state [27-47]. Different molecular mechanisms are proposed to explain their actions,
however, a definitive answer is yet to be obtained. In this work we have put molecular
level insights on the denaturing action of urea and counteracting action of TMAO on the
protein Trp cage.

To be more specific on the denaturing and counteracting mechanisms of urea and TMAO
on the protein Trp cage we have emphasized on the salt bridge, hydrophobic core and
orientational preferences of different planes of amino acid side chains. Role of salt bridge on
determining stability of the protein has been a matter of dispute. It is not always a necessary
factor for protein stabilization. Trp cage possesses a well packed hydrophobic core. This
invokes us to examine the existence of the core and role of TMAO in the protection of the
hydrophobic core. Interactions between side chains of the protein residues are regarded as
a decisive factor for protein stabilization. Thus we have studied preferential orientations
of different planes and how they are affected with the change of chemical environment
surrounding the protein. We have carried out analysis of the hydrogen bond and effect
of TMAOQO on protein-urea interaction energy in order to highlight the stabilizing effect of

TMAO to compensate the deleterious effect of urea.
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Use of REMD to explore the effects of denaturing and mixed
osmolyte solutions on the protein Trp cage

Overview: Using replica exchange molecular dynamics simulation technique we have stud-
ied urea-induced denaturation and its counteraction by TMAO of the protein Trp cage. We
have found that in binary solution urea molecules are very much prone to stay nearby the
salt bridge. In presence of TMAO, salt bridge is found to be protected from urea molecules.
TMAO also prevents hydration of the hydrophobic core of the protein and thus provides
counteraction. Emphasizing on the orientational preferences of different aromatic planes
reveals that near parallel orientation of Trp6-Trpl8 and near perpendicular orientations of
Trp6-Trpl7 and Trp6-Trpl9 have significant contributions towards stabilization. Trp6-Tyr3
pair is more likely to maintain a tilt angle of 25°. These orientational preferences of the
planes that are lost in binary urea solution regained significantly in mixed urea/ TMAO so-
lutions. We have also found a highly favorable interaction energy between protein and urea
contributed from both electrostatic and van der Waals components. Addition of TMAO
makes these interactions more unfavorable. Protein solvation behavior and hydrogen bond
calculations show that TMAO molecules replace some urea molecules from the surface of
the protein. As a result, a reduction in the protein-urea hydrogen bonds is observed when
compared to that of binary urea system. Since no evidence of direct interaction is observed,

our findings provoke indirect mechanism of protein stabilization by TMAO molecules.
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B INTRODUCTION

Intrinsic complexities underlying in the protein folding process makes it a never
ending field for the researchers. Residue sequence, physiological condition of the surround-
ing environments and many other factors play crucial role in determining the folding land-
scapes of a protein [23, 106]. Significant perturbations in those conditions can cause loss of
the native structure of the protein partially or completely [107, 108]. Thus, some adaptive
mechanisms are mandatory to continue functioning of the cell. Conditions like dessication
or dehydration, high- or low-hydrostatic pressure, temperature, salinity etc. cause osmotic
stress [109, 110]. Then in response to these osmotic stresses small molecules are released in
the cells or tissues that are known as osmolytes [111]. Trimethylamine-N-oxide (TMAO)
is one such osmolyte found in intracellular environment of certain marine organisms which
is accumulated in order to counteract the effect of urea and the effect of high hydrostatic

pressure [34, 112, 113].

The application of denaturing agent to aqueous protein solution results in to the
unfolding of the protein. In this study we have used urea as denaturing agent which has
been studied extensively through both theoretical as well as different experimental methods
(as discussed in Chapter 1). Studies in support of both direct (preferential interaction of
urea with the protein) and indirect (alteration of water structure which in turn affects
the hydration of the protein) mechanisms of urea denaturation are reported (discussed in
Chapter 1). Some recent studies put consensus views on direct interaction mechanism.
However, molecular level studies on urea are still exploring new facts to provide finer
explanations of denaturation mechanism [114]. In contrast to the favorable interaction of
urea with protein, the protecting osmolytes have no such favorable interactions but they
offer stability to the protein [115]. Folding propensity of the protein was proposed to arise
due to enhanced water structure in presence of TMAO [36, 37]. Some studies are found to
highlight the direct interaction between protein and TMAO molecules [36, 38, 39], whereas
some others highlight the indirect interaction [33, 40-46, 116, 117]. These are mentioned in
brief in Introduction chapter. Numerous studies (that considered mixture of protecting and
denaturing osmolytes) are reported to establish the mechanism by which TMAO stabilizes
the protein and counterbalances the effect of urea. However a unified scenario has yet to

be emerged.

In the present work we have carried out replica exchange molecular dynamics simu-

lation (REMD) simulation [21] of Trp cage in pure water, in binary urea solutions as well as
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in ternary solutions of urea and TMAO in two different concentrations of TMAO in order
to explore the sensitivity of protein folding/unfolding equilibrium towards the surrounding
osmolytes and sort out the essential features of the intermediates formed by the protein.
Because of its small size and fast kinetics, Trp cage is an extensively investigated protein in
terms of computational and experimental works [15-18, 118]. We have considered REMD
simulation technique over the regular molecular dynamics (MD) simulation because of the
fact that for the latter technique it is usually difficult to obtain accurate canonical distribu-
tions at low and room temperature limits [21]. This is because of the fact that simulations
at such temperatures tend to get trapped in one of a huge number of local or minimum

energy states.

In this study we have particularly emphasized the effect of urea and TMAO on the
three key stabilizing factors of Trp cage: (i) salt bridge between residues Asp9 and Argl6,
(ii) the buried hydrophobic core surrounding the indole plane of residue Trp6 and (iii)
orientational preference of different aromatic planes constituting the protein. Salt bridges
are formed by oppositely charged residues and believed to contribute to protein stability.
But, it has also been reported that it is not always mandatory to form a salt bridge to

reach the stable conformation of the protein [63, 119, 120].

Comparative studies with mutated form of protein and non-mutated forms of hy-
drophobic core established the relationship between protein stability and hydrophobic core
formation. Hydrophobic core provides tertiary interactions among the secondary structure
elements/motifs (such as helix or sheet or turn or coil). Thus, the maintenance of the
hydrophobic core determines the overall stability of the protein. It is well established that
changes in interactions in the hydrophobic core can have effects on the protein conformation.
Experimental findings along with theoretical investigations have shown that mutations in
the hydrophobic core enhance instability of the protein [15, 121]. Long range hydrophobic
interactions are identified between aromatic planes that contribute towards stabilization of
protein. Studies involving mutations at different sites of the protein Trp cage revealed that
interactions of the aromatic planes between different pair of residues contribute largely in
its stabilization. For example, Andersen and co-workers [15] have shown that substitutions
of proline residues at position 17 and 19 resulted in less folded structure of Trp cage (Pro19
exhibits interactions with Trp6 and Tyr3). Furthermore, hydrophobic interactions between
Trp6 and Tyr3 are also found to draw attention of researchers [122-124]. The outline of this
chapter is as follows. The details of the simulation protocols is provided in next section.

Then we present and analyzed the results for all the systems. This is followed by summary
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and conclusions of the work.
H MODELS AND SIMULATION METHOD

REMD simulations were performed to study denaturation and counteraction of urea
and TMAO respectively on the mini-protein Trp cage (PDB ID 1L2Y [18|, Figure 3-1).
The protein has 20 residues. At neutral pH, lysine, aspartic acid and arginine residues are

charged and hence one chloride ion was added to neutralize the mini-protein.

Figure 3-1. NMR structure of Trp cage with residue-wise color identity. The aromatic planes of different

residues are also shown.

Simulations were performed using AMBER12 program [70]. The systems considered in
this study are described in Table 3-1. 8M aqueous urea solution was used to cause un-
folding of the protein and two different urea-TMAO mixed solutions with varying TMAO
concentrations are used to examine the counteracting effect of TMAQO. We have used com-
paratively larger systems for ternary solutions (than binary urea solution) so that urea and
TMAO molecules are sufficiently solvated by water molecules. We have used Kast model
[88] of TMAO rather than Osmotic model [33] since it is evident from our previous study
[53] that Kast model of TMAO gives better protection against urea when used in conven-
tional 2:1 ratio of urea:TMAQO. Some other models of TMAO are also available viz. Netz
model [51], Shea model [52]. These are developed on the base of Kast model to reproduce

thermodynamic properties, density etc. of aqueous TMAO solution. But till date no such
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force field parameters for TMAO is available that adequately describes the balance of in-
teractions in mixture of solution. So we have restricted our study to Kast model based on
our previous study.

For solvation of the protein in all the simulations TIP3P model [125] of water
was used. Lennard-Jones parameters of different atomic sites of TIP3P water, urea [87]
and TMAO [88] and their corresponding partial charges are considered according to the
citations mentioned. For the protein, Amber ff12SB parameters [126] were used. To begin
with, the initial configurations of all the systems were generated by Packmol program [89].
All non-bonded interactions were treated with 9.0 A cutoff. SHAKE algorithm [90] was
used to put constrain in all bonds involving hydrogen. Langevin dynamics [91] was used
for controlling temperature and Particle mesh Ewald summation method [93] was used
to treat electrostatic interactions. Before starting REMD simulation, each of the systems
was subjected through some mandatory steps. At first we have carried out minimization
of the Packmol generated systems through steepest descent method. Then heating was
carried out gradually from 0 to 300K in terms of 5 ps steps under NVT conditions with a
temperature jump of 50K. The resulting systems were then subjected to NPT conditions
(1 atmospheric pressure and 300K temperature) for 300 ps and finally NVT conditions for
another 400 ps. These steps ensured that Trp cage was homogenized sufficiently and the
structure of Trp cage remained unperturb. The systems obtained from these steps were

then used for REMD simulations.

Table 3-1. Overview of Systems”

System Nw Ny Nt  No.of Temperature Density Box

Replicas (K) (g/cc)  Length(A)
PW 2640 0 0 B2 280-444 0.99 43.58
PWU 2293 376 0 32 280-447 1.12 43.27
PWUT (4M) 4000 1152 576 40 288-430 1.13 64.56
PWUT (5bM) 3720 1152 649 40 288-430 1.16 64.45

% Ny, Ny and Nt represent the number of water, urea and TMAO molecules respectively. p represents

density of the system. P, W, U, and T refer to protein, water, urea, and TMAO respectively.

With a distribution of temperatures ranging from 280 to 450K over 32 to 40 replicas
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(depending on the systems as described in Table 3-1) REMD simulations were carried out.
To set up the temperature spacing between the replicas, energy distributions were obtained
from a series of short (0.5 ns) constant volume MD simulations at five different temper-
atures (viz. 275, 325, 375, 425 and 475K). Average energy values for the corresponding
temperatures were then fitted with a polynomial equation which was then solved to evalu-
ate the temperature spacing with 20% accepted exchange probability between neighboring
replicas. In REMD periodic state exchange moves are attempted in between neighboring

replicas (i and j) according to the acceptance rule

Praw = min1. | o= - )= Ep)) (3.1)

where F; and E; represent the energy of the replicas i and j respectively (discussed in

Methodology of Chapterl). Swapping of temperature between neighboring replicas are
successful when the above equation 3.1 is satisfied so that there is a sufficient overlapping
of energy of the corresponding replicas. Temperature based trajectories were then sorted
for each single temperature. The simulation time for each of the systems was 50 ns per
replica. Almost a decade ago Paschek et al. [127] carried out REMD simulation of Trp
cage for 100 ns starting from an extended conformation. They found that at least 40 ns
was required for equilibration period. In this study the initial conformation of the protein
is not the extended one, hence equilibration period of 50 ns is found to be sufficient. The
trajectories were analyzed with AMBER ptraj and cpptraj [128] module as well as VMD[94]

(Visual Molecular Dynamics package) as mentioned whenever in need of them.
B RESULTS AND DISCUSSION

Root Mean Square Fluctuations (RMSF) and Secondary Structure

Root mean square fluctuations (RMSF) provide information about the magnitude
of fluctuations of C,-atom of each residue of the protein. Residues with high RMSF values
exhibit distinct difference in flexibility from that of the native state indicating the structural
change. We have calculated RMSF for both low (at 288K) and high (at <447K) temper-
ature limits (see Figure 3-2). At high temperature limit the peptide residues for every
system are found to be more flexible than the corresponding low temperature limit which
is as per with the expectation. For the binary urea system (PWU) all of the residues show
maximum flexibility. Action of TMAO against the denaturing action of urea is reflected
from this RMSF plot with a decreased flexibility of the residues in presence of TMAO

than that for binary urea system. This effect is quite prominent for low temperature limit.
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At high temperature, (which is not physically relevant) the counteracting effect of TMAO

against the deleterious effect of urea is not very prominent.
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Figure 3-2. Root mean square fluctuations (RMSF) of Cy-atoms of each of the residues of the protein at:

(a) low temperature and (b) high temperature.

Based on dictionary of protein secondary structure (DSSP) algorithm (by W. Kab-
sch and C. Sander [129]), secondary structure analyses are carried out at 288K temperature
to find out the secondary structure elements adopted by each of the residues throughout
the entire simulation path. A comparison of the DSSP plots for different systems (shown in
Figure 3-3) clearly indicates that the ease of the protein to retain its native structure varies
depending on the surrounding chemical environments. The native structure is absolutely
retained in pure water. In binary urea solution the native structure is hardly maintained
with a very high appearance of coil structure (except for the initial phase of simulation). In
4M ternary solutions of TMAOQO, protein’s native conformation is conserved to some extent.
In ternary solution with 5M TMAO, a moderately higher retention of the native structure

is observed (when compared to 4M ternary TMAO solutions).
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Figure 3-3. Plot of secondary structure analysis of the protein vs. simulation time. (a), (b), (¢) and (d)

correspond to PW, PWU, PWUT (/M) and PWUT (5M) systems.

Radius of Gyration

The analysis of radius of gyration (R,) values of Trp cage can provide information
about the effective size of the protein in absence/presence of osmolytes. For better under-
standing, the probability distribution of I, values for every system is plotted at the two
temperature limits (see Figure 3-4 (a) and (b)). Low temperature ensembles are found to
exhibit smaller effective size than the high temperature ensembles. We note that our results
are in accordance with the findings of Garcia and co-workers [63]. The maximum compact
form is retained by the protein in pure water system. In binary of urea system, the protein
attains unfolded conformation as is reflected in high value of R, (A). In mixed osmolyte
systems, the effect of urea is reduced leading to a smaller effective size of the protein than
that of binary urea system. Furthermore, the average R, values for each temperature of all
the systems are calculated. The effect of temperature and the effect of osmolytes on the
protein are evident from the Figure 3-4 (c¢). As observed before [63], we also find that the

value of R, increases gradually with increasing temperature. The lowest average R, value
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(7.3 to 7.7 A) is maintained for pure water system over the entire range of temperature. It

indicates that the most compact conformation of the protein is attained in absence of any

osmolyte.
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Figure 3-4. Probability distribution of radius of gyration at (a) low and (b) high temperature limits. (c)

Variation of average radius of gyration with temperature.

Melting Curves and Free Energy Landscapes (FELs)

The use of REMD simulation helps us to construct the melting curves of Trp
cage in pure water system as well as in the systems consisting of urea and TMAO (Figure
3-5 (a)). In absence of any osmolyte, the protein shows highly stable behavior upto very
high temperature. The folded conformation of the protein is almost retained throughout

all the temperatures except at high temperatures where a modest reduction of the folded
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fraction value is obtained. The addition of urea to pure water system causes unfolding
of the protein even at the lowest temperature range and more unfolding is observed as
temperature increases. For the mixed ternary solutions counteracting effect of TMAO
can be observed from the folding fraction values that are much higher than the binary urea
solutions. Again, ternary solution with 5M TMAO shows better protection than that of 4M
TMAO solution, which is quite evident from the higher folded fraction value for the former
solution. Nevertheless, for 5M TMAO solution, we observe that at room temperature the
protein retains approximately 80% folded conformation. The corresponding free energy
changes for respective systems are also calculated [63] and plotted in Figure 3-5 (b). AG,

can be calculated as:

AG, = —~RTInK = —RTIn [M} (3.2)
Ly

where K is the equilibrium constant and x; is the folded fraction of the protein. It is
apparent that for pure water system, a sharp change is observed at ~380K, above which
the AG, value starts to decrease indicating loss of free energy due to appearance of a few
unfolded conformations above this temperature. This is also evident from the calculation

of free energy landscapes discussed below.
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Figure 3-5. Plot of (a) helical fraction with temperature and (b) corresponding free energy of unfolding

for respective temperatures.
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Free energy landscape (FEL) has always been proved to be a useful tool to capture
all possible conformations undergone by the protein [131, 132]. We have used two parame-
ters viz. RMSD (root mean square deviation) and temperature to construct the FELs for
all the systems. We cover the entire range of temperatures and considered different confor-
mational changes adopted by the protein. Free energy is computed by using the following

the equation:

AG(V) = —kgT[InP(V) — InP) (3.3)

where kp is the Boltzmann constant, T is the temperature, P(V) is the probability distribu-
tion of the coordinate V. (RMSD in this study) and P(V) is subtracted from the maximum

of the distribution, P,,.., so that AG becomes zero for the free energy minimum.
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Figure 3-6. Free energy landscapes (FELs) for systems (a) PW, (b) PWU, (¢) PWUT (4M) and (d)

PWUT (5M).
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In Figure 3-6, we present the FELs of the protein for all the systems as function
of C,-RMSD and temperature. Conformations with RMSD values less than 2.3 A are
considered to remain in native conformation. The ruggedness of surfaces indicate the
random walks in energy spaces visited by the protein. As shown in Figure 3-6 (a), FEL
of pure water samples the least variations of conformations. Above 380K temperature,
however, we observe conformations with slightly higher RMSD values. For 8M binary
urea solution, the FEL is found to expand from the low temperature limit (Figure 3-6
(b)). Throughout the entire temperature range, the protein adopts conformations with
RMSD values ranging from 0 to 15 A. It indicates the unfolding of the protein from the
low temperature limit, which continues upto high temperature. Thus, the low appearance
of native form and high appearance of largely unfolded conformations are observed in 8M
urea solution. TMAO shows its protecting ability and counteract the effect of urea largely
which is quite evident from the narrower distribution of RMSD values in comparison to the
FEL of binary urea system. From the Figure 3-6 (c¢) and (d), it becomes obvious that 5M
TMAO solution provides better protection in comparison to 4M TMAO solution.

Effect of Osmolytes on the Salt Bridge

Figure 3-7. Salt bridge forming residues Asp9 and Argl6 of Trp cage with residue-wise color identity.

Salt-bridges are known to be important structural motifs that deliver structural
stability to the protein [63]. In Trp cage, salt bridge mediated by residues Arg 16 and Asp
9 (see Figure 3-7), is reported to play crucial role in delivering overall stabilization to the

protein conformation [133]. The average distance maintained by the residues Arg 16 and
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Asp 9 is calculated. For a better understanding, the probability distributions of the salt
bridge distances for different systems are plotted and these are shown in Figure 3-8 (a).
A comparison of these two parameters for different systems reveals that in pure water the
salt bridge is retained throughout the simulation time. Urea affects the salt bridge largely
so that the two residues tend to fall apart from each other. When TMAO is present along
with urea, the effect of urea is reduced to large extent in particular for 5M TMAO solution,

which is reflected from the probability distribution of salt bridge distances.
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Figure 3-8. (a) Probability distribution of salt bridge distances for all the systems at low temperature limit
(288K). (b) and (c) are the radial distribution functions involving urea and TMAO central atoms and salt

bridge residues.

The above observations suggest that in binary urea solution the presence of urea

molecules affects the interactions of the salt bridge forming residues. This prompts us to
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examine the presence of urea molecules, if any, in the vicinity of the salt bridge. Thus, radial
distribution functions (rdfs) involving urea carbon atom and the salt bridge ion pair of Trp
cage for different systems are calculated (see Figure 3-8 (b)). The figure clearly indicates
that in binary solution, urea molecules are very much prone to stay in the nearby position
of the salt bridge. There is a distinct decrease of urea distribution in ternary solutions
which is quite evident from the decreased first peak height of the rdf. This reduction of
urea density may be due to replacement of some of urea molecules from this region by other
solvent or cosolute molecules. Plot of rdf of TMAQO central atoms around the salt bridge
(see Figure 3-8 (c)) reveals the presence of a few TMAO molecules in the first solvation
shell of it. Thus, TMAO molecules play a role on protein stabilization which may have
arisen through the expulsion of some urea molecules and producing effect through indirect
interaction which ultimately contributes to protein stability. These observations are in line
with the surface rdfs obtained by Li et al. [117] for the protein HP35 in urea and mixed
urea-TMAO solutions.

In support of the above observations we have further calculated spatial distribution
functions [164] of urea and TMAO molecules surrounding the salt bridge and the same are
shown in Figure 3-9. It is quite apparent that the density of urea molecules in the nearby
position of the salt bridge in binary urea solution is much higher than that for the ternary
solutions. In ternary solutions, the presence of TMAO molecules in the vicinity of the salt

bridge is also quite noticeable.

()

Figure 3-9. Spatial distribution functions (sdfs) of urea (red) and TMAO (green) surrounding the salt
bridge residues of systems (a) PWU, (b) PWUT (4M) and (¢c) PWUT (5M). Isosurface value of 3.6 is

used for calculation of sdf.
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Stabilization of the Hydrophobic Core and the Effect of Osmolytes

A packed hydrophobic core inside a protein provides significant contribution to the
stabilization of its native structure. Native conformation is retained as long as hydrophobic
core is maintained. To better understand the role of osmolytes in stabilization and desta-
bilization of the protein, it is important to examine their effect on the hydrophobic core.
The protein Trp cage possesses a hydrophobic core, which is constituted by the residues
3(Tyr), 6(Trp), 7(Leu), 11(Gly), 12(Pro), 18(Pro) and 19(Pro). Residue 6 i.e. tryptophan
contains one indole group which is located at the center of the hydrophobic core region
[15, 133, 134]. Thus, the measurement of distances of the center of mass of the indole
plane from the other residues of hydrophobic core for different systems can be effective
in providing the effect of osmolytes on the hydrophobic core. Figure 3-10 (a) shows that
for the first 30 ns of the simulation, the hydrophobic core is conserved for all the systems
(i.e. native conformation is not lost). But after that, for binary urea system and ternary
solution with 4M TMAO, the hydrophobic core is not conserved. However, for pure water
and ternary solution with 5M TMAO the hydrophobic core is conserved. Figure 3-10 (b)
shows the average number of central atom of urea, TMAO and water molecules that are
present within 3.5 A of the hydrophobic core forming residues. It can be seen that urea
molecules (although small in number) are involved in solvating the considered hydrophobic
residues, which is only slightly higher for binary urea solution than mixed solutions. In
mixed osmolyte solutions, along with urea and water molecules, some TMAO molecules
also become available to solvate the residues. It indicates that TMAO molecules replace
some of the water molecules from the vicinity of the hydrophobic core forming residues and
cause a reduction in the number of water molecules when compared to that for binary urea
solution.

The calculation of hydration number for each of the residues contributing to the
hydrophobic core (see Figure 3-10 (c)) further reveals that residue 6 i.e., tryptophan con-
taining indole plane remain buried in native conformation (with low hydration number)
in pure water system. But, for binary urea system it becomes highly hydrated. Presence
of TMAO, however, prevents its exposure to water to some extent with a slightly more

pronounced effect in 5M TMAO solution.
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Figure 3-10. (a) Distance of hydrophobic core forming residues from center of the core. (b) and (c¢)
are the coordination number and hydration number of the hydrophobic core forming residues for different

systems.

Solvent accessible surface area (SASA) is also calculated for the residues constitut-
ing the hydrophobic core. The SASA values for all the systems are shown in Table 3-2. For
the calculation of SASA, a probe radius of 1.4 A (which approximates the size of a water
molecule) is considered [97]. It estimates the surface area of the protein that is available for
the surrounding solvent molecules. Thus high- and low-values of SASA speak about high-

and low-exposure of the protein residues to solvent molecules respectively. Since, in this
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study we have considered SASA only for hydrophobic core forming residues, the average
value of SASA indicates that in pure water system hydrophobic core is maintained (SASA
value is minimum for this case). For binary urea system, SASA value is the maximum
suggesting that hydrophobic core is more exposed allowing more solvent molecules to come
in contact with the protein. However, in presence of TMAOQO, in particular for 5M TMAO
solution, the effect of urea is reduced significantly and we get a fairly low value of SASA,

which is comparable with that of pure water system.

Table 3-2. SASA of the hydrophobic core for respective systems®

System SASA(A?)

PW 941.38 (20.89)
PWU 1413.65 (£33.60)
PWUT (4M) 1110.14 (435.48)

PWUT (5M) 1027.85 (£31.82)

@ Solvent accessible surface area (SASA) of the hydrophobic core. The standard errors are shown inside

the parentheses and are calculated by dividing the total simulation runs in to five independent blocks.

Orientation of Indole Plane with respect to Other Aromatic Planes of Trp Cage

The protein Trp cage contains four proline residues (viz. residues 12, 17, 18, 19)
that contain one pyrrole ring each and one phenyl ring containing residue (Tyr3). Since
indole ring plane (of Trp6) occupies the center of the hydrophobic core, it will be interesting
to examine the different orientations adopted by the indole plane with the other aromatic
planes as osmolytes are added. To define inter-plane angle we have considered the angle
between the vectors normal to the planes of the respective rings (see Figure 3-11). Thus,
angle values close to 0° and 90° correspond to parallel and perpendicular orientations re-
spectively. Center of mass (COM) distances between these planes are also calculated to
verify positional displacements of the planes in presence/absence of osmolytes. For all the
systems, we have calculated the normalized probability distributions of inter-plane orienta-
tional angles, P(#), as well as inter-plane COM distances, P(A), and plotted them against
the inter-plane angle and the inter-plane COM distances respectively (see Figure 3-12).
Since the protein retains most of its native conformation in pure water, the distributions

of angles and distances for this case can be considered as optimal distributions. Deviations
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from this optimal range indicate conformational changes that may lead to destabilization.
It can be seen that the probability functions are non-uniform suggesting orientational pref-

erences of the planes considered.

Near parallel Near perpendicular Tilted

Figure 3-11. Different planes showing the vectors perpendicular to the planes and orientational angles

between two planes.

As is shown in Figure 3-12 (a) that for pure water system, the value of P(6) attains
a maximum for § = 25°. This infers that the indole plane of Trp6 prefers to maintain a
tilt angle of approximately 25° with phenyl ring of Tyr3. As urea is added (for binary urea
system), the probability distribution is for this angle is broadened. This suggests that the
extent of deviation of the tilt angle of the pair of rings has some influences on Trp cage
stabilization. Remarkably, in mixed osmolyte solutions the effect of urea is neutralized to
large extent as is evident from the much narrower distribution of P(#) without changing
its position of maximum. The very similar behaviors are also observed for the probability
distributions of inter-plane angles between Trp6-Prol7, and Trp6-Prol8. But for the angle
between planes Trp6-Prol2, the probability distribution gets broadened on addition of urea

and it is not recovered in mixed osmolyte solutions.
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Figure 3-12. Probability distribution of the orientational angles (left) and COM distances (right) of indole

plane of Trp6 with respect to ring planes of Tyr3, Pro12, Prol7, Prol8 and Prol9.

The protein Trp cage exhibits native-like behavior in mixed osmolyte solutions (as
evident from previous discussions). Thus, it can be concluded that Trp6-Prol2 orientation
does not play a significant role in the stabilization of the protein in presence of mixture of
osmolytes. In this context it is worth to mention that Andersen and co-workers [15] and
Yang and co-workers [133] have also found that interaction of this pair is not essential for
protein stabilization (already discussed in Introduction section). They further established
that if single point mutations at proline sites cause significant decrease in Trp cage stability,

those proline residues contribute dominant cooperative interactions in folding of the protein.
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Figure 3-12 (c) and (d) depict that Prol7 and Prol18 maintain near perpendicular and near
parallel orientations with respect to the indole plane in pure water and mixed osmolyte
solutions. In binary urea solutions these orientations are perturbed and positional shifting
of the planes also occurs. Previous studies [15, 134] also confirmed the influence of Prol7
and Prol8 on the stability of Trp cage folded structure.

Figure 3-12 (e) indicates that no sharp orientation pattern is followed between the
planes of Trp6 and Prol9 in pure water system (since the distribution is near broad).
But in mixed osmolyte systems the planes exhibit a tendency to preserve perpendicular
orientations which was not observed for binary urea system. Evidence of interactions for
this pair is again noted in the work of Andersen and co-workers [15]. Taken together, it
can be concluded that specific orientations (parallel /perpendicular/tilted) of proline rings
with Trp6 and other residues may provide suitable conditions for hydrophobic interactions
among the residues that lead to overall stabilization of the protein. In our study, residues
Prol7 and Prol9 preserve approximately perpendicular orientations with the indole plane
and Prol8 preserves approximately parallel orientations to maintain the fold stability of
Trp cage, whereas Trp6-Tyr3 pair is more likely to maintain a tilt angle of approximately
25°. The probability distributions of COM distances P(A) exhibit the similar trends as
that of P(0), as osmolytes are added (see Figure 3-12 (f)-(j)). In brief, addition of urea to
pure water system decreases P(A) value without changing the position of maximum. On
the other hand, in mixed osmolyte system, the value of P(A) increases and the effect of

urea gets nullified.

Effect of TMAO on Protein-Urea Interactions

Stability of the protein conformation is governed by the nature of the surrounding
osmolytes. As is evident from the literature, for denaturation action of urea, two mecha-
nisms are proposed viz. direct and indirect (already discussed in Chapter 1). The direct
interactions are again classified into electrostatic and vdW interactions. The interaction
energy of urea with the protein via hydrogen bonds or other electrostatic interactions are
considered as electrostatic interactions. On the other hand, the interaction of urea with
the protein via vdW or other dispersion interactions are considered as vdW interactions.
Previous studies showed that depending upon the system’s environments, any one com-
ponent of these two interactions may play a major role and they are not always mutually
exclusive [79, 100, 101]. Some researchers [79] have found that electrostatic interaction
increases population of urea near the protein surface. On the other hand, several other

studies [78, 136, 137] supported the fact that dispersion interactions play a major role in
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delivering urea denaturation.
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Figure 3-13. Protein-urea (a) electrostatic, and (b) van der Waals interaction energies vs. simulation
time. (c) represents the average value of electrostatic, van der Waals and total protein-urea interaction

energies.

Following earlier work [100], we have decomposed protein-urea interaction energy
into two components: electrostatic and van der Waals (vdW) energy and they are plotted as
a function of simulation time (see Figure 3-13 (a) and (b)). As can be seen that in binary
urea system, both electrostatic as well as vdW components of protein-urea interactions
are favorable with a slightly more contribution of the former than the latter. Garcia and
co-workers [135] have also supported favorable interactions through electrostatic and vdW

forces between protein and urea. Plot of total interaction energy i.e. the sum of the average
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vdW and electrostatic energy also supports these observations (see Figure 3-13 (c)). Thus,
the interaction between protein and urea is not solely governed by electrostatic energy but
vdW energy also plays a significant role, and, the presence of TMAO molecules has profound
effect on the interaction between urea and protein. The highly favorable energy suggests
that protein-urea interaction is more feasible in binary urea system which results into
unfolding of the protein. In ternary systems, TMAO reduces protein-urea interactions so
that both electrostatic and van der Waals become less favorable and the native conformation
of the protein is retained. In this context we note that Kokubo and co-workers [44] suggested
the favorability of urea’s interaction (vdW interaction) with denatured protein rather than
the compact helix state. They have also argued that in mixed solution of urea and TMAOQO,
there is more favorable vdW contribution of protein-urea interaction than protein-TMAO

interaction.

Protein Solvation and Hydrogen Bond Properties

Analysis of average number of solvent molecules around the protein is carried out
by considering a cutoff distance of 3.5 A (see Table 3-3). Solution species having its heavy
atom within this distance from the protein heavy atoms are considered to be inside the
solvation shell of the protein. It is apparent from the Table 3-3 that the protein’s solvation
shell is most heavily loaded in binary urea system. The protein is found to be solvated
with the minimum number of solution species in pure water system. This indicates that
the most compact form of the protein is retained in pure water. This observation further
confirms the idea of spontaneous folding behavior of the protein in pure water [103]. A
comparison of different coordination values of binary and ternary solutions shows that with
the addition of TMAO molecules, some TMAO molecules occupy the solvation shell of the
protein with a significant depletion of urea molecules from it. Thus, effect of urea is reduced
in ternary solutions since less number of urea molecules are allowed to exert their effect on
the protein. Furthermore, as the number of TMAO molecules increases (from 4M to 5M

TMAO), more number of urea molecules are expelled from the protein solvation shell.
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Table 3-3. Average number of heavy atoms of water, urea and TMAO within first

solvation shell®

System Nwoy Nuwe)y Nuwy Nuo)y Nre) Nreay Nro)

PW 288K 7446  —— — — — -
PWU 288K 51.69 6.77 3443 18.18 —— _ -
PWUT (4M) 288K 43.52 4.17 2732 1243 11.23 042 3.45

PWUT (5bM) 283K 42.50 4.01 2591 11.79 11.59 0.46 3.62

* Nw (o), Nu(c) Nuwys Nuoy, Nrcys Nrny, Nr(o) are the average number of heavy atoms

of water, urea and TMAO that are present within distance of 3.5 A from any heavy atom the protein.

For the calculation of intra- and intermolecular hydrogen bonds, following earlier work
[103], we have considered the geometric crieteria of donor-acceptor distance of 3.5 A and
a minimum donor-hydrogen-acceptor angle of 120°. Average number of hydrogen bonds
formed among different species are calculated and they are presented in Table 3-4. The
intra-molecular protein-protein hydrogen bond maintains the residue-residue contacts and
thus gives an indication about whether native conformation is conserved or not [138]. It
is observed that the maximum number of intra-protein hydrogen bond is formed in pure
water system and the minimum number is found for binary urea system. Ternary solutions
can preserve the native conformation to some extent as is evident from the higher number
of intra-protein hydrogen bonds than that for the binary urea system. In binary urea
solution, there is a large number of protein-urea hydrogen bonds. This implies that direct
interaction of urea with the protein contributes to the unfolding of the protein. As TMAO
is introduced, there is a reduction of protein-urea (and protein-water) hydrogen bonds and
a significant number of protein-TMAO hydrogen bonds is formed. Thus, introduction of
TMAO results into replacement of some urea molecules from the protein surface. Increasing
concentration of TMAO from 4M to 5M results into the more involvement of TMAO
molecules in depletion of urea molecules from the protein surface. The small number of
protein-TMAO hydrogen bond provides insufficient support for direct interaction of TMAO
with the protein. Thus overall it can be concluded that TMAO replaces urea molecules
from the protein surface and provides stabilization by indirectly affecting the chemical

environment of the protein.
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Table 3-4. Average number of hydrogen bonds®

System Temperature nlly  nhg  nhp nhdd nlZ’
PW 288K 60.89 —— —— 60.89 16.11
PWU 288K 42.68 3545 —— 78.13 9.42
PWUT (4M) 288K 38.25 27.09 3.04 68.38 10.75
PWUT (5M) 288K 3742 26.12 3.29 66.83 11.46

@ Average number of hydrogen bonds formed by the protein with water, urea and TMAQO are
presented by nlig, nliy and njip respectively. 2" is the total number of hydrogen bond formed by the

protein with the solution species. nﬁg P refers to the average number of intra-protein hydrogen bonds.

B SUMMARY AND CONCLUSIONS

In this study we have used REMD sampling technique to elucidate the role of different
osmolytes on the protein Trp cage and to find out the molecular level insights of the
counteraction mechanism. Structural properties of the protein are revealed by analyzing
RMSF, DSSP and radius of gyration plots. Melting curves are also explored to study
folding propensity in different chemical environment. The overall conclusion that can be
drawn from these observations is that the most and the least native form of the protein
is retained in pure water and in binary urea solution respectively. Ternary mixed solution
with 5M TMAO provides counteraction against action of urea to large extent so that the
protein attains native like conformation largely. The plot of free energy landscapes (FELSs)
also supports these observations. FELs are plotted in order to depict the conformational
space visited by the protein covering the whole temperature range (viz. ~280K to ~450K).
The ruggedness of the surfaces is found to increase with temperature irrespective of all the
systems and it indicates thermal induced unfolding of the protein. Highly rugged surface of
binary urea solution is an indicative of urea induced unfolding that involves large number
of intermediate states. The ruggedness of the surfaces are minimized to some extent in
presence of TMAO revealing counteraction provided by TMAO.

Role of osmolytes in stabilization of salt bridge of Trp cage reveals that in binary urea
solution, urea molecules are more prone to stay nearby the salt bridge pair which in turn

helps in disruption of the salt bridge. The presence of TMAO molecules in ternary mixed
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osmolyte solutions makes less availability of urea molecules around the salt bridge and
thus the deleterious effect of urea is reduced. Focusing on the hydrophobic core we have
found that the center of the core becomes heavily hydrated in binary urea solution. TMAO
prevents to some extent the hydration of the hydrophobic core of Trp cage in ternary
solutions. Thus it can be concluded that TMAO-induced stabilization of the protein Trp
cage stems from both the protection of the salt bridge as well as the hydrophobic core.
However, we do not observe any direct interaction of TMAO with the protein. This leads us
to conclude that TMAO-induced stabilization is effective by means of indirect interaction.
The investigations of orientations of the indole plane of Trp6 with respect to other aromatic
planes of the protein reveal that the specific orientations of these planes provide stability
to the protein. In ternary TMAO solutions, we have not found near parallel orientation of
Trp6-Prol2 as an essential factor for protein stabilization, whereas near parallel orientation
of Trp6-Prol8 and near perpendicular orientation of Trp6-Prol7 and Trp6-Prol9 are found
to be significant contributors in stabilizing the native conformation of the protein. The
calculation of total protein-urea interaction energy and the estimation of different hydrogen
bond numbers indicate direct interaction between protein and urea plays a profound role. In
ternary solution, TMAO replaces some urea molecules from the protein surface. More the
number of TMAO molecules, more number of urea molecules are expelled from the protein
surface. As a result, both electrostatic and vdW components of protein-urea interaction

energy become more unfavorable in presence of TMAO (than that of binary urea system).
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Effect of Non Polar Confinement on Protein Trp Cage

Conformation in Aqueous Osmolyte Solutions

“In vivo, protein dynamics occur in the context of the crowded cellular milieu and in confined
spaces such as the chaperonin cavity, the proteosome, the ribosome exit tunnel, the translocon,
etc. When considering these factors it is reasonable to assume that proteins may experience
different energy landscapes when folding in vivo than in bulk, and these differences may constitute

a significant piece of the folding puzzle.”

— D. Lucent, V. Vishal, V. S. Pande Proc. Natl. Acad. Sci. 104, 10430 (2007)
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Chaperonins assist protein folding by providing a cavity in which the newly synthesized
protein can be encapsulated. Here, we investigate the effect of non polar confinement in
chaperonin mediated protein folding through simulation technique. We have used REMD
simulation technique to achieve efficient sampling. It helps in escaping a local minimum by
exchange with a higher temperature replica. To elucidate the role of osmolytes urea and
TMAO in presence of non polar confinement on the protein Trp cage is the main objective of
this study. Different analyses are implemented in order to explain the effect of confinement
and its consequent effect on the osmolytes in determining the folding/unfolding equilibrium
of the protein. The study reveals that urea molecules exert their action on the protein
more effectively beyond the presence of confinement, which is prominent from analysis of
the structural properties of the protein. The protein also experiences counteracting effect
of TMAO sufficiently so that native like behavior is preserved in mixed osmolyte solution.

We have enunciated on the role of salt bridge, hydrophobic core and orientational pref-
erences of different planes of amino acid side chains in determining overall stability to the
protein Trp cage. As we have already discussed in Chapter 3 that salt bridge is not a
necessary factor in determining stability of the protein. Researchers have reported sta-
ble protein conformations without maintaining the salt bridge. However, we have tried to
highlight the role of salt bridge in presence of non polar confinement. Surrounding the
central tryptophan residue, Trp cage possesses a hydrophobic core. We have examined the
existence of the core and its influence in pertaining stability to the protein. Orientational
preferences of different planes of the side chains of the protein residues with respect to cen-
tral indole plane of tryptophan residue are also investigated in order to examine their role
in protein stabilization. We have also analyzed average number of hydrogen bond among
different species and protein-urea interaction energy in presence and absence of TMAOQO.
These results support us to formulate the role of confinement and osmolytes in determin-
ing folding/unfolding equilibrium of the protein. Further, comparison of the results of this
chapter with Chapter 3 (i.e. without confinement) helps us to put a comparative view of

the role of osmolytes in presence and absence of confinement on protein folding equilibrium.
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Use of REMD to explore the effects of osmolyte solutions and
non polar confinement on the protein Trp cage

Overview: In this article we demonstrate the effects of confinement and osmolytes urea
and trimethylamine N-oxide (TMAQO) on the conformational behavior of the protein Trp
cage using replica exchange molecular dynamics (REMD) simulation. We have used a near
spherical non polar confinement consisting of 2940 carbon atoms in order to mimic the role
of chaperonin unit in protein folding. Encapsulated binary solution of urea exerts denatur-
ing effect on the protein due to favorable direct interaction with the protein. Hydrophobic
core of the protein is completely disrupted in presence of binary urea solution. In ternary
solution, presence of TMAO makes protein-urea electrostatic interaction more unfavorable
when compared to that for binary urea solution. Encapsulated ternary solution of urea
and TMAO provides better protection to the protein conformation than that of without
confinement. Confinement reduces the conformational space of the protein which is more
pronounced for ternary mixed solution. We have observed that free energy landscapes of
the protein are significantly modified when confinement is used in comparison to those

without confinement.
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B INTRODUCTION

Some proteins do not attain their native states spontaneously when newly synthesized.
For those proteins external assistance is required to achieve the folded states [56, 57]. In-
side the cell, the process of folding is aided by molecular chaperones, that assist folding by
preventing aggregation and misfolding, stabilizing the nascent polypeptides and initiate the
folding process [55]. The GroEL/GroES chaperonin system of E. coli has been studied most
extensively [55-57, 139]. Proteins are stabilized by many long-range interactions and tend
to populate kinetically trapped folding intermediates [58]. Brinker et al. [62] suggested
that GroEL/GroES chaperonin system induces a confinement effect on the protein that
smoothen up the energy landscape of the protein by preventing kinetically trapped inter-
mediates. In literature many computational and experimental studies have been reported
to study protein folding/unfolding behavior under confinement in order to understand the
functioning of the chaperone unit [63-68, 140-142]. These studies shed light on exploring
the mechanism through which the chaperonin cage plays a passive role (by preventing the
protein from aggregation), or an active role (by accelerating the rate of folding). Recent
computational studies consider the effects of confinement on protein folding and stability
in the context of chaperons, pores, and other cellular environments [63, 66, 67, 142]. The
common observations from most of these studies are that confinement stabilizes the folded
state of proteins, confined solvent also plays a crucial rule and the effects of confinement
are reflected in the reduction of conformational entropy associated with protein folding,

which in turn leads to the stabilization of the folded states.

The effect of denaturing and counteracting osmolyte on the protein has been
a popular topic since few decades to explore the structural and dynamical information.
Osmolytes show profound effect on protein solubility and stability [34, 112, 113]. In nature,
osmolytes are used to overcome the denaturation process that resulted from environmental
stress. For example trimethylamine-N-oxide (TMAQO) accumulates in marine organisms to
offset the denaturing effect of urea [109, 111]. In this work we have studied the effect of
denaturing osmolyte i.e. urea and counteraction provided by TMAO molecules inside a
non polar confinement. Urea is extensively studied through theoretical and experimental
methods. Researchers suggest that “direct” and/or “indirect” interaction mechanisms are
operative in urea-induced protein denaturation [77, 79, 114, 143, 144]. Preferential “direct”
interaction of urea with the protein backbone and side chain is considered as the direct

interaction mechanism. The indirect mechanism proposes that water structure is altered
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due to presence of urea which in turn affects the hydration of the protein. Though the
counteracting ability of TMAQO molecules (against the action of urea) has been studied
quite extensively but we are far from a definitive answer which can successfully explain the
mode of action of TMAO on protein stabilization. For example, the enhancement of water
structure in presence of TMAO is proposed to be a factor that stabilizes the protein [36, 37].
On the other hand, some studies emphasized on the direct interaction between protein and
TMAO [36, 38, 39]. Bolen and co-workers [43] proposed the osmophobic interaction between
protein backbone and TMAO. According to Thirumalai and co-workers [40] TMAO acts as
a crowding agent that favors native conformation of the protein through excluded volume
effect. Graziano proposed that a decrease in the solvent-excluded volume upon folding is
responsible for TMAO stabilization [145]. Pettit and co-workers [44] coined about favorable
van der Waals interactions that contribute in protein stabilization. Garcia and co-workers

[33] reported that TMAO molecules are preferentially excluded from the protein surface.
Herein we have carried out Replica Exchange Molecular Dynamics (REMD) [21]

simulation of Trp cage inside a non-polar confinement in pure water and in presence of
osmolytes urea and TMAQ. Effect of confinement and osmolytes on the protein is inves-
tigated thoroughly. The protein Trp cage has been widely acknowledged as a fast folding
protein. It has a well packed hydrophobic core and typical tertiary contacts that makes it
a highly stable paradigm in the field of protein research [122, 124]. Highly stable nature
makes it an ideal target to study through both experimental and computational methods
[15-18, 63]. We have chosen REMD simulation technique since enhanced conformational
sampling is preferred for protein simulation over regular MD simulation because REMD
ensures efficient sampling of the system by crossing the energetic barriers. The method is
also useful in order to interpret the free energy landscape of the protein over a wide range of
temperature. The details of the simulation techniques utilized in this study are described
in Methodology section. In section Results and Discussions, the results are discussed. Then

conclusion of the work is summarized in section Summary and Conclusions.
B MODELS AND SIMULATION METHOD

We have performed REMD simulations of the aqueous protein solutions Trp cage (PDB
ID 1L2Y [18]) inside a non polar near-spherical confinement. Three different systems were
constructed with the protein comprising of pure water, a binary solution of urea (8M) and
a ternary solution of mixed osmolytes urea and TMAO (8M:4M). The initial configurations

of all the systems were prepared using Packmol [89]. To generate the non polar spherical
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confinement, we have used CaGe software [146]. In this study, a fullerene-like ball (nearly
spherical in shape) consisting of 2940 carbon atoms was used that served the purpose of
a spherical confinement. All the carbon atoms of the ball were uncharged. Its parameters
and topology files were generated according to GAFF force field [147]. To reduce the
interaction between the different atomic sites of the protein and the fullerene ball, we have
decreased the Lennard-Jones parameter ¢ of the carbon atoms of fullerene to half of its
original value [148]. One chloride ion was added to each of the system to neutralize them.
All systems were simulated using AMBER12 program [70] (see Table 4-1). Amber FF12SB
[126] force field parameters were used for the protein. TIP3P model [125] of water was
used for all the systems. Lennard-Jones parameters and corresponding partial charges of
different atomic sites of TIP3P water [125], urea model [87] and TMAO model (Kast) [88]
used for this study are obtained from their respective citations. We have chosen Kast model
of TMAO over Osmotic model [33] of TMAO since the results of our previous study [53]
demonstrated that Kast model of TMAQO provides better protection against urea for the
said ratio of urea:TMAO.

The Packmol generated systems were then energy minimized through 2500 steps
of steepest descent method, and then heated gradually from 0 to 300K with a temperature
jump of 50K (for 5 ps each) in canonical (NVT) ensemble. Thereafter a short period of
300 ps and 400 ps simulation run were carried out in NPT (isothermal-isobaric ensemble)
and NVT ensemble respectively to make the systems homogenized sufficiently. With the
resulting systems obtained from above steps, 60 ns REMD simulations were carried out
for each of the systems. The temperature was controlled by Langevin thermostat [91].
All bonds involving hydrogen atoms were constrained by SHAKE algorithm [90]. A cutoff
distance of 9 A was used for short ranged van der Waals interactions. The Particle Mesh
Ewald (PME) [93] method was employed to treat the coulombic interactions. Periodic
boundary conditions were applied in all three directions. A time integration step of 2.0 fs

was used.
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Figure 4-1. NMR structure of Trp cage with residue-wise color identily inside the mon polar spherical

confinement.

Table 4-1. Overview of Systems®

System  Nw Ny Nr No.of Temperature Density Box

Replicas (K) (g/cc)  Length(A)
PW 1260 0 0 30 285-455 0.82 49.63
PWU 810 189 0 30 285-456 0.85 49.63
PWUT 800 190 90 32 284-449 0.95 49.65

% Nw, Ny and Nt represent the number of water, urea and TMAO molecules respectively. p is the density

of the system. P, W, U, and T refer to protein, water, urea, and TMAO respectively.

To set up the temperature distributions for REMD simulations we have chosen a
temperature range of 280 to 460K. Depending on the system sizes, 30 to 32 replicas were
used for this study (as mentioned in Table 4-1). The temperatures were chosen such that
the acceptance ratios of replica exchange are sufficiently large (~ 20%). Replica exchange
probability is calculated according to the Metropolis equation (discussed in methodology of

previous Chapter). With the progress of simulation replicas are exchanged and at the end
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of simulation temperature based trajectories were sorted out for further analysis. Analyses
were performed by using ptraj and cpptraj [128] program (available with AMBER) and
VMD software [94] was used as and when needed.

Here we would like to mention that the experimental melting temperature of the
mini protein Trp cage is 315K [149, 150] which is markedly different from those found in
different computational studies [63, 151, 152]. Moreover, there is no consistency between
the reported melting temperatures of Trp cage mini protein, and it varies from 360K [151]

to around 450K [152] depending on the force field parameters used in different studies.
B RESULTS AND DISCUSSION

Root Mean Square Fluctuations (RMSF) and Secondary Structure

~Pw
— PWU
- PWUT

0 5 10 15 20

Residue

Figure 4-2. Root mean square fluctuations (RMSF) of C-atoms of each of the residues of the protein at:

(a) low temperature and (b) high temperature.
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The magnitude of Root Mean Square Fluctuations (RMSF) of each C,-atom of all the
residues of the protein are evaluated for different systems (see Figure 4-2). RMSF indicates
the extent of structural changes from the native state of the protein. The protein in binary
urea solution exhibits higher RMSF's than that in pure water and ternary mixed solution
for both low (~300K) and high (<456K) temperature limits. Residues with high RMSF
values indicate more degree of fluctuation from the native conformation. Thus, at high
temperature we observe higher RMSF values than that at low temperature. However, in
this study RMSF values are found to be restricted to some extent due to the presence of
confinement. In our previous study of Trp cage in binary urea solution without confinement,
(Chapter 3) [153] the RMSF values reach upto 10 A even at low temperature (unlike 5 A
in this study). Thus, it can be stated that the effect of confinement is highly pronounced for
all the systems. The confinement provides limited space to the protein that influences the
flexibility of the protein and results in low RMSF values than that of without confinement.
Low RMSEF values in pure water and ternary mixed solution indicate that the protein
exhibits less flexibility i.e. more stable behaviors in these systems (when compared to that
for binary urea system).

For all the systems we have also examined residue based secondary structure
analysis of the protein as a function of time at 300K temperature (shown in Figure 4-
3). For this, protocols according to DSSP algorithm (Dictionary of Secondary Structure of
Proteins) of W. Kabsch and C. Sander [129] are followed. The reference secondary structure
states of different residues of the protein are derived from the definitions produced by
DSSP [130]. Both in pure water as well as in mixed osmolyte solution the helical structure
of the protein is maintained throughout the entire simulation run with occasional local
deviations from a-helix to 3jp-helix and turn. But in binary urea solution, the helical
structure is noticeably lost and the appearance of coil and turn conformations take place.
It is noteworthy that 3;p-helix of the protein is highly preserved only in pure water. Urea
induced unfolding (Figure 4-3 (b)) and TMAO induced counteraction (Figure 4-3 (c)) of
the protein can be clearly figured out from these observations. It can also be depicted that

the protein maintains maximum native like conformation in pure water system.
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Figure 4-3. DSSP plots of the protein for (a) PW, (b) PWU and (¢) PWUT systems as a function of

stmulation time.

Radius of Gyration

We have plotted the probability distributions of radius of gyration (R,) of the
protein at the two temperature limits for all the systems (see Figure 4-4). The calculations
of R, provide us information about the effective size of the protein. We observe that the

protein attains the most compact form in pure water system which is followed by that
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in ternary mixed solution. For binary urea solution the distribution curve is found to be
expanded over a wide range of R, values indicating the presence of unfolded conformations
of the protein in that solution. A comparison of the distribution curves at low and high
temperature reveals that the protein acquires more extended conformation at high temper-
ature than that at low temperature for all the systems, which is as per the expectations.
However, because of the confinement induced limited conformational space, the R, values
do not exceed beyond 14 A. In contrast, our previous simulation study [153] of Trp cage in
binary solution of urea (without confinement Chapter 3) showed the appearance of finite

probability of R, values upto 18 A
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Figure 4-4. Probability distributions of radius of gyration of the protein at (a) low and (b) high temperature

limits.
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Melting Curves and Free Energy Landscapes (FELs)

In order to examine the temperature dependent conformational changes of the
protein Trp cage, melting curves are plotted when it (the protein) is surrounded by different
chemical environments (see Figure 4-5). It is observed that the folded fractions decrease
with the rise of temperature for all the systems. Maximum folded fraction is retained for
pure water system, whereas for binary urea system retention of folded fraction is minimum.
In presence of mixed osmolytes, a significant retention of folded fraction is observed. This
implies that the counteracting behavior of TMAQO against the deleterious action of urea is
successful in presence of confinement. When we compare these melting curves with those
without confinement [153], it becomes quite clear that the counteracting ability of TMAO
is more pronounced in the former than that of the latter. Figure 4-5 (b) represents free
energy of unfolding (AG,,) of the protein for respective temperatures (assuming two-state

unfolding equilibrium) [154]. AG, is defined as follows:
AG, = —RT[(1 = Zfolded) /T folded) (4.1)

Tfoided 18 the fraction of folded state, R is the molar gas constant and T is the replica
temperature. For binary urea solution AG, is found to be negative, whereas for pure
water and ternary mixed solution AG, shows positive values. It indicates that the folding
propensity of the protein is higher in pure water and mixed osmolyte solution than that
for binary urea solution.

The free energy landscape (FEL) analysis is an efficient method to evaluate sta-
ble/unstable behavior of the protein [131, 132]. Different conformations corresponding to
different basins of FEL provide insights into the structural transition pathway followed by
the studied protein. In this study, we have used RMSDs (root mean square deviations) and
temperature of each replica to evaluate the FEL for all the systems (see Figure 4-6). Prob-
ability distributions of the RMSDs are calculated first and then free energy is calculated

according to following equation:
AG(V) = —kgT[InP(V') — InPyu.] (4.2)

where kp denotes the Boltzmann constant, T is the temperature of respective replica. P(V)
represents the probability distribution of RMSDs which is subtracted from its maximum

value i.e. P4z, so that we get zero value of AG for the free energy minimum.
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Figure 4-5. (a) Folded fractions of the protein versus temperature and (b) corresponding free energy of

unfolding of the protein (for each replica temperature).

As presented in Figure 4-6 (a), in pure water the native conformations (RMSDs <

1.5 A) with the lowest energy state appear as the most dominant one over the entire range

of temperatures. However, the overall conformational space is found to be extremely nar-

row in presence of mixture of osmolytes (Figure 4-6 (c)). This explains the combinatorial

role of TMAO counteraction and the effect of confinement in delivering stability to the pro-

tein. The highly rugged energy surface for binary urea solution depicts that the maximum

number of unfolded conformations of the protein are achieved for this case (Figure 4-6 (b)).
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Small free energy basins that appear at the range of 3-5 A do not contribute significantly
towards native conformations (because of large RMSDs). In comparison to our previous
REMD study on Trp cage without confinement [153], the FEL of the protein is found to

be smoothen up in presence of confinement for the mixed osmolyte solution.

AG (in kgT unit)

280 300 320 340 360 380 400 420 44d
Temperature (K) Temperature (K) Temperature (K)

Figure 4-6. Free energy landscapes (FELs) for systems (a) PW, (b) PWU, and (¢) PWUT.

Dihedral Angle Principal Component Analysis (dPCA)

To further characterize the conformational changes of Trp cage, dihedral angle
principal component analysis (APCA) [98] is performed. We have used the backbone di-
hedral angles (¢, %) of C, atoms of the protein backbone. ‘Carma: a molecular dynamics
analysis program’ [99] is used to construct dPCA. This method employs calculation of
the covariance matrix o;;, which provides information on the two point correlations of the

system and is defined as:
i = (@i = (2:))(2; — (2;))) (4.3)

where x1,...,x9 are the sine- and cosine-transformed dihedral angles of the protein backbone
(having N angles) and (...) denotes the average over all sampled conformations. Diagonal-
ization of the matrix o;; removes the instantaneous linear correlations among the variables
and produces into 2N number of eigenvectors, v(i), and eigenvalues, \;, such that A; rep-
resents the largest eigenvalue. The principal components V; = v(i)z are used to construct

the free energy surface following above mentioned equation 3. In this case P(V) is the
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probability distribution of the molecular system along the principal components V;. In this

study the first two principal components are used to represent the free energy surface.
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Figure 4-7. Plot of dihedral angle principal component analysis (dPCA) for systems (a) PW, (b) PWU
and (¢) PWUT. The top three plots and bottom three plots represent dPCA at low temperature and at high

temperature respectively.

In Figure 4-7, we present dPCA for each of the systems at two temperature limits.
At low temperature, the protein shows the formation of a single major cluster of native
like conformation in pure water system. On the other hand, at high temperature limit,
three different conformational clusters are observed (two of them appear with a small
energy barrier between them). Figure 4-7 (b) depicts that the appearance of the native
conformation diminishes in presence of urea for both the temperature limits. Moreover, at
high temperature, large number of conformational clusters are observed. It implies that
urea causes more denaturation of the protein at high temperature. For ternary solutions
(Figure 4-7 (c)), the appearance of one major and one minor cluster that appear at low

temperature suggesting that the effect of urea is counteracted by TMAO to large extent.
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Density Change Across the Fullerene Ball

To visualize the effect of confinement we have calculated the density of the protein
Trp cage (C, atoms considered) and water for all the systems (see Figure 4-8 (a)) from
the center of mass (COM) of the fullerene ball towards its surface. It is noticed that for
all the systems density change of the protein (solid line) and water (line with diamond
symbol) differs depending on the surrounding environments. In binary urea solution the
protein is more prone to occupy peripheral region of the confinement rather than the central
region. Conversely in mixed osmolyte solution the protein shows least tendency to occupy
the peripheral region of the confinement. For pure water system the protein is found in
the region 10-22 A from the center of the fullerene ball and in mixed osmolyte solution
this optimal range is found to be 5-21 A. Density profiles of the confined water in different
systems show that in pure water there is a sharp decrease of density in the region close to
the confinement surface. This observation is in consistent with previously reported works
that confirm about dewetting nature of water in the vicinity of the hydrophobic surfaces
(63, 155]. Density profiles of water for binary urea solution and mixed ternary solution are
very similar. Water densities are found to be gradually decreasing from the center to the
surface of the fullerene ball. The calculations of probability distributions of COM distances
between the protein and the fullerene ball also confirm above observations (see Figure 4-8
(b)). It can be seen that the protein maintains the least distance from the COM of the
fullerene in ternary mixed osmolyte solutions and in binary urea solution the COM distance
is maximum. It points about the possibility of the protein to interact with the fullerene
ball in binary urea solution. It may also contribute to the decreased folding behavior of
the protein in binary urea solution.

Figure 4-9 (a) represents the probability distribution of the protein C, atoms
within a distance of 4.5 A from the surface of the non polar confinement. It shows that
different residues of the protein interact differently with the fullerene surface. In binary
urea solution all the residues of the protein show very high probability to occupy the region
near the surface. In pure water system only residues 8, 10, 15, and 16 show exceptional high
probability to occupy the region near the surface. In mixed ternary solution we observe
that residues 2 to 8 (i.e. the a-helix) show least probabilities to occupy the region within
4.5 A from the surface of fullerene. These observations are in accordance with the density

profiles of the protein in different solutions (Figure 4-8 (a)).
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Figure 4-8. (a) Density of water (line with diamond symbol) and protein (solid line) as a function of
distance from COM of the spherical confinement. (b) represents probability distributions of COM distances

of the protein as a function of distance from the center of the spherical confinement for different systems.

Further, we have plotted radial distribution functions (rdfs) involving central atoms
of urea and TMAO and the fullerene surface (see Figure 4-9 (b)). It shows that central
atom of urea (for both binary and mixed osmolyte solution) appears at position nearer to
the fullerene surface than the central atom of TMAQO. We also observe that the rdf of urea
carbon in mixed osmolyte solution shows enhanced peak height than that in binary urea
solution. These imply that in binary urea solution, the urea molecules show less tendency to
solvate fullerene surface (than that in ternary solution), thus they get more access to solvate
the protein. Hence, the deleterious effect of urea on the protein is highly manifested. But
in case of mixed ternary solution the scenario changes due to presence of TMAO molecules.
TMAO molecules show a moderately high tendency to solvate the fullerene surface and

they also solvate urea molecules (as is evident from hydrogen bond calculations). This
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results into a situation where the protein experiences less exposure to urea molecules in
ternary solution. Hence, the denaturing effect of urea is further diminished on the protein
and the native conformation is preserved in mixed ternary solution. Thus, the confinement
plays a significant role in protein stabilization by exerting its effect on the protein, water

and osmolytes as well.
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Figure 4-9. (a) Probability of finding the C-atoms of the protein residues within 4.5 A from the fullerene

surface. (b) Rdf of central atoms of urea and TMAO as a function of distance from the fullerene surface.

Role of Salt Bridge, Hydrophobic Core and Orientational Preferences of Aro-
matic Planes in Stabilization of Trp Cage

Previous studies identified three different factors that play significant role in stabi-
lization of the protein Trp cage. These are: (i) salt bridge between residues Argl6 and Asp9
(63, 133], (ii) hydrophobic core constituted by residues Tyr3, Leu7, Glyll, Prol2, Prol8
and Prol9 surrounding the central residue Trp6 [15, 133], (iii) orientational preference of
indole plane (of Trp6) with respect to other aromatic planes of the protein [153]. In Figure
4-10 (a), we have shown the probability distributions of the distance between the salt bridge
forming residue pair Argl6 and Asp9 for the three different systems. The plot shows that
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the salt bridge is rarely preserved in pure water and binary urea solution. Although in
ternary mixed osmolyte solution the salt bridge exists to some extent. Thus the plot indi-
cates that the existence of salt bridge is not a necessary factor for protein stabilization. This
finding is in line with Garcia’s work [63] which reported that Trp cage can retain its native
form in presence as well as in absence of the salt bridge. Figure 4-10 (b) depicts the distance

maintained by the hydrophobic core forming residues from the center of the core i.e. Trp6.
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Figure 4-10. (a) Probability distributions of the salt bridge distances for different systems. (b) Plot of

distance of the hydrophobic core forming residues from the center of the core.

We observe that for pure water and mixed osmolyte system, the hydrophobic
core of the protein is properly maintained (distances are limited to 5 A). But for binary
urea solution, the hydrophobic core is disrupted (distances show fluctuations upto 15 A).
Maintenance of the hydrophobic core supports that native conformation of the protein is
conserved, whereas disruption of the core indicates loss of the native conformation. Thus

it leads us to conclude that maintenance of the hydrophobic core (in pure water and mixed
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osmolyte solutions) plays a major role in stabilizing the protein.

For explaining the orientational preference of indole plane of Trp6 with respect
to the other aromatic planes of Trp cage, we define the inter-plane angle as the angle
between the vectors normal to the respective planes. Hence the angles close to 0° and
90° correspond to parallel and perpendicular orientations between the planes respectively.
Normalized probability distributions of inter-plane orientational angles and COM distances
are denoted by P(6) and P(A) respectively. In Figure 4-11, we have plotted P(#) and P(A)
against inter-plane orientational angle and COM distances respectively. Peaks of the plots
of P(#) and P(A) reveal the preferred orientational angle and COM distances adopted by the
pair of planes. Discussions of previous sections indicate that the most native conformation
of the protein Trp cage is retained in pure water, hence probability distributions for this
system can be considered as the reference standard. A comparative view of P(f) values
of each of the residue pairs for the three systems reveal that the orientational preferences
do not play any precise role in stabilizing the protein. We observe that a proper tilt
angle of 25° for planes of Trp6-Tyr3 is maintained only for mixed osmolyte system, though
COM distances between the planes of this residue pair maintain a distance within 10 A for
both pure water and mixed osmolyte solution. In our previous study of Trp cage without
confinement [153], we have shown that for both pure water and mixed osmolyte solution
tilt angle of 25° is maintained for the planes of Trp6-Tyr3. For residue pair Trp6-Prol2,
the planes are found to maintain parallel orientations only in case of pure water system.
For binary urea solution and mixed osmolyte solution, no preferred orientation is observed.
This observation is in line with that obtained for without confinement [153]. Corresponding
distributions of COM distances show that the planes move slightly more away in binary
urea solution. For residues Trp6 and Prol7, near perpendicular orientations of the aromatic
planes are observed for mixed osmolyte solution, but no sharp pattern is observed for pure
water and binary urea solutions. Here we note that the orientational preference for protein-
water system is dissimilar with that of without confinement study [153]. For the planes of
residue pairs Trp6-Prol8 and Trp6-Prol9, we observe near parallel and near perpendicular
orientations respectively for pure water and mixed osmolyte solutions (similar observations
with those we have shown for without confinement [153]). Distributions of COM distances
for each pair of planes depict that for binary urea solution they move to longer distances
indicating unfolding of the protein. Thus, from these observations we propose that the
orientational preference of different aromatic planes (with respect to indole plane of residue

Trp6) has little role in Trp cage stabilization in non polar confinement.
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Figure 4-11. Probability distributions of different orientational angles (left) and COM distances (right)

of indole plane with other aromatic planes.

In support of the above observations we have further calculated spatial distribution
functions of urea and TMAO molecules surrounding the protein and the same are shown in
Figure 4-11. It is quite apparent that the density of urea molecules in the nearby position
of the protein in binary urea solution is much higher than that for the ternary solutions.
In ternary solutions, the presence of TMAO molecules in the vicinity of the protein is also

quite noticeable.
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Figure 4-12. Spatial distribution functions (sdfs) of urea (red) and TMAO (green) surrounding the protein

residues of systems PWU and PWUT.

Effect of TMAO on Protein-Urea Interactions

We have already discussed in Chapter 1 that the denaturation action of urea is
accomplished by either direct or indirect mechanism. In support of direct interaction mech-
anism two forms of interactions are recognized viz. electrostatic and van der Waals (vdW)
interactions. Hydrogen bonds or other electrostatic interactions contribute to electrostatic
interaction and vdW or other dispersion interactions contribute to vdW interactions. Lit-
erature reveals that any one of these two interactions can be dominant over the other and
these interactions are not necessarily mutually exclusive. Some simulation studies sup-
port the evidence of direct interaction mechanism whereas some other support the vdW
interaction mechanism [78, 79, 100, 101, 136, 137].

Similar to the study by Paul and Paul [100], we have also decomposed the protein-
urea interaction energies in terms of electrostatic and vdW energy components and they
are plotted as a function of time (see Figure 4-13 (a) and (b)). Figure 4-13 (a) shows that
protein-urea electrostatic interactions are more favorable for binary urea solution than
mixed ternary solution. Figure 4-13 (b) shows that vdW interaction energy components
are similar for both the systems (slightly more favorable for binary urea solution) and less
pronounced than the electrostatic component. Average values for the electrostatic, vdW
and total energies (Figure 4-13 (c)) also support these observations. Presence of TMAO in
mixed osmolyte solution, thus, results into decreased protein-urea interaction. Moreover,
in presence of TMAQO molecules, the electrostatic component of protein-urea interaction is

affected more (i.e. more unfavorable) than that of vdW component. In this regard we note



Chapter 4 91

that the previous study by Kokubo and co-workers [44] suggested about urea’s favorable
vdW interaction with unfolded protein than the folded one. They also found that in the
mixed solution of urea and TMAO, vdW component is more favorable for both folded and
unfolded protein, but electrostatic component is significantly unfavorable. This results into
a higher free energy system where unfolded protein has significantly low solubility. Thus

the folded protein gets stabilized in mixed solution.
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Figure 4-13. (a) Electrostatic, and (b) van der Waals energies of protein-urea interaction as a function
of simulation time. (c¢) Average values of electrostatic, van der Waals and total protein-urea interaction

energies.
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Hydrogen Bond Properties

We have estimated the average number of intra- and inter-molecular hydrogen
bonds among different species (see Table 4-2). We have used the geometric crieteria of
donor-acceptor distance cutoff 3.5 A and donor-hydrogen-acceptor angle cutoff 120° [103].
Considering the intra-protein hydrogen bonds first, we notice that in pure water system the
average value is approximately 13. Addition of urea (i.e. in binary urea solution) causes the
breaking of some of this type of hydrogen bonds which is regained to large extent in ternary
mixed osmolyte osmolyte solution as its value reaches to 10.56. Retention of more number
of intra-molecular hydrogen bonds of the protein ascertains the native conformation of the
protein [138]. Thus counteraction of TMAO against denaturation action of urea is reflected
from this observation. In binary urea solution large number of protein-urea hydrogen bonds
are formed that are decreased in ternary mixed solution and a small number of protein-
TMAO hydrogen bonds are also observed for this system. Altogether it can be stated that
urea interacts through direct interaction with the protein in binary solution of urea, but
in ternary mixed solution, protein-urea interactions are diminished as TMAQO molecules

occupy nearby positions of the protein.

Table 4-2. Average number of hydrogen bonds®

%% U T Total P-—P urea—tmao
System Temperature nfs Mg Mg "Ea™ Ngp = "HE

PW 285K 29.07 —— —— 59.07 12.95 ——

PWU 285K 42,75 2773 —— 7048 8.57 . —

PWUT 284K 47.63 19.61 2.72 69.96 10.56 0.46

@ Average number of hydrogen bonds formed by the protein with water, urea and TMAO are
presented by nl¥g, nly and nly respectively. ni?le! is the total number of hydrogen bond formed by the
protein with the solution species. ngg P refers to the average number of intra-protein hydrogen bonds.

nisaTima is the average number of hydrogen bonds formed between urea and TMAQO per urea molecule.

B SUMMARY AND CONCLUSIONS

By the application of REMD simulations, we have demonstrated the effect of
denaturing and counteracting osmolytes on the protein inside a near spherical non polar
confinement. The purpose of the use of encapsulation is to mimic the biological folding ma-

chinery chaperonin unit to explore its role on protein stabilization. Radius of the spherical
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confinement is 2.3 A which resembles with that of chaperonin unit. The profound effect
of the confinement is realized when we compare the results with our previous study on
Trp cage in bulk i.e. without confinement. We have found that the protein experiences
decreased conformational space in presence of confinement due to limited volume provided
by the confinement and the same is confirmed from R, and RMSF plots. Highly unfolded
behavior of the protein is observed in binary urea solution which is evident from FEL and
melting curves. FEL also explores successful counteraction of TMAQO. The decomposition
of protein-urea interaction energy in to electrostatic and van der Waals components reveal
that TMAO makes the former contribution less favorable in ternary solution.

In mixed ternary osmolyte solution the protein tend to occupy central part of the
confinement whereas, in binary urea solution the protein is more prone to occupy periph-
eral region of the spherical ball. Density profiles of water for different systems indicate
that for pure water system, there is dewetting of the hydrophobic fullerene surface. This
observation is in consistent with previous studies [155, 63]. We have also found that the in-
teraction behavior of different residues of the protein with the confinement surface changes
depending on the osmolyte used. In binary urea solution all residues of the protein show
high probability to occupy region in vicinity of the fullerene surface. Urea molecules in
mixed osmolyte solution show higher extent of occupation near to the fullerene surface
than that in binary urea solution. It suggests that urea molecules get more access to sol-
vate the protein in binary urea solution to exert denaturing action. In mixed osmolyte
solution, presence of TMAQO molecules changes the solvation behavior of urea molecules.
TMAO molecules solvate the fullerene surface as well as the urea molecules, so that we
get an enhanced solvation of urea molecules near the fullerene surface. This makes urea
molecules less available to solvate the protein and henceforth denaturing effect of urea is
diminished in mixed osmolyte solution. Thus, confinement induces an environment that
favors stable state of the protein in mixed solution whereas unstable state is favored in

binary urea solution.






Chapter 5

Effect of Polar Confinement and Osmolyte Solutions
on Folding/Unfolding Equilibrium of Protein Trp
Cage

“It has been recognized that hydrogen bonds restrain protein molecules to their native configura-
tions, and I believe that as the methods of structural chemistry are further applied to physiological
problems it will be found that the significance of the hydrogen bond for physiology is greater than

that of any other single structural feature.”

— Linus C. Pauling, Nature of the Chemical Bond and the Structure of Molecules and
Crystals (1939)

95



96 Chapter 5

In this chapter we have explored the effect of polar confinement and osmolyte solutions on
the folding/unfolding processes of the protein Trp cage. In vivo, folding and unfolding of
protein occur in highly crowded cellular environment as well as inside folding machinery like
chaperonins. To characterize the effect of chaperonin cavity or the crowded environment
different approaches are developed. Considering the protein inside a spherical cavity is one
such approach. This study was performed in order to examine the role of polar spherical
confinement on protein stabilization and put forward a comparative view with non po-
lar confinement (discussed in Chapter 4). For efficient conformational sampling of the
protein we have utilized REMD simulation technique (like previous chapters). The effect
of osmolytes urea and TMAO on protein destabilization/stabilization in presence of polar
confinement is investigated throughout the study. Different structural properties of the
protein are discussed. Role of salt bridge, hydrophobic core and orientational preferences
of different planes of amino acid side chains are also implemented. Energy landscapes elu-
cidate the conformational dynamics of the protein. Hydrogen bond analysis sheds light on
the mechanisms of actions of urea and TMAQ. Density profiles of water and protein across
the spherical confinement are calculated to visualize their distributions inside the confine-
ment. The study reveals that binary urea solution exerts denaturation on the protein in
presence of polar confinement. But extent of counteraction decreases than in comparison
to non polar confinement. For pure water system also it is observed that stabilizing effect

due to polar confinement decreases than that of non polar confinement.
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Use of REMD to explore the effects of osmolyte solutions and
polar confinement on Trp cage

Overview: Folding/unfolding processes of the protein Trp cage in presence of osmolytes in-
side a polar confinement is investigated using replica exchange molecular dynamics (REMD)
simulation. A near spherical fullerene ball consisting of 2940 carbon atoms (charged atoms)
is used as a polar confinement. Urea exerts its action profoundly on the protein causing
denaturation. Counteraction of TMAO is also observed in ternary solution of urea and
TMAO. It is found that TMAO exerts its action in ternary mixed urea-TMAQO solution
by (i) removing some of the urea-TMAO hydrogen bonds, (ii) preserving the angles and
distances between the aromatic planes of the residues Prol7, Prol8 and Prol9 with the

indole ring of Trp6 and (iii) retaining the hydrophobic core of the protein Trp cage.
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B INTRODUCTION

Protein folding and unfolding are the fundamental processes that occur in cellular
environments and are difficult to characterize in detail. 20% — 40% of the cytoplasmic
volume is occupied by cellular macromolecules [156-160]. The crowded cytoplasmic envi-
ronments significantly influence the biological processes including protein folding/unfolding
equilibrium. The effect of crowding environment or the effects arising due to a chaperonin
cavity on the protein can be mimicked by considering the protein within a spherical cavity
[156, 157]. Chaperones are known as essential units that assist folding of newly synthe-
sized proteins in vivo [56, 57|. GroEL/GroES is the most common example of chaperonin
system that facilitates folding of a wide range of bacterial and eukaryotic proteins [55-57].
A key aspect of the chaperonin is the hydrophobic regions of the cavity that acts as the
binding sites for exposed hydrophobic regions of non native protein and the cavity becomes
hydrophilic upon ATP/GroES binding [54, 59, 60]. Combined effects of hydrophobic and
hydrophilic regions of GroEL/GroES accomplish folding of protein. Brinker et al. [62]
showed that GroEL/GroES chaperonin smoothen up the energy landscape of the protein
and prevents kinetically trapped intermediates. In literature, numerous experimental tech-
niques and theoretical methods have been reported addressing the effects of confinement on
protein stabilization [63-67, 156, 161]. Tian et al. [63] addressed the effects of polar and non
polar confinement on protein folding/unfolding equilibrium. They have demonstrated that
non polar confinement stabilized the folded state while the polar confinement destabilized
the protein. Simulations of coarse-grained proteins showed that the effect of confinement
is dependent on the size of the confining volume relative to the size of the protein [67-69].
These studies show confinement-induced stabilization of the folded state of the protein. It
is also established that confined solvent performs a crucial rule in determining the stability
of the protein. Confinement results in reduction of the conformational entropy associated
with protein folding. These factors in turn render stabilization of the protein. These stud-
ies inspired us to carry out a study of protein folding/unfolding processes in presence of

binary urea and ternary solutions of urea and TMAO in polar confinement.

In literature, numerous efforts have been reported considering protecting and de-
naturing osmolytes to explore their mechanisms of protein stabilization through both ex-
perimental and computational methods. Depending on their nature, osmolytes play crucial
role in protein’s solubility and stability and function [34, 112, 113]. In this study we

have emphasized on actions of osmolytes urea and TMAO. For urea denaturation, two
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mechanisms are commonly suggested, namely, direct and indirect [77, 79, 114, 143, 144].
Direct interaction proposes preferential interaction of urea with the protein through hy-
drogen bond or dispersion interactions. According to indirect mechanism, urea alters the
water structure which in turn affects protein hydration. However, recent advances on this
osmolyte put consensus view on direct mechanism of urea denaturation. Alternatively,
protecting osmolyte like TMAO does not show any favorable interaction with the protein.
Different views of protein stabilization by TMAO have been put forwarded. However, a
generalized mechanism of counteraction by TMAQO has yet to be emerged. The mechanism
of TMAO counteraction can be broadly categorized as (i) Direct effects and (ii) Indirect
effects of TMAO [46]. In support of direct mechanism, work by Kokubo and co-workers [44]
showed that favorable van der Waals (vdW) interaction of TMAO with the protein results
in stabilization of the native protein. Bolen and co-workers [43] suggested that osmophobic
interaction between protein backbone and TMAO contributes towards protein stabiliza-
tion. In support of indirect mechanism various studies came up with different views, e.g.
enhancement of water structure in presence of TMAO [36, 37|, excluded volume effect of
TMAO by acting as a crowding agent [40], decrease in solvent-excluded volume upon fold-
ing in presence of TMAQO [145], preferential exclusion of TMAQO from the protein surface
and decreased self-interaction [33], mutual exclusion of urea and TMAO from the protein
surface and enhancement of self-aggregation [45], TMAO-induced removal of urea from
hydrophobic surface of the protein [117] etc. These studies support indirect mechanism of
TMAO counteraction.

In this work, we have carried out Replica Exchange Molecular Dynamics (REMD)
simulation [21] of Trp cage inside polar confinement in presence and absence of osmolytes
urea and TMAOQO. Effect of confinement on the denaturing and counteracting ability of os-
molytes and subsequent result on protein folding is investigated. As mentioned in Chapter
3 and 4, REMD simulation technique is chosen over classical MD since the former pro-
vides enhanced conformational sampling, which is useful to explore the protein free energy
landscape to understand folding/unfolding equilibrium in a much better manner.

The rest of the chapter is organized as follows. Simulation details are provided in
section models and simulation method. Then results are discussed thereafter and the last

section includes the conclusion of the work.
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B MODELS AND SIMULATION METHOD

We have chosen a nearly spherical fullerene ball consisting of 2940 carbon atoms and
half of these carbon atoms are charged randomly with +0.15e and rest half are charged with
-0.15¢e in such a manner that the fullerene ball does not carry any net charge. This fullerene
ball produces the effect of a polar confinement surrounding the protein Trp cage (PDB ID
1L2Y [18]) immersed in different osmolyte solutions. We have used CaGe software [146]
to generate the fullerene ball. REMD was used for carrying out the simulations of three
different aqueous solutions of the protein consisting of pure water, denaturing osmolyte
(i.e. binary aqueous solution of 8M urea) and mixture of denaturing and counteracting
osmolytes (i.e. ternary aqueous solution of 8M urea and 4M TMAO) using AMBER12
simulation program [70]. An overview of the systems are shown in Table 5-1. Packmol
[89] was employed for generating the initial configurations of the systems. One chloride
ion was added to each of the systems for neutralization since the protein has one unit of
overall positive charge. GAFF force field [147] parameters were used for different carbon
atoms of the fullerene ball. Following the work by Waghe et al. [148], we have also
decreased the Lennard Jones parameter ‘¢’ of carbon atoms of the fullerene ball to half of
their original values so that the interaction of the carbon atoms of the fullerene ball with
other species gets reduced. We have considered Amber FF12SB [126] force field parameters
for the protein. For solvation TIP3P model [125] of water was used. Smith of Urea [87]
and Kast model of TMAO [88] were used for this study. We prefer to use Kast model of
TMAO rather than the Osmotic model [33] since our previous study [53] had found that
the former model provides better counteraction (than the latter) against the action of urea
when the ratio of urea:TMAO is the conventional and experimentally relevant one i.e. 2:1.
In literature, some other models of TMAO are also reported viz. Netz model [51] and Shea
model [52] and that are modified version of the original Kast model. These models were
developed in order to reproduce some experimental thermodynamic properties of aqueous
TMAO solution. However, no such model is available till date that can adequately describe
the balance of interactions in mixture of solutions. These observations lead us to choose

Kast model of TMAO over the other models

For all the systems, at first we have carried out energy minimization by steepest
descent method. Then the systems were heated gradually from 0K to 300K (in steps of
50K) in canonical (NVT) ensembles. The systems obtained from these steps were then

equilibrated under isothermal-isobaric conditions (NPT) for 300 ps and this is followed by
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400 ps of simulation run in NVT ensemble. We have carried out REMD simulations of
each of the systems spanning a temperature range of 284-455K for 60 ns. For each systems
32 replicas were used. Simulation protocols are similar to those followed for Chapter 4.
Note that, the melting temperature of a protein is the temperature at which its folded and
unfolded states are expected to be sampled equally. The experimental melting temperature
of the protein used in this study i.e., Trp cage is reported to be 315K [149, 150] which is
found to be dissimilar with those obtained from different computational studies [63, 151,
152]. Computational studies show different melting temperatures for Trp cage that vary

from 360K to 450K depending on the force field parameters used.

Table 5-1. Overview of Systems”

System  Nw Ny Nr No.of Temperature Density Box

Replicas (K) (g/cc)  Length(A)
PW 1545 0 0 32 284-451 0.86 50.19
PWU 945 210 O 32 284-451 0.91 49.50
PWUT 800 190 90 32 284-444 1.01 48.76

% Nw, Ny and Nt represent the number of water, urea and TMAQO molecules respectively. p is the density

of the system. P, W, U, and T refer to protein, water, urea, and TMAO respectively.

B RESULTS AND DISCUSSION

Root Mean Square Fluctuations (RMSF) and Secondary Structure

The Root Mean Square Fluctuations (RMSFSs) of protein measure the positional
fluctuations of the constituting residues and thus give an idea of conformational changes
adopted by the protein in different chemical environments. High RMSFs indicate that the
protein has experienced high degree of fluctuations. The terminal residues of a protein gen-
erally exhibit high RMSF values. RMSFs of each of the C,-atom of the protein for three
different systems are shown for both at low (300K) and high (<451K) temperature limits
(see Figure 5-1). A comparison of Figure 5-1 (a) and (b) indicates that for all the systems at
high temperature the protein has undergone more fluctuations than low temperature which
is as per the expectation. Moreover, at low temperature the protein shows the highest fluc-

tuation for binary urea solution i.e. more conformational changes of the protein have taken
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place in that solution. For protein-water system and in ternary mixed osmolyte solution, the
RMSF's show a close behavior of each other indicating a very similar conformational behav-
iors shown by the protein for these two systems. However, at high temperature RMSF's for
all the three systems are very much similar. Correlating this study with our previous study
[162] (where we have used a non polar confinement) we find that that polar confinement
induces more instability to the protein conformation than that of the non polar confine-
ment. At low temperature, in non polar confinement the RMSFs for all the residues of the
protein in both protein-water system and mixed ternary solution remain below 2 A whereas
in polar confinement RMSFs exceed 2 A. This observation leads us to propose that under

polar confinement the protein attains more fluctuations than that in non polar confinement.

RMSF (A)

RMSF (A)

5 10 15 20

Residue

Figure 5-1. Root mean square fluctuations (RMSF) of Cy-atoms of each of the residues of the protein at

(a) low temperature and (b) high temperature.
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Figure 5-2. Plot of secondary structure analysis of the protein as a function of simulation time. (a), (b)

and (c) correspond to PW, PWU and PWUT systems respectively.

To detect the changes in the protein’s secondary structure in different systems, we
have followed the protocol known as DSSP (Dictionary of Secondary Structure of Proteins)

[129]. We have plotted the secondary structural elements as a function of simulation time
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for the protein at 300K for all the systems (see Figure 5-2). It is observed that in pure water
large extent of native conformation of the protein is retained than that of the other two
systems (see Figure 5-2 (a)). In binary urea solution, the protein mostly acquires coil and
turn conformations for the entire simulation path with a very weak appearance of a-helix
conformation (see Figure 5-2 (b)). For the ternary osmolyte solution (Figure 5-2 (c)), we

observe frequent appearances of coil and turn conformations in the helical region.

Radius of Gyration

We calculate the radius of gyration (R,) which measures the effective size of the
protein. At low temperature limit, the probability distributions of the R, values of the
protein Trp cage for all the systems provide a comparative view of its sizes in different
chemical environments (see Figure 5-3). It is observed that the protein in binary urea
solution has undergone the maximum conformational changes as is evident from a much
wider distribution of R, values. The peak positions of the distributions for pure water
and ternary mixed solution are found appearing at around 8 A which indicates a compact
conformation of the protein in these two systems. However, a comparison of these distri-
butions with our previous study of non polar confinement [162] reveals that the effective

size of the protein is less compact in polar confinement.
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Figure 5-3. Probability distributions of radius of gyration of the protein in different systems.
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Melting Curves and Free Energy Landscapes (FELs)
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Figure 5-4. (a) Folded fractions of the protein versus temperature and (b) corresponding free energy of

unfolding of the protein at every temperatures for the respective systems.

To find out the conformational behavior of the protein that varies with temperature
we have plotted melting curves of the protein in absence and presence of osmolytes (see
Figure 5-4). The folded fraction of the protein depends on the temperature as well as on
the surrounding environments. Figure 5-4 (a) shows that the maximum folded fraction
of the protein is retained in pure water system. For the entire temperature range the

folded fraction values for ternary mixed solution is very similar to that of pure water
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system. It indicates that in ternary mixed solution, TMAO exerts counteraction against
the denaturing effect of urea. For binary urea solution, the folded fraction of the protein
goes down markedly portraying urea-induced denaturation. Moreover, a comparison of
the melting curves of the present study with those obtained for non polar confinement (as
shown in our previous study [162]) reveals that the folded fractions of the protein show
diminished values for polar confinement than non polar confinement. This observation
simply indicates that in presence of polar confinement the protein becomes less stable than
in presence of non polar one. In Figure 5-4 (b), we have shown the free energy of unfolding

of the protein (AG,) for every temperature. AG, is obtained as:
AGy, = —RT[(1 — Zfoided) /% folded] (5.1)

Here, @ fo14eq is the folded fraction of the protein, R is the gas constant and T represents
replica temperature. The negative values of AG, (even at low temperature) for binary urea
solution ascertain that unfolding is highly favorable in presence of urea. In case of pure
water and mixed osmolyte systems high folding propensity of the protein is indicated by
positive AG,, values at low to moderate (or entire) temperature range.

The free energy landscapes (FELS) of the protein are explored since they provide
information regarding the random walk in the energy space performed by the protein. This
in turn helps to characterize the structural transition pathway undergone by the protein.
FELs can be constructed as a function of suitable reaction coordinate that incorporates
most of the changes attained by the protein. In order to examine the conformational
behavior of the protein with the rise of temperature, we have used RMSDs (root mean
square deviations) and temperature of each replica for the construction of FELs. For this
purpose we have calculated probability distributions of the RMSDs of the protein at every
replica temperature and then FELs are constructed according to the following equation
(Eq. 3):

AG(V) = =kgT[InP(V') — InPyu.] (5.2)

Here, kg is the Boltzmann constant and T refers to the replica temperature. P(V) is the
probability distribution of RMSDs and P,,,, is the maximum of the distribution. P, is
subtracted from P(V) so that AG becomes zero for the free energy minimum. A comparison
of the FELs for different systems (see Figure 5-5 (a) and (c)) shows that the protein
continues to maintain native-like structure in pure water and in presence of mixed osmolytes
(RMSDs around 2 A). But in binary urea solution, the native conformation is poorly

preserved (see Figure 5-5 (b)). For the entire range of temperature the protein attains
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highly unfolded conformations with RMSDs exceeding 3 A. More unfolding of the protein is
observed with the increase of temperature for all the systems which is as per the expectation.
Furthermore, the folded basins of the FELs for pure water and mixed ternary solution
resemble each other. It suggests that the native conformation of the protein is preserved in
presence of mixture of osmolytes and acts as a corroborative evidence of what we discussed
above. This again confirms that TMAO counteracts the denaturing effect of urea even
inside the polar confinement. When we compare the FELs with those obtained for non polar
confinement [162], we can clearly observe that for all the systems, the protein experiences

more stabilizing effect under non polar confinement than polar one.

AG (in kT unit)

300 320 340 360 380 400 420 440 300 320 340 360 380 400 420 440 300 320 340 360 380 400 420 440
Temperature (K) Temperature (K) Temperature (K)

Figure 5-5. Free enerqgy landscapes (FELs) for systems (a) PW, (b) PWU and (¢) PWUT.

Dihedral Angle Principal Component Analysis (dPCA)

To characterize the conformational transitions of Trp cage, we have performed
dihedral angle principal component analysis (dPCA) [98] by using ‘Carma: a molecular
dynamics analysis program’ [99]. The dihedral angles (¢,v) of C, atoms of the protein

backbone are considered. At first a covariance matrix, o;;, is constructed. o;; is defined as:

oy = (i = (&) (25 = (25))) (5.3)

where z1,...,xo9n are the sine- and cosine-transformed dihedral angles (N is the number
of angles) and (...) represents the average of the samples. Then diagonalization of the
covariance matrix results into 2N number of eigenvectors, v(i), and eigenvalues, \;. Finally,

the probability distributions of the first two principal components, V; = v(i)x are used to set
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up the free energy surface. Only the first two eigenvectors are chosen because they represent
the most dominant collective motions that are sufficient to describe the conformational

transitions of the protein.

dPCA2

AG (in kcal/mol)

dPCA2
AG (in kcal/mol)

dPCAl dPCAl . dPCAl

Figure 5-6. Plot of dihedral angle principal component analysis (dPCA) for systems (a) PW, (b) PWU
and (¢) PWUT at low (top) and high (bottom) temperature limits.

For pure water system at low temperature (see Figure 5-6 (a)), two major na-
tive like conformational clusters are observed that are separated by a small energy barrier.
It implies that the transition between these two clusters are permissible. At high tem-
perature a single minimum indicates weak appearance of native like conformation of the
protein. For binary urea solution, at low temperature (Figure 5-6 (b)), high free energy
basins separate the minima from other conformations. At high temperature no minimum
is observed. For mixed osmolyte solution (Figure 5-6 (c)), at low temperature, two closely
spaced local minima that allow conformational transitions are observed. Moreover, another
isolated minimum is also observed with high energy barrier. It portrays that the native
conformation of the protein is preserved in this system. However, at high temperature

native conformation diminishes. It is observed that at high temperature the scenario is
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more or less similar for all the systems. It indicates that the protein prefers non-native
conformations at high temperature in presence of polar confinement. This is as per our
expectation. Nevertheless, since we are interested in, mostly, the counteracting action of
TMAO against urea’s action on the protein at physically relevant temperature, our focus

is mainly on the findings at low temperature limit (~300K).

Density Change Across the Fullerene Ball

Density of the protein (C,-atoms of the residues considered) across the confinement
i.e. from the center of mass (COM) of the fullerene ball towards its surface is calculated
to examine the location of the protein inside the confinement. Density of water across the
confinement is also calculated. In Figure 5-7, the densities of the protein (solid lines) and
water (lines with diamond symbol) are shown for all the systems. We have observed that
there is a sharp enhancement of densities of water for all the systems near the surface of
the confinement. This observation is in line with previously reported results [155, 63]. This
finding further supports that water wets the hydrophilic surface indicating favorable water-
fullerene interaction. Hydration layer that clings to the charged fullerene surface may help
in the exclusion of the protein atoms from the fullerene surface. However, charged side
chains of the protein may compete with water and penetrate the hydration layer [63]. It is
observed that for all the systems the protein occupy a region 5-20 A from the center of the
confinement. It indicates that irrespective of the nature of the solution components, the

protein is located within an optimal range of 5-20 A.

Density (g/cc)

30

Distance from COM of Confinement (A)

Figure 5-7. Density of water (lines with diamond symbol) and protein (solid line) as a function of distance

from COM of the spherical confinement.
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Figure 5-8. (a) Probability of finding the Cy-atoms of different residues of the protein within 4.5 A from
the fullerene surface. (b) Radial distribution functions involving central atoms of urea and TMAO with the
fullerene surface. (c) refers to the radial distribution functions involving water oxygen and the fullerene

surface.

We have calculated the probability distribution of the C, atoms of different protein
residues within a distance of 4.5 A from the surface of the confinement (see Figure 5-8 (a)).
It is apparent that all the residues of the protein Trp cage show very small tendency to
occupy the region near the surface for all the systems except the residue 1. However, the

residues 8, 9 and 10 show small probabilities to remain near to the surface. We have plotted
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rdfs (radial distribution functions) involving central atoms of urea (TMAO, and water) and
the fullerene surface (see Figure 5-8 (b) and (c)). It is observed that urea molecules in binary
solution show more tendency to stay nearby the surface than in mixed osmolyte solution.
This implies that the protein residues that remain available near the surface, get solvated
by urea molecules in binary solution. In case of ternary mixed solution, the presence of
TMAO reduces the urea density near the fullerene surface. Moreover, the fullerene surface

region is also hydrated significantly in mixed osmolyte solution.

Role of Salt Bridge, Hydrophobic Core and Orientational Preferences of Aro-
matic Planes in Stabilization of Trp Cage
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Figure 5-9. (a) Probability distributions of the distances between the salt bridge forming residues for

different systems. (b) Probability distributions of the hydrophobic core forming residues versus the distance

from the center of the hydrophobic core.

Above findings suggest that urea denatures protein Trp cage and TMAO nulli-
fies the deleterious effect of urea on protein conformation without revealing the atomistic
details of urea’s action (on protein) and the counteraction by TMAQO. Thus, it would be

interesting to concentrate on these aspects in atomistic details. To emphasize on the dif-
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ferent stabilizing factors of the protein Trp cage we have analyzed the role of salt bridge,
hydrophobic core and the orientational preferences of aromatic planes of different residues
of Trp cage. In the native conformation of the protein there exists a salt bridge between
residues Argl6 and Asp9 and according to the results of the previous findings this salt
bridge plays an important role in stabilization of the protein Trp cage [63, 119, 120]. Con-
trary to these findings it has also been reported that it is not always necessary to maintain
the salt bridge for the stabilization of protein conformations [63, 119]. Nevertheless, in this
study the probability distribution of the distance maintained by the salt bridge forming
residues (i.e. Argl6 and Asp9) is calculated (see Figure 5-9 (a)). For binary urea system
the salt bridge pair keeps the maximum distance from each other. For pure water system
and ternary mixed solution the peaks of distributions at positions 10 and 15 A respectively

indicate insignificant contribution of the salt bridge pair on the stabilization of Trp cage.

Further, the hydrophobic core of Trp cage is formed by residues Tyr3, Leu7, Gly11,
Pro12, Prol8 and Prol9 surrounding the central residue Trp6 [133, 15]. This hydrophobic
core is believed to play significant role on the stabilization of the protein Trp cage [15, 121].
This dictates us to calculate the probability distributions of the distances maintained by
hydrophobic core forming residues from the center of the core and the same is shown in
Figure 5-9 (b). A comparison of the distributions of the three systems reveals that the
hydrophobic core is mostly preserved in pure water and ternary mixed solution, but not
in binary urea solution. Preservation of the hydrophobic core indicates that native like
conformation is maintained in pure water and ternary solution. Thus it can be concluded
that the retention of the hydrophobic core in those two systems contributes to the stability
of protein Trp cage.

Moreover, the protein Trp cage possesses different aromatic planes surrounding
the central indole plane of Trp6. As reported previously [153, 162], the interactions among
the planes may play key role in determining the overall structure and conformation of the
protein. Interactions between these planes are feasible when they maintain a distance within
7 A and the best fitted tilt angle for a particular orientation [163]. Motivated by this, in this
work also we have emphasized on the orientational preferences of aromatic ring of residue
Tyr3 and pyrrole rings of residues Prol2, Prol7, Prol8, Pro19 with respect to indole plane
of Trp6. We have also analyzed the distributions of COM distances for the respective residue
pairs. For the calculation of orientational preferences we have considered the vectors normal
to the aromatic planes of the concerned residues. The angles between these vectors close to

0° and 90° correspond to parallel and perpendicular orientations of the planes respectively.
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Figure 5-10. Probability distributions of different orientational angles (left) and COM distances (right)

of indole plane with other aromatic planes.

In the Figure 5-10 (a)-(j), P(#) and P(A) denote normalized probability distri-
butions of the angles between the planes and COM distances of the planes respectively.
They are plotted against inter plane angles and COM distances respectively. The peaks of
the distributions indicate the most preferred angle or distance between the respective pair
of planes. Since the protein exhibits most native like behavior in pure water system, the
distributions of P(6) and P(A) for this system are considered as reference distributions. It
is observed that for the planes of residue pair Trp6-Tyr3, a tilt angle close to 30° is main-
tained for pure water and ternary mixed solution. For binary urea system, no preferential

orientation for this pair is observed. The planes of residue pair Trp6-Prol2 prefer parallel



114 Chapter 5

orientation with respect to each other in pure water system whereas for other two systems
perpendicular orientations are preferred. For Trp6-Prol7 and Trp6-Prol9, both in pure
water and mixed ternary solution near perpendicular orientations are preferred, but for bi-
nary urea solution the maximum of the distribution appears around 50°. For Trp6-Prol8,
the distributions of P(f) in pure water and mixed ternary solution are very similar and
they prefer to be oriented at around 40°. On the other hand, the same in binary urea solu-
tion prefers perpendicular orientation. Distributions of COM distances reveal that for pure
water and ternary mixed solution the planes are more likely to remain within 10 A. But in
case of binary urea solution, the planes mostly occupy distant positions except for the pairs
Trp6-Tyr3 and Trp6-Prol2. In brief, the interactions between the planes of residues Prol7,
Prol8 and Prol9 with the indole plane of Trp6 contribute mainly in retaining the native
conformation of Trp cage in pure water and in mixed osmolyte solution. A comparison of
these findings with our previous study carried out for non polar confinement [162] reveals
that in both the studies the preferential orientations of the studied pairs of planes are simi-
lar in pure water and ternary mixed osmolyte systems. However, in non polar confinement
the peak heights of these distribution functions are higher than that for polar confine-
ment. This suggests that the protein in polar confinement shows less tendency to retain
its preferred orientations, (when compared to that of non polar confinement) i.e. folding
propensity becomes less pronounced in polar confinement. Furthermore, a comparison of
the COM distance plots reveals that the planes maintain a closer distance in non polar
confinement than in polar one. Thus it leads us to conclude that the polar confinement

induces some more destabilization to the protein than that of the non polar one.

Hydrogen Bond Properties

In order to get an insight about the effect of hydrogen bonds formed between
protein and different solution species on the protein stability we have estimated the aver-
age number of intra- and inter-molecular hydrogen bonds formed by the protein at 300K
temperature (see Table 5-2). For the calculation of hydrogen bonds the geometric cri-
eteria are set. If the distance between the donor and acceptor atoms falls within 3.5 A
and the minimum donor-hydrogen-acceptor angle is maintained at 120° [103], then the two
molecules are considered to be hydrogen bonded. It is apparent that the maximum number
of intra-protein hydrogen bond is maintained in pure water system. For ternary mixed
solution also a considerable number of intra-protein hydrogen bond is preserved, whereas
in binary urea solution the intra-protein hydrogen bond number gets reduced profoundly.

It suggests that more native like conformation of the protein is favored in both pure water
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and ternary mixed solution. But in binary urea solution the native conformation is not
maintained. Further, the addition of urea to protein-water system causes a significant re-
duction in the protein-water hydrogen bond numbers. This is because of the fact that some
of the protein-water hydrogen bonds are getting replaced by protein-urea hydrogen bonds.
Now, as TMAO is added to binary urea solution, though a small reduction in the protein-
water hydrogen bonds is observed but remarkably, a significant decrease in the protein-urea
hydrogen bond number is noticed. This suggests that TMAO molecules replace some of
the urea molecules from the surface of the protein. It results in reduction of protein-urea
hydrogen bonds in ternary mixed solutions. We also observe a large number of protein-urea
hydrogen bonds in binary urea solutions. This causes an enhancement in the total number
of hydrogen bonds formed by the protein with the solution species in binary urea solution.
It supports the idea that the unfolded conformation of the protein gets more access to form
hydrogen bonds with surrounding species. However, these hydrogen bonds are decreased
significantly in ternary mixed solution. Now considering protein-TMAO hydrogen bonds
we find that a small number of TMAQO molecules are also engaged in hydrogen bonding
interactions with the protein. The above facts, suggest that TMAQO’s action (on urea-
conferred protein denaturation) arises mainly due to removal of some of the urea molecules

from the protein surface by TMAO molecules.

Table 5-2. Average number of hydrogen bonds”

System nfg nggs o ol il
PW 59.88 —— —— 59.88 10.78
PWU 4458 3332 —— 7790 3.62

PWUT 38.29 24.18 2,56 65.03 9.88

@ ppater plrca and nl? are the average number of hydrogen bonds formed by the protein

with water, urea and TMAO respectively. n{94 is the total number of hydrogen bond formed by the
protein with the solution species. ngg P represents average number of intra-protein hydrogen bonds.

In support of the above observations we have further calculated spatial distribution
functions of water, urea and TMAO molecules surrounding the protein and the same are
shown in Figure 5-11. Density of water is found to decrease gradually from pure water to

binary and ternary solution. It is quite apparent that the density of urea molecules (near
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the protein) in binary urea solution is much higher than that for ternary solutions. In

ternary solutions, the presence of TMAO molecules is also quite noticeable.

Figure 5-11. Spatial distribution functions (sdfs) of water (blue), urea (red) and TMAO ( ) sur-
rounding the protein in systems (a) PW, (b) PWU and (¢) PWUT

B SUMMARY AND CONCLUSIONS

We have studied the effect of polar confinement on the denaturing and counteracting
actions of osmolytes urea and TMAO on the protein. It is hound that the protein experi-
ences decreased conformational space due to confinement. We also observe that the protein
attains highly unfolded behavior in binary urea solution. Direct interaction of urea with
the protein is confirmed by the hydrogen bond analysis that results into denatured confor-
mation. The calculations of the protein’s folded fractions (obtained from melting curves)
and energy landscapes indicate about the stabilizing and destabilizing effect of TMAO and
urea respectively. Role of urea on protein denaturation becomes more efficient in presence
of polar confinement when compared to that for non polar confinement.

Density profiles of water across the confinement reveal that water molecules wet the
hydrophillic surface of the confinement in all the systems. Moreover, the small probabilities
of finding the residues of the protein within a distance of 4.5 A from the fullerene surface
indicate that the fullerene surface is not enriched by the protein. The calculations of rdfs
involving central atom of urea and fullerene surface show that density of urea becomes less
near the surface in mixed osmolyte solution than that in binary urea solution. We have
also found that the optimal range of occurrence of the protein inside polar confinement

is 5-20 A for all the systems. Hydrophobic core of the protein is found to contribute in
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protein stabilization, however the poor existence of salt bridge rules out its contribution in
Trp cage stabilization. Analysis of orientational preferences of different pairs of planes of
the protein shows that Prol7 and Prol9 prefer near perpendicular orientations with Trp6
in pure water and mixed solution, whereas Prol8 shows no orientational preference. Tyr3
prefers a tilt angle of 30° for pure water and mixed solution. Thus altogether it can be
stated that TMAO-induced stabilization of the protein Trp cage in polar confinement is
achieved due to removal of some of the urea molecules from the surface of the protein by
TMAO molecules and TMAO-induced retention of angles and distances between planes
of Prol7, Prol8 and Prol9 with indole plane of Trp6. Moreover, the preservation of the
hydrophobic core of Trp cage in mixed osmolyte solution also contributes significantly in
protein stabilization. Since no evidence of direct interaction of protein with TMAO is
observed this study points towards indirect mechanism of TMAO-induced stabilization of

the protein Trp cage.
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Summary and Our View on Osmolyte and

Confinement Induced Stabilization of Protein

“Nature’s patterns sometimes reflect two intertwined features: fundamental physical laws and
environmental influences. It’s nature’s version of nature versus nurture.”

— Brian Greene
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The aim of this work is to gain an insight and a deeper understanding of the effect
of confinement on protein folding/unfolding process in presence and absence of osmolytes.
To explore the mechanisms of protein stabilization and destabilization by TMAO and urea
respectively over a wide range of temperatures we have investigated different structural
properties of the protein. Energy landscapes and interactions with the solution species
of the proteins are explored as well. Replica exchange molecular dynamics simulation
technique has been used which has helped us to achieve enhanced sampling and overcome

energetic barriers at low temperature.

We started the investigations by classical MD simulation of a small protein (-
hairpin. Study of literature for counteraction behavior of TMAO against action of urea
showed that different models of TMAO are available. We have chosen Kast model and
Osmotic model. Conformational behaviors of the protein were studied by RMSD and SASA
of the protein in presence and absence of osmolytes. The study reveals that Kast model
of TMAO is capable of offsetting the denaturing effect of urea in conventional 2:1 ratio
of urea:TMAO whereas Osmotic model provides maximum counteraction against action of
urea when used in 1:2 ratio. The study also found that electrostatic and vdW components
of protein-urea interaction become more unfavorable in presence of TMAQO. To explain this
fact it was suggested that TMAO molecules replace some of the urea molecules from the
solvation shell of the protein. In support of this, we have shown rdfs involving central
atoms of urea and TMAO and heavy atoms of the protein. The calculations of average
number of heavy atoms of urea and TMAO around the protein also confirms the fact that
there is depletion in the number of heavy atoms of urea in the solvation shell of the protein
for mixed osmolyte system. From the calculations of intra- and intermolecular hydrogen
bonds we have found that in absence of any osmolyte the number of intra-protein hydrogen
bond is maximum. This is in consistent with the idea of spontaneous folding behavior of
the proteins when they are surrounded by aqueous environment [103]. Minimum number
of intra-protein hydrogen bonds indicate unfolding of the protein under the influence of
urea. Urea molecules deliver denaturation through formation of considerable number of
hydrogen bonds with the protein. It is also found that the addition of TMAQO decreases
urea-water hydrogen bonds due to the formation of considerable amount of TMAO-water
hydrogen bonds. Remarkably, the formation of urea-TMAO hydrogen bond reveals that
in mixed osmolyte systems TMAO molecules are also solvated by urea molecules. This in
turn makes urea molecules less available to solvate the protein to deliver denaturing effect.

A further investigation of hydrogen bonds formed by the terminal residues (2 and 15) of
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the protein with urea showed that these hydrogen bonds are more affected in binary urea
solution and the same remains protected in presence of TMAQO. Thus the formation of
hydrogen bond by the terminal residues with urea plays a vital role in determining overall
conformation of the protein. The overall conclusion from the study can be given as follows.
Urea delivers its action through direct interaction with the protein and noticeably through
the breaking of terminal hydrogen bonds that links the two sheets in parallel fashion while
TMAO invokes an environment surrounding the protein, which is deficient in water and

urea molecules and hence the folded form of the protein is preserved.

To obtain atomic-level picture of the protein’s conformational changes REMD
simulation of the protein Trp cage was carried out. To explain the molecular mechanism
of actions of urea and TMAO different structural properties are analyzed first. To be more
specific on the denaturing and counteracting mechanisms of urea and TMAO on the protein
Trp cage we have emphasized on the three key stabilizing factors that cause large impact
on the protein’s stability viz. salt bridge, hydrophobic core and orientational preferences
of different planes of amino acid side chains. Role of salt bridge on determining stability
of the protein has been a matter of dispute. It is not always a necessary factor for protein
stabilization. Our study reveals that (from the calculations of probability distributions
of distances between salt bridge forming residues and occurrence of urea molecules near
the salt bridge) urea molecules affects the interactions of the salt bridge forming residues.
Urea molecules are very much prone to occupy region near the salt bridge. However,
urea density decreases in ternary mixed solution due to replacement of some of the urea
molecules from this region by other solvent or cosolute molecules. Thus, TMAO molecules
contribute on protein stabilization which may have arisen through the expulsion of some
urea molecules from the region near the salt bridge. Trp cage possesses a well packed
hydrophobic core. This invokes us to examine the existence of this core and the role of
TMAO in the protection of the hydrophobic core. We observe that the core is conserved in
pure water, but in presence of urea the core becomes heavily hydrated. Presence of TMAO,
however, prevents its exposure to water to some extent. This leads us to propose that
TMAO counteracts against the action of urea by providing protection to the hydrophobic
core of the protein. Interactions between side chains of the protein residues are regarded as
a decisive factor for protein stabilization. Thus, we have studied preferential orientations
of different aromatic planes of different amino acid residues and how they are affected with
the change of chemical environments surrounding the protein. We have found that near

parallel orientation of Trp6-Prol2 is not an essential factor for the protein stabilization,
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whereas near parallel orientation of Trp6-Prol8 and near perpendicular orientation of Trp6-
Prol7 and Trp6-Prol9 are found to be significant contributors in stabilizing the native
conformation of the protein. We have calculated the intra- and inter-protein hydrogen
bonds and the effect of TMAO on protein-urea interaction energy in order to highlight the
stabilizing effect of TMAO to compensate the deleterious effect of urea. We found that
direct interaction between protein and urea causes denaturation of the protein. In ternary
solution, TMAO replaces some of the urea molecules from the protein surface. More the
number of TMAO molecules, more number of urea molecules are expelled from the protein
surface. As a result, both electrostatic and vdW components of protein-urea interaction
energy become more unfavorable in presence of TMAO (than that of binary urea system).
In the study, we do not observe any direct interaction of TMAO with the protein. This
leads us to conclude that TMAO-induced stabilization is effective by means of indirect

interaction.

In cellular environment proteins are subjected to both crowding and confinement.
How the confinement exerts its effects on protein folding/unfolding process and interac-
tions of protein with its surrounding species have been investigated by use of both non
polar and polar confinements. Different structural properties were analyzed to explain the
effect of confinement on the protein and consequent effect on the osmolytes in determining
the folding/unfolding process of the protein. The study disclosed that the protein expe-
riences a decreased conformational space in presence of confinement (both non polar and
polar) due to limited volume provided by the confinement than in comparison to without
confinement. Highly unfolded behavior of the protein is observed in binary urea solution
(both in non polar and polar confinement), which is evident from FEL and melting curves.
FEL also explores successful counteraction of TMAQO. A comparison of non polar and polar
confinement indicates that the latter induces some destabilizing effect on the protein. The
decomposition of electrostatic and van der Waals components of protein-urea interaction
energy reveals that TMAO makes the contribution of electrostatic energy less favorable in
mixed ternary solution. The role of the salt bridge, the existence of the hydrophobic core
and its influence in pertaining stability to the protein and the orientational preferences
of different aromatic planes of the protein residues with respect to central indole plane of
tryptophan residue are also investigated in order to examine their roles in protein stabi-
lization. For both the confinements, we have found that the existence of salt bridge is not
a necessary factor for protein stabilization. This finding is in line with Garcia’s work [63]

which reported that Trp cage can retain its native form in presence as well as in absence of
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the salt bridge. Maintenance of the hydrophobic core (in pure water and mixed osmolyte
solutions) plays a vital role in stabilizing the protein for both non polar and polar confine-
ments. Orientational preferences considering non polar confinement show that the residue
pair Trp6-Prol2 maintains parallel orientation only in case of pure water system similar to
that obtained for without confinement. But, the orientations of residue pairs Trp6-Prol7
for pure water system is dissimilar with that of without confinement. For the aromatic
planes of residue pairs Trp6-Prol8 and Trp6-Prol9, we observe near parallel and near per-
pendicular orientations respectively for pure water and mixed osmolyte solutions that is
similar with those we have found for without confinement. In case of polar confinement,
Prol7 and Prol19 prefer near perpendicular orientations with Trp6 in pure water and mixed

solution, whereas Prol8 shows no orientational preference.

In mixed ternary osmolyte solution the protein tend to occupy central part of
the non polar confinement whereas, in binary urea solution the protein is more prone to
occupy peripheral region of the spherical ball. The optimal range of occurrence of the
protein inside polar confinement is 5-20 A for all the systems. Density profiles of water
for different systems indicate that for pure water system, there is dewetting of the non
polar fullerene surface, whereas water molecules wet the polar surface of the confinement
for all systems. These observations are in consistent with previous studies [155, 63]. We
have also found that the interaction behavior of different residues of the protein with the
non polar confinement surface changes depending on the osmolyte used. In binary urea
solution all residues of the protein show high probability to occupy region in vicinity of the
non polar fullerene surface. Urea molecules in mixed osmolyte solution show higher extent
of occupation near to the fullerene surface than that in binary urea solution. It suggests
that urea molecules get more access to solvate the protein in binary urea solution to exert
denaturing action. In mixed osmolyte solution, the presence of TMAO molecules changes
the solvation behavior of urea molecules. TMAO molecules solvate the fullerene surface as
well as the urea molecules, so that we get an enhanced solvation of urea molecules near
the fullerene surface. This makes urea molecules less available to solvate the protein and
henceforth denaturing effect of urea is diminished in mixed osmolyte solution. Confinement
induces an environment that favors stable state of the protein in mixed solution whereas

unstable state is favored in binary urea solution.

Altogether it can be stated that TMAO stabilization of protein inside confinement
is achieved due to removal of urea molecules from the surface of the protein by TMAO

molecules. TMAO-induced retention of angles and distances between aromatic planes of
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Trp cage and the preservation of the hydrophobic core in mixed osmolyte solution contribute
significantly in protein stabilization. These result in reduced effect of urea denaturation on
the protein. Since no evidence of direct interaction of protein with TMAO is observed this
study points towards indirect mechanism of TMAO stabilization.

Further studies can be expanded with the simulation of the same system under
polar confinement with different spatial charge distribution. How different spatial charge
distribution of polar confinement can effect on the protein and osmolytes can be compared.
Using different sizes of the spherical confinement, a size-dependent comparative study can
also be performed. The study can also be extended to various concentrations of urea and
TMAOQO. This will help to make comparisions over a range of concentrations. Further, the
study can also be repeated with recently developed models of urea and TMAO. Use of
some other denaturant or counteracting osmolyte (except than urea and TMAO) or salt
inside polar and non polar confinement can be another extension of this study. A further
challenging extension of this work would be to study the effect of cold denaturation on the

same systems.
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