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ABSTRACT
Solvent-compatible enzymes (those that function in organic solvents) are an
important field of research. Understanding the relationship between solvent dynamics and
protein dynamics will improve applications of proteins in non-aqueous solvents and
design of solvent systems and engineer proteins for non-aqueous biocatalysis. The main
focus of this dissertation is characterization of local heterogeneous solvation shell
dynamics around Candida Antarctica Lipase B (CALB) enzyme and relating these local
solvation shell dynamics to solvent structure, enzyme structure and enzyme dynamics.
Solvent dynamics were studied under two categories, as hydration layer dynamics and
non-aqueous solvation layer dynamics. Interfacial solvent dynamics at the CALB enzyme
have been characterized by protein-solvent hydrogen bond lifetimes, solvation layer
residence times, reorientation times, and diffusion times of solvation shell solvent
molecules. We have shown that local water dynamics are affected by the protein structure
directly through chemical heterogeneity and topological heterogeneity of protein
structure and indirectly, since the protein structure modulates the local water structure
and these changes in local water structure affect the local water dynamics. Further we
have shown that protein structure influences protein dynamics by modulating the local
solvent structure and providing regions with faster moving water. Validity of Rosenfeld
scaling, which describes the diffusion-entropy relation in liquid water was discovered for
waters in local hydration shell for the first time in this study. As non-aqueous solvents, a
variety of solvents are used in this study; namely, acetonitrile, n-butanol, tert-butanol,
and cyclohexane, and we have shown that that local solvent dynamics have effects on the
local protein flexibilities and these effects depend on the nature of the solvent.
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CHAPTER 1
INTRODUCTION

1.1 Solvent Dynamics
One of the first reported experimental studies about liquids and dynamics was
performed by Robert Brown in 1827 regarding irregular motion of pollen particles in
water due to randomly moving water molecules, which became known as Brownian
motion.1 Since then studies about liquids and solvent dynamics have become a subject of
interest over the years2 and it is fair to say that nowadays it is one the most studied
phenomena in physical chemistry.3 Solvent dynamics play a crucial role in chemical
reactions and bimolecular recognition, and solute-solvent interactions strongly affect the
energy and dynamics of both chemical and biological reactions.4 Due to this critical
interference of solvent dynamics, both sophisticated experimental techniques and
computational techniques have been used and are still in use. Experimental methods for
the study of solvent dynamics include vibrational spectroscopy,5-12 NMR spectroscopy,1320

fluorescence spectroscopy,21-24 X-ray spectroscopy,12, 25 and neutron spectroscopy.16, 26-

27

Meanwhile, the most commonly used computational technique is molecular dynamics

(MD) simulations.
Studies of solvent dynamics were initiated with simple environments, and now it
has spread to more complex environments, such as electrolyte solutions,28-29 supercritical
fluids,30-32 and ionic liquids.33-34 Furthermore, solvent dynamic studies initially focused
on small solutes and now have expanded to focus on larger biomolecules such as
proteins22,

24, 35-38

and DNA.39-42 This dissertation has focused on solvation dynamics
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around Candida Antarctica lipase B enzyme. Therefore, next it is important to introduce
solvent dynamics studies regarding protein as the solute.
1.2 Solvent Dynamics around Protein
Understanding the relationship between structures and functions of biomolecules
is important in understanding the evolution of biomolecules. It is also one of the major
focuses in many areas such as molecular biology, genetics, biochemistry, bioengineering,
and bioinformatics. Among biomolecules, proteins are one of the most important and
highly studied systems in the above-mentioned areas. An important step towards
understanding this relationship between protein structure and function is analysis and
understanding of the dynamics of both the protein and the environment around the
protein.
The environments around the protein present in living organisms are either
complex aqueous solutions or the membrane. Even though the native environmental
solvent for proteins is aqueous solutions, in many research studies and also in industrial
applications, proteins are used in non-aqueous organic solvents, too. In solutions, solvent
interface around the protein is known as solvation shell and this protein solvation shell
performs an important role in many biophysical and biochemical functions such as
protein folding, protein flexibility, protein stability, enzyme catalytic function and
molecular recognition.43-44
1.2.1 Protein in Water Solvent
As mentioned above, the native solvent for a protein is water. Water present
around/in hydrated proteins has been divided in two categories: as hydration water and
bound internal water.45 In the presence of water, a tightly bound water layer surrounds
2

proteins, which is known as the hydration layer and is present at protein interface. Bound
internal water is located in interior cavities and clefts of proteins.45 Bound internal water
molecules have residence times with a range from ~10 ns to ms, and the exchange of this
internal water with bulk water requires local unfolding of protein.46 Hydration shell water
molecules are more dynamic than internal bound water and have residence times on the
order of tens of picoseconds.47 Compared to bulk water, the hydration layer is more
ordered and less mobile,44 and shows a greater mass density and also a greater heat
capacity than bulk water.48 Neutron scattering studies have shown that hydration layer
width as about 3 Å around a protein or a peptide surface, with a 25% greater density than
bulk water.49
Water is one of the essential substances that makes the planet Earth suitable for
living, because of several amazing properties inherent in water, such as being an
excellent solvent, ease of movement of water molecules through biological membranes,
participation in many chemical reactions, being a good lubricant, thermal properties, and
capillary action due to its properties of adhesion and cohesion. Among those properties,
being an excellent solvent (in other words, hydration) is an important property, which we
discuss in this dissertation. Water has some unique features, which play a necessary role
in hydration. The very high dielectric constant of water due to its large dipole moment
and polarizability makes water an excellent solvent for polar solutes. Hydrogen bonding
is another central feature for the actions of water. Each water molecule is capable of
having four hydrogen bonds, which have bond energies between 5 and 10 kBT at room
temperature,50 and which result in forming a dynamic, three-dimensional network with a
local tetrahedral order of four.51

3

Protein structure consists of both polar and non-polar residues. Hydrogen bonding
between these polar residues and water is one of the main factors in the hydration of
proteins.52 The accommodation of non-polar/hydrophobic surfaces of proteins perturbs
the three-dimensional network of water.53 This reorganization of the hydrogen bonded
three-dimensional network around non-polar residues results in hydrophobic interactions
and these hydrophobic interactions are responsible for protein folding, which results in
proteins’ three-dimensional structures.50 Therefore, it can be stated that protein hydration
is important for protein folding, its three-dimensional structure, and hence, its stability.
This hydration shell protects the protein from irreversible denaturing effects, such as low
temperatures.45 It has also been found that these hydration shell water molecules are
necessary for fast conformational changes in the protein,54-57 which is essential for
protein functions.
1.2.2 Protein Hydration Shell Structure and Dynamics
A characterization of protein hydration shell structure and dynamics is essential in
revealing protein-water interactions, and a key challenge is to identify how the hydration
shell around the protein differs from bulk water. Experimental studies using NMR
spectroscopy,58-60 and diffraction,60-69 and also molecular simulation studies60, 67-68 have
been used to obtain details regarding protein hydration shell structure and dynamics. In
order to gather information towards protein hydration shell structure, radial distribution
functions (RDF) have been calculated using molecular dynamics simulation studies,60, 6768

and crystallographic methods.62-63, 69 Hydration shell thickness around a given region

has been defined, using the radial distribution, as the distance to the first minimum,43, 70-72
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and it has been found that the first hydration shell of a protein has significantly higher
density compared to bulk water.73-74
A detailed picture regarding the dynamics of bulk water has been generated with
the aid of many studies. It has been found that liquid water exist in a hydrogen bonded
three-dimensional network. Within this water arrangement in bulk water, dynamics and
fluctuations occur due to thermal excitation of low-frequency modes, and hydrogen
bonds are rearranged (via breaking and reforming, changing patterns on a picosecond
time scale).75 Even though there is a detailed knowledge regarding bulk water dynamics,
there is a lack of complete information regarding hydration shell water dynamics. It has
been found that the time scale of hydration shell dynamics ranges from sub– 100 fs for
the fastest fluctuations of water molecules to tens of picoseconds for the moving of water
molecules from hydration shell to bulk and vice versa.75
There are different molecular interactions and mechanisms that participate in
determining the time scale of dynamics of hydration shell water around the protein. The
dipolar character of water and charged or polar groups in the protein create a strong
electric field between protein and the hydration shell around it. The fluctuations in
molecular topology cause fluctuations in electric fields, which are linked with ultrafast
dynamics of hydration shells.76 Fluctuations in intermolecular electric forces result in
fluctuations in the OH stretch vibrational frequency, which is known as spectral diffusion
and this happens on a femtosecond time.76 Hydrogen bonding is another type of
intermolecular interaction, which determines the time scale of dynamics of hydration
shell water around the protein. Hydrogen bond dynamics, which include reorientation,
consist of breaking and reforming of hydrogen bonding on a picosecond time scale, with
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direct effects on the residence time of first hydration shell water molecules.77 Exchange
of water molecules inside the protein structure, such as water molecules residing in the
cavities of protein interior, occurs on a much longer time scale than exterior waters.76
Results of NMR studies,78-79 time-resolved fluorescence spectroscopic studies,22, 35 and
molecular dynamics studies77, 80 have revealed that for the larger part of hydration shell,
water reorientation dynamics are slowed down compared to the reorientation dynamics of
bulk water.
1.2.3 Protein in Non-aqueous Solvents
The role of water in protein structure and function was discussed above, and the
next natural question arises is the protein’s ability to function in non-aqueous media. If
proteins, especially enzymes are restricted to their natural solvent, which is water media,
bioconversions and organic synthesis catalyzed by enzymes will be limited, and it will be
difficult to get rid of water-dependent side reactions and microbial contaminations.81-82
However, this problem can be overcome when enzymes are used in non-aqueous media.
Also using non-aqueous media in enzyme-catalyzed reactions increases thermostability
of certain enzymes and also shifts their thermodynamic equilibrium towards synthesis
over hydrolysis.83-84 For enzymes, organic solvents are the most commonly used nonaqueous media,85 although use of ionic liquids is growing.86-87
At first, the specter of using enzymes in organic solvents appears impossible,
since it has been stated that proteins are denatured in organic solvents.88 This is based on
experiments only in the aqueous-organic media,89-90 since most proteins are insoluble in
most pure organic solvents91-92 and most of the protein characterization techniques are
designed not for protein suspensions, but for protein solutions.90 Griebenow and
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Kilbanov extended Fourier-transform infrared (FTIR) spectroscopy technique, which is
used for solids, up to protein suspensions in organic solvents and discovered that even
though proteins are denatured in aqueous-organic media, proteins are not denatured in the
pure organic solvents.90 The reason for this contradictory behavior is that proteins are
very rigid in the absence of water,82 due to the lack of water’s role as molecular
lubricant.93-94 Subsequently, many crystalline proteins are able to keep their native
structures in the presence of pure organic solvents.90, 95-99
It is a known and accepted fact that in most cases, enzyme activity in the presence
of non-aqueous solvents is lower than in the presence of water.85 Hence, understanding
the factors affecting enzyme activity, stability, structure, and selectivity of enzymes in
organic solvents is important in improving the applications of enzymes in organic
solvents.
First, when we consider enzyme activity in non-aqueous solvents, it depends on
many factors such as water activity, counter-ions, solvent nature, kinetic parameters in
organic solvents, pH value and enzyme form.100 The water amount (hydration level) has
been recognized as one of the main factors that controls enzyme activity in organic
solvents,82, 101 and several research groups have studied the effects of water activity and
solvent nature on enzyme activity in the presence of organic solvents. Laane et al.
observed a direct correlation between solvent hydrophobicity and enzyme activity.102
Later, Zaks and Klibanov suggested that organic solvents affect enzyme activity by
interacting with enzyme-bound water.103 Generally lipases, proteases, and several other
enzymes have a favorable enzyme activity in pure organic solvents. Even so, these
enzymes need to have some water molecules that remain bound.104 It has been discovered
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that completely dehydrated enzymes are generally inactive.82 On the other hand, when the
hydration level exceeds a certain limit in the non-aqueous media, it leads to enzyme
denaturation and/or deactivation, since high water content in organic solvents increases
the conformational mobility of the enzyme and it can alter the enzyme activity.104-105
Valivety et al. studied one solvent-compatible enzyme, Mucor miehei lipase in different
non-polar solvents with varying polarity (from hexane to pentanone) and observed a
similar optimum water activity for all the non-polar solvents used.106 In another study
using five different lipases, it has been found out that the water activity effects enzyme
activity vary from enzyme to enzyme.107
Solvent effects on enzyme activity were reflected in a study with polar organic
solvents, as water activity was unable to predict the required hydration level for the
enzyme activity in the presence of polar organic solvents.108 When compared to the
hydrophobic solvents, hydrophilic solvents have a higher capability of removing proteinbound water, which are necessary for enzyme activity and it leads to the less enzyme
activity in hydrophilic solvents.109 And this reflects the effect of water content and nature
of organic solvent on enzyme activity in organic solvents. Further, both kinetics
parameters in organic solvents and substrate specificity can vary from solvent to
solvent.100
It is known that protonation is important for enzyme activity, but controlling pH is
a challenge in organic solvents.110 It has been discovered that enzymes have a memory
about the pH value of the solution from which the enzyme was recovered, and in the
presence of organic solvents, enzyme activity depends on this pH.111 As mentioned
before, the role of water content in enzyme activity in the presence of organic solvents is
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recognized. But other than water, some other species, such as counter-ions can have
important roles in enzyme activity of enzymes in the presence of organic solvents.112 In
the presence of water, due to the high dielectric of water, opposite charges can be far
apart. In contrast, the low dielectric of organic solvents does not allow this to happen. If
counter-ions are present in organic solvents, charged amino acids, which are present in
proteins generally, associate with counter-ions and involve in changing protonation states
of enzymes.112 Therefore, it can be stated that neutralization of protein in the organic
solvents with the aid of counter-ions has an important role in enzyme activity, too.
Enzyme form is also important for enzyme activity in organic solvents. For
example, it has been discovered that enzyme lyophilization in the presence of additives
such as ligands, lyoprotectants, salts, and micellar amphiphiles leads to higher enzyme
activity.113-114 Enzyme adsorption on solid matrices favors substrate access to enzyme
molecules.100 And also, it has been detected that entrapping the immobilized lipase in
hydrophobic sol-gel materials increases both enzyme activity and stability.115 Further,
enzyme complexes with the addition of anionic or non-ionic surfactants, which are
soluble in organic media, have shown higher enzyme activity, too.116
Several studies have been carried out regarding enzyme stability and structure in
organic solvents using enzymes that have different sources, and it has been discovered
that these enzymes are more thermostable in organic media compared to water media.117122

When considering enzyme structure, enzymes are more likely to survive in

hydrophobic solvents compared to hydrophilic solvents, since hydrophilic solvents can
penetrate into enzyme active sites and stimulate changes in enzyme secondary and
tertiary structures.123-124 As mentioned before, hydrophilic solvents have a higher
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capability of removing protein-bound waters, which are necessary for enzyme activity as
well as structural stability.82, 123 When considering enzyme selectivity in organic solvents,
some studies were able to obtain improvements in enzyme selectivity in the presence of
organic solvents through modifications in enzymes, substrates, and reaction
conditions.125-126
1.2.4 Solvent Structure and Dynamics in Non-aqueous Solvation Shell of Protein
One of the main intentions of non-aqueous enzymology studies is discovering
protein-solvent interactions.127 For this purpose, it is important to study the structure and
dynamics of the non-aqueous solvation shell around the protein. However, as with the
dynamics of hydration shell water molecules, there is a dearth of information regarding
structure and dynamics of non-aqueous solvation shell solvent molecules.
Hartsough et al. carried out simulation studies of bovine pancreatic trypsin inhibitor
(BPTI) in the presence of water and chloroform in order to analyze both the structure and
dynamics of chloroform and water. Solvent dynamics were analyzed through selfdiffusion coefficients of solvent molecules, and they discovered that in both cases (in the
presence of water and chloroform) solvation shell solvent molecules are less mobile
compared to bulk solvent molecules.128 They observed that the reduction in the selfdiffusion coefficient is larger for chloroform when compared with water. Authors
suggested that less mobility of solvation shell chloroform molecules can be due to the
matter of proteins blocking chloroform molecules from moving in certain directions, but
they did not provide a possible explanation to interpret why chloroform molecules are
more affected by the protein when compared with water.128 Later, Lousa et al. gave one
possible explanation to this comparison with the aid of solvent molecule sizes, and they
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explained that due to the small size of water molecules compared to chloroform
molecules, water molecules will be able to diffuse through even more narrow spaces.127
In order to analyze water, ethanol, octanol, and toluene solvent dynamics around
porcine pancreatic lipase (PPL), Haque et al. calculated the radial distribution function
(RDF) of the solvent around PPL. RDF showed the first maximum around 2.75 Å in the
presence of water, ethanol, and octanol and around 4 Å in the presence of toluene solvent.
They also observed differences in the density in the first solvation shell in the presence of
different solvents.129 In addition to this, they calculated solvent accessible surface area
(SASA) of PPL with these different solvents. They observed a higher solvent
accessibility in the presence of water and ethanol, which are polar solvents and a lower
solvent accessibility in the presence of octanol and toluene, which are non-polar
solvents.129
1.3 Heterogeneous Solvation Shell Dynamics
As mentioned before, when considering the hydration shell around proteins, a
retardation of water reorientation dynamics in the majority of hydration shell, compared
to the bulk, has been found. In addition to that, it has been found that this retardation is
heterogeneous throughout the protein surface,77,

130-132

exposing the presence of

heterogeneous solvation shell dynamics.
It is a known fact that protein surfaces are both geometrically and chemically surface
affect regional solvation, or in other words the local arrangement and local interactions of
hydration shell water molecules around the protein surface. This results in a local
heterogeneity in hydration shell dynamics. Berne and co-workers observed that hydration
shell water molecules near a concave protein surface exist for a much longer time than
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near a convex protein surface.133 Also, in studies by Laage et al. regarding how a
biomolecule affects the water hydrogen bond and reorientation dynamics, it was observed
that a difference in reorientation dynamics depends on whether the local surface is
concave or convex.134 Further, they recognized a difference in hydrogen bond dynamics
depending on the strength of the initial hydrogen bonds, where both the chemical
heterogeneity (enthalpic origin) and the topological heterogeneity (entropic origin) of the
biomolecule surface affect this strength of the initial hydrogen bond. Multiple
experimental techniques were able to reveal local heterogeneous hydration dynamics,
including THz spectroscopy,135-136 NMR spectroscopy,13,

78,

137-138

time-resolved

vibrational spectroscopy,139-140 neutron scattering,141 and ultra-fast fluorescence.21, 36, 130,
142

For example, by comparing nuclear overhauser effects (NOE) and rotating-frames

overhauser effects (ROE), Wand and co-workers recognized a considerable range of
hydration water dynamics in the protein hydration shell.137
1.4 Solvation Shell Dynamics and Protein Dynamics Relationship
It is well known proteins are dynamic and these protein dynamics play a major
role in their functions.143-145 It has been recognized from simulations and experiment that
there is an intimate connection between solvation shell dynamics and protein dynamics.27,
131, 146-149

Experimental studies regarding CO and O2 binding and release by myoglobin in

the presence of different solutions of varying viscosity revealed that the gas binding and
release rate depends on protein dynamics and is also a function of solvent viscosity,
exposing a relationship between protein dynamics and solvent dynamics.150-153 A
connection between solvent dynamics and protein dynamics has been recognized, yet
how protein dynamics and solvent dynamics couple is not entirely clear. Protein
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dynamics were shown as the ‘[en]slaved’ motions of the surrounding solvent.154-155
Studies on solvent-compatible enzymes103, 156-158 express a fact that enzymes in organic
solvent have hindered dynamics as a result of reduced protein flexibility.82,

159-161

Recently, neutron scattering and MD simulation studies have indicated that, “the
translational diffusion of water molecules on a protein surface promotes the largeamplitude motions of proteins that are required for their biological activity”.162 While
solvation is critical for protein dynamics, the opposite is also true and it has been shown
that water generally slows down at the protein interface, and this grants stability.163
Most studies that correlate protein dynamics and solvent dynamics have focused
primarily on the global or bulk dynamics of solvent. However, using 2D-IR photon echo
spectroscopy techniques, which are able to measure hydrogen bond lifetimes in the
hydration shell, it has been shown that there is a regional (local) coupling between
solvent dynamics and protein dynamics in lysozyme protein.140 Recent simulation studies
show the correlation between protein conformational changes and hydration dynamics.70,
164

Using tryptophan scaning with femtosecond fluorescence spectroscopy, Zhong and

co-workers recognized that both hydration shell water relaxation and protein side-chain
fluctuations have the same energy barriers, illustrating the fact that hydration shell
dynamics drive protein side-chain fluctuations.165
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1.5 Molecular Dynamics (MD) Simulations in Studying Protein Solvation Shell
Dynamics
In order to evaluate the relationship between solvation shell dynamics, protein
structure, and solvent structure, MD simulations were used in this dissertation study.
There are different approaches to investigate a phenomenon in science, and the most
common one among them is experiment. But the main limitations of experiments to
provide further details are (fast) time scale and system size (or localization of
measurements). As a result, simulations became useful in providing theoretical
explanations. MD simulation is used as an impressive tool to study detailed atomic
features of proteins and other biomolecules,166 by calculating the time dependent
behavior of a molecular system. It can be used to acquire detailed atomic knowledge of
some processes, which is often difficult to characterize through experimental techniques.
One example is the solvation shell dynamics of biomolecules.167 Within the time scale of
MD simulations, solvent dynamics properties such as diffusion, or reorientation dynamics
can be captured.167 MD simulations have been used to study solvent and solvation
dynamics of proteins/peptides in the presence of water,168-171 and the applications of MD
simulations have been extended towards studying solvent dynamics of proteins in the
presence of non-aqueous solvents too.172-180
1.6 Candida Antarctica Lipase B Enzyme
Candida Antarctica Lipase B (CALB) enzyme (Figure 1.1) was used in this
dissertation study, in order to evaluate the heterogeneous solvation shell dynamics
relationship with enzyme structure. CALB is a 33.273 kDa enzyme181 that behaves as an
esterase in solution with small molecule reactants, but can undergo interfacial activation
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(classic lipase behavior) with more bulky substrates.182 CALB is a versatile enzyme that
has been used as a biocatalyst in water and organic solvents for various reactions,
including capsaicin hydrolysis, phenolic acid esterification, octyl-β-glucoside synthesis,
and alkyl ester production.183-188 In organic solvents, the kinetics are slower, which is
attributed to reduced flexibility. However, addition of small amounts of water increases
both its kinetics and flexibility. Molecular dynamics studies by Wedberg et al. of CALB
in methanol, tert-butyl alcohol, methyl tert-butyl ether, and hexane solvents with various
fractions of water showed that residence times of solvent decreased as water fraction
increases, concomitant with higher enzyme flexibility.189 Theirs is the only known study
of interfacial solvent dynamics around CALB. Still, the native hydration shell dynamics
have not been characterized for CALB, nor have interfacial solvent dynamics around the
enzyme been spatially resolved.

Figure 1.1 Structure of Candida Antarctica lipase B (PDB code: 1TCA)
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CHAPTER 2
HETEROGENEOUS HYDRATION DYNAMICS AROUND
CANDIDA ANTARCTICA LIPASE B: RELATIONSHIPS
WITH PROTEIN STRUCTURE AND WATER STRUCTURE

2.1 Introduction
It is recognized in the protein simulations community, use of implicit solvent or
TIP3P water model, which possesses faster diffusion than real water,1 can increase
sampling of the protein conformational landscape. In studies on the role of different
explicit water models in helix folding/unfolding processes by Palazzesi et al., much faster
kinetics in helix turn folding/unfolding was observed in simulations with the TIP3P water
model relative to TIP4P/2005 and TIP4P-D water models. An interesting fact is that the
TIP3P water model has higher mobility, lower surface tension, and lower viscosity.2 The
main focus of this chapter is to address a related question: what if enzyme structures
leverage a similar scenario, by increasing “local” hydration shell water dynamics around
“local” regions where more flexibility is required?
As mentioned in section 1.4, a strong correlation between solvation shell
dynamics and protein dynamics has been established from simulations and experiment.3-8
Even so, the explanations for the questions of how protein structure and water dynamics
couple and the extent to which hydration shell dynamics are affected by protein structural
features are unclear. As the properties of aqueous solvent have a major role in the
stability and dynamics of proteins, it can give rise to many applications too. For example,
it can improve protein-engineering studies by leading the design of more stable/more
flexible proteins. Hence, it is essential to explore the answers for questions concerning

31

the relationship between water dynamics, protein structure, and water structure; at least to
some extent.
First, if the relationship between hydration dynamics and protein structure is
considered, altered hydration dynamics has been connected to geometrical heterogeneity
at the protein surface. It has been recognized by Berne and co-workers that water
molecules near a concave protein surface reside for a longer time than those near a
convex protein surface.9 Also, Laage et al. observed a difference in reorientation
dynamics depending on whether the local surface of a biomolecule is concave or
convex.10 Further, they recognized that a difference in hydrogen bond dynamics depends
on the strength of the initial hydrogen bonds and this initial hydrogen bond strength
depends on chemical heterogeneity (an enthalpic origin) and the topological
heterogeneity (an entropic origin), due to excluded volume effects of the biomolecule
surface.10 When considering the relationship between water structure and protein
structure, these two have an interconnection, since chemical heterogeneity (polar, nonpolar groups) at the protein surface alter the structure of the hydration layer and
intermolecular interactions between protein and hydration layer water molecules
contributes to defining the 3D structure of protein.11
In order to investigate the role of water dynamics, it is worth understanding the
connections between water structure, macroscopic thermodynamics and transport
properties of water. Rosenfeld scaling is a semi-empirical ‘universal’ explanation to
describe the diffusion-entropy scaling relation of dense fluids including water.12
According to the Rosenfeld scaling, the relation between dimensionless diffusion and
excess entropy is as follows,
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!∗ = ! exp (!!!" )

(2.1)

where D* is the dimensionless diffusion constant which is described by,
!! !
! =!
!! ! !
∗

(2.2)
! !

and Sex is the excess entropy which is defined as the difference between the entropies of
the liquid (S) and ideal gas (Sid) under same density and temperature.
!!" = ! − !!"

(2.3)

A and α are the scaling parameters which depend on the nature of interactions and
transport properties (diffusion). Rosenfeld scaling, which is used for liquid water, is used
here to explain the relationship between water structure and water dynamics in the
hydration layer waters, which can eventually shed light on configuring the relationship
between protein structure, protein dynamics and hydration dynamics. Scaling
relationships between local diffusivities and excess entropy have been suggested for
small peptides and protein hydration layer,13-15 but not yet examined for proteins.
Further, it is crucial to understand the organization of water at the protein
interface when considering the relationship between hydration dynamics and water
structure. Water is considered as a tetrahedral network-forming liquid due to the
anisotropic hydrogen-bonding of the water molecules, with a local coordination number
of about 4 (Figure 2.1).16 Studies regarding tetrahedral order in the hydration layer of
bimolecular solutes are reported for different systems such as small sugar molecules,17
small peptides,13 and a small protein.18
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Figure 2.1 Tetrahedral water configuration

2.2 Methodology
2.2.1 Simulation Details
The starting coordinates for simulations of CALB enzyme were taken from the Xray crystallographic structure (PDB ID: 1TCA, resolution: 1.55 Å).19 All crystallographic
waters were kept, as we recently showed this leads to fastest equilibration in aqueous
simulations.20 MD simulations were performed using GROMACS (version 4.6.3)21
software package. AMBER03 force field22 was used for the CALB enzyme, and SPC/E
water model23 was used to represent water. AMBER03 and SPC/E water were recently
used by King et al. to reproduce experimentally measured protein-water hydrogen bond
lifetimes.24 Among the common fixed charge water force fields, SPC/E model best
reproduces experimental water reorientation times.25
The enzyme was centered in a cubic periodic box with a minimum distance of 1.0
nm between protein and any side of the box, and it was solvated with water. Na+ and Clions were added, replacing solvent molecules, to neutralize the systems at a 0.15 M salt
concentration. The LINCS bond length constraint algorithm26 was used. For electrostatic
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interactions, Particle Mesh Ewald summation was used.27 A grid spacing of 0.12 nm
combined with an interpolation order of 4 was used for long-range interactions. For van
der Waals interactions, a 1.4 nm cut-off was used. Energy minimization was done using
steepest descent algorithm.28 Position restraints were used on heavy atoms while
annealing, where the system was gradually heated from 50 K to 300 K throughout a 200
ps time. Systems were equilibrated in the NPT ensemble at 300 K using V-rescale
thermostat29 and at 1 bar using Berendsen barostat30 for conditions similar to in vitro
catalysis.31 Finally, the production runs were done in NVT ensembles at 300 K using
Nosé-Hoover thermostat for a canonical ensemble.32-33 Results of the all the simulations
were obtained after 50 ns or 20 ns production runs. Seven trajectories were generated for
the system with AMBER03 force field at 300 K, using different randomly assigned initial
velocities. For statistical sampling, analyses (detailed below) were block-averaged over
the multiple trajectories using each with 10 ns time blocks. Uncertainties are reported at
the 95% confidence level, using the student t-test.34 When calculating density and entropy
using the radial distribution function, standard deviation was calculated, as the radial
distribution function is an already average.
2.2.2 Analysis
MD simulation trajectories were analyzed to characterize protein dynamics and
hydration dynamics at the CALB enzyme interface. In order to analyze protein dynamics,
the root mean square fluctuation (RMSF) of atomic positions in the trajectory and root
mean square deviation with respect to the reference structure (RMSDEV) were calculated
using GROMACS software.

35

As recognized, water molecules near a concave protein surface exist for a much
longer time than near a convex protein surface.9 In order to correlate this concept to
evaluate the question of how protein structure and water dynamics relate, a scale ranging
from 1 to 5 was developed depending on the surface curvature: 1 for concave, 2 for
concave to flat (intermediate state), 3 for flat, 4 for convex to flat (intermediate state), and
5 for convex surface regions. This scale was assigned for the exposed surfaces of each
secondary structure and connector of CALB enzyme (Figure 2.7).
CALB is known to sample three conformations that depend on the distance
between the α5 and α10 helix.35 Depending on this distance, the conformations can be
characterized as open (d > 1.90 nm), closed (d < 1.52 nm), or crystallographic (1.90 nm ≤
d ≤ 1.52 nm). Hydration dynamics were analyzed separately between open and closed
conformations, to check for dependence on protein conformation. RMSF and RMSDEV
values for the enzyme were analyzed among open, closed, and transitioning trajectories.
The CALB enzyme secondary structures consist of ten α helices and nine β strands.19
The water dynamics within the hydration shell around individual secondary structures,
and connectors between secondary structures, were analyzed. This results in a mapping of
the hydration dynamics by region.
In order to comprehensively characterize hydration dynamics at the CALB
enzyme interface, regional protein-water hydrogen bond lifetimes (HBLTs), solvation
layer reorientation times, and diffusion times of hydration shell (first solvation shell)
water molecules were calculated. Regional dynamics were found around separate
secondary structures and connectors were calculated for waters within the hydration
layer. Also, the residence times of hydration shell water molecules around separate
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secondary structures and connectors were calculated for waters within the hydration layer
(first and second solvent shell). In order to define the first solvent shell, the radial
distribution functions of water oxygens around side chain atoms were calculated around
each α-helix (note that AMBER03 is an all-atom force field with explicit hydrogens), as
shown in Figure 2.2. It was found that for all regions but helices α4, α6, and α8, the first
hydration shell is contained within 3 Å. For α4, α6, and α8, the first hydration shell is
contained within 4 Å.

(a)

(b)

(c)

Figure 2.2 Radial distribution functions [g(r)] of water oxygens calculated around side
chain atoms of each (a) exterior α-helix (b) interior α-helix (c) α-helix having both
interior and exterior regions.
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GROMACS software was used to obtain the dipole reorientational autocorrelation
function, C2(t). At time t, C2 is given by,
!! ! = !! ! 0 . ! !

(2.4)

where P2 is the second Legendre polynomial and e(t) is the dipole orientational vector at
time t.36 The reorientation time τ2 was extracted through as 1/e times.
GROMACS software was also used to obtain hydrogen bond auto-correlation
functions,37 which were analyzed graphically to obtain hydrogen bond lifetimes.38 In
order to give a characteristic timescale of each solvation environment by region, the
hydrogen bond correlation and water reorientation times are presented in Figures 2.10(b)
and 2.10(d) as the 1/e times (as suggested by King et al.24).
A Fortran code was developed to calculate hydration shell water residence times.
The residence time describes how long a water molecule resides in the protein hydration
layer before leaving. For this analysis, the hydration layer was considered to be the first
and second hydration shells (within 5 Å of protein) in order to compare with published
simulations39 and spectroscopic data.40-41 A survival probability time correlation function,
Cres(t), was calculated, in which a water residing in the layer is assigned a value of 1 at
time t (h(t)=1), and a value of 0 when it leaves the hydration layer (h(t)=0), giving:
!!"# ! = < ℎ ! ∙ ℎ 0 >

(2.5)

where the brackets denote averaging over all hydration layer waters across
multiple time blocks. The residence time is fit to the time when Cres(t) = 1/e. Residence
times were also calculated by histogramming the time for water to leave the hydration
layer. Histogram and correlation time values were found to be statistically equivalent,
and values presented herein are from the histogram averages.
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GROMACS software was used to calculate diffusion coefficients of water
molecules in the hydration layer from mean-square displacements (MSD) using the
Einstein relationship,
! ! = lim 2!"#

(2.6)

!→!

where <r2> is mean square displacement, a is the dimensionality in the diffusion process
and D is self-diffusion coefficient.
The area under the peak of the radial distribution function can define coordination
number or number of nearest neighbor atoms.42 Therefore, the local density of water
around separate secondary structures and connectors was calculated by integrating the
area under the peak of the radial distribution function corresponding to the first hydration
layer (i.e 3 Å) water oxygens around side chain atoms of each exterior secondary
structure (except α4, α6 interior helices and α8 exterior helix due to noise from the low
number of waters around it) and each connector.
There is not a tractable, direct approach for entropy calculation of water in
hydration layers.14, 43-44 One way of calculating the entropy of bulk water is through its
structural order, which can be obtained by calculating the n-particle correlation function.
The excess entropy can be written as a summation of n-particle entropy terms,
!!" = !! + !! + ⋯

(2.7)

This expression for excess entropy has been used to predict water dynamic properties in
work by Chakravarty and coworkers.45 However, the calculation of n-particle correlation
function for n>2, in order to obtain three body, or higher, contributions to the excess
entropy is almost impossible for complex systems. Therefore, only the contribution for
n=2 (pair entropy S2) is calculated and it has been shown that for many atomic and
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molecular systems, the pair entropy contribution to the excess entropy is convenient and
dominant.46-50 Giaquinta and co-workers have showed the similarity between calculated
pair entropy of TIP4P water model and experimental excess entropy.51 Furthermore the
pair entropy has been used by Nayar and Chakravarti to replace the excess entropy in
building relationships between structure, entropy and transport properties in water and
water-like liquids.46 Therefore, in order to evaluate the connections between hydration
layer water structure, and transport properties of water, the pair entropy was calculated
for different regions of the solvation shell. For a system consisting of a total number of N
particles, the pair entropy is given by,
!! !"! = −2!"

!

!

! ln !

!

! −!

!

! + 1 ! ! !"

(2.8)

where g(2)(r) is the radial distribution function. Here the radial distribution functions of
water oxygen around side chains of each secondary structure and connector were used
and integrated out to first hydration shell.
Since tetrahedrality in the water network is related to its entropy52 and density,5253

the tetrahedrality of hydration layer waters was examined as well. GROMACS

software was used to calculate a tetrahedral order parameter, which was developed by
Chau and Hardwick.54 This parameter contains an angular part (Sg) and a distance part
(Sk), which range from 0 to 1. For a perfect tetrahedron, Sg and Sk are 0. As the
organization deviates from tetrahedrality, the values of Sg and Sk increase and reach a
maximum of 1.
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2.3 Results
2.3.1 Hydration Dynamics
Since protein dynamics are a consideration in this work, the conformations of
CALB were analyzed throughout trajectories. In order to identify conformations, the
center of mass distance between α5 and the C-terminal half of α10, which are the two lidforming α-helices for the CALB enzyme, was measured as a function of time for each
trajectory, as described in the Methods section. The conformations of CALB were
classified as open, crystal-like, closed and transitioning (when the enzyme is undergoing
a conformational change) using the definitions of Blank and coworkers.35 Figure 2.3(a)
shows the α5-α10 cleft distances for four different MD trajectories. As shown in Figure
2.3(a), ensembles 2 and 3 have closed conformation throughout the simulation time,
while ensemble 1 has closed to crystal-like conformations and ensemble 4 has closed to
crystal-like to open conformations. In order to obtain more sampling of hydration
dynamics around the crystal-like and open conformations, multiple sets of 20 ns
simulations were carried out. Three trajectories sampling more open conformations were
selected for analysis of hydration dynamics around open and crystal-like CALB and these
conformations are shown in Figure 2.3(b).
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(a)

(b)
Open
conformation

Crystal-like
conformation

Close conformation

Figure 2.3 (a) Conformational sampling, indicated by α5-α10 cleft distances, for CALB
during four different MD trajectories (Ensemble 1: black, Ensemble 2: red, Ensemble 3:
green, Ensemble 4: blue); (b) α5-α10 cleft distances for three ensembles with different
randomly assigned initial velocities of the system, starting from the crystal-like
conformation (Ensemble 5: black, Ensemble 6: red, Ensemble 7: green)

The hydration dynamics around each secondary structure and connector were
analyzed using water-protein hydrogen bond lifetimes, hydration layer residence times,
diffusion coefficients, and reorientation times around each α helix. A color-coded map of
CALB-water hydrogen bond lifetimes (HBLTs) for α-helices, β-sheets and connector
regions is shown in Figure 2.5(a). Regions with fast protein-water HBLTs (< 30 ps) are in
green, intermediate speeds in yellow (30-75 ps), and slow dynamics (> 75 ps) coded in
red. Initially, the regional hydration dynamics within the 4 conformational stages (open,
closed, crystal-like, and transitioning) were analyzed separately, as there was no way to
know a priori whether hydration dynamics depend on conformation. It was found that
only water dynamics around the α5 helix have statistically-significant differences
between conformations. Thus, the interfacial water dynamics and HBLT map presented
in Figure 2.5(a) come from combined trajectories sampling multiple conformations, and
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the conformationally-dependent hydration dynamics around α5 are discussed further
below.
Next, the correlation between hydration layer water residence times and water
diffusion was evaluated considering both exterior and interior protein alpha helices as
shown in Figure 2.4 and it can be seen there is a good correlation.

Water mean square displacement
1e-5 cm^2/s

2
1.8
1.6
1.4
1.2
1
0.8

R2 = 0.91

0.6
0.4
0.2
0
0

20

40

60

80

100

Residence time (ps)

Figure 2.4 Correlation between hydration layer water residence times and water diffusion

2.3.2 Protein Dynamics
Protein flexibilities were analyzed using root-mean-square fluctuations and
deviations (RMSF and RMSDEV, respectively). The overall RMSF, shown in Figure
2.5(b), is similar to previous reports.55-56 The RMSDEV is shown in Figure 2.5(c). Figure
2.5(b) is color-coded according to CALB-water hydrogen bond lifetimes map. As can be
seen in Figure 2.5(b), many regions of the protein are flexible, with relatively high RMSF
values. The most prominent peak in Figure 2.5(b) is for helix α5, which opens and closes
for substrate binding and release,19 and is the key player in conformational changes.35 For
CALB and mutants, experiments have shown that substrate binding, product release and
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protein conformational changes/dynamics influence kinetics.57 Thus, there may have
been evolutionary pressure to increase flexibility of the α5 helix.58
Water molecules that are only hydrogen bonded to the protein surface are
responsible for protein-water hydrogen bond lifetimes. Therefore, one can argue that
those water molecules do not represent the hydration shell completely and hence it cannot
be used to obtain an accurate picture of water dynamics in the entire hydration shell.
Therefore, color coded maps were prepared for other water parameters, as shown in
Figures 2.6 (a)-(c), and the RMSF plot was color-coded according to diffusion
coefficients of hydration shell water molecules, as shown in Figure 2.6(d).
The RMSF plot in Figure 2.6 is color coded, based on the diffusion dynamics of
hydration shell waters. According to the RMSF plot, regions with fast water dynamics
show high flexibilities and regions with slow water dynamics show stability. The
measure of water diffusion shows a stronger relationship with water diffusion than the
correlation between regional protein-water hydrogen bond lifetimes and protein
flexibilities.

44

(b)
(a)

(c)

α5

α8

β8
β9

RMSDEV (nm)

α1

Residue number

Figure 2.5 (a) Protein-water hydrogen bond lifetimes (HBLTs) mapped to CALB structure,
color-coded according to dynamics (Green <30 ps HBLT, yellow 30-75 ps, red >75 ps HBLT).
(b) RMSF averaged over all the ensembles, color-coded according to the HBLT (Green <30 ps
HBLT, yellow 30-75 ps, red >75 ps HBLT). (c) RMSDEV average over all the ensembles.
Regions with fast hydration dynamics identified with hydrogen bond lifetimes, residence
times, diffusion and reorientation times are highlighted.
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(a)

(b)

(d)
(c)

Figure 2.6 (a) Protein first and second hydration shell water residence times mapped to
CALB structure (Green < 45 ps, yellow 45-60 ps, red > 60 ps residence time). (b) Protein
hydration shell water reorientation times mapped to CALB structure (Green < 2.5 ps,
yellow 2.5-3.5 ps, red > 3.5 ps reorientation time). (c) Protein hydration shell water
diffusion coefficients mapped to CALB structure (Green > 1.5 x 10-5 cm2/s, yellow 1.0-1.5
x 10-5 cm2/s, red < 1.0 x x 10-5 cm2/s water diffusion coefficients). (d) RMSF averaged over
all the ensembles, color coded according to the protein hydration shell water diffusion
coefficients mapped to CALB structure (Green > 1.5 x 10-5 cm2/s, yellow 1.0-1.5 x 10-5
cm2/s, red < 1.0 x x 10-5 cm2/s water diffusion coefficients).

2.3.3 Protein Structure and Water Structure
Protein surface was analyzed and a scale ranging from 1 to 5 as mentioned in
methodology section was developed depending on the surface curvature: 1 for concave, 2
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for concave to flat, 3 for flat, 4 for convex to flat, and 5 for convex surface regions. The
relationship between surface curvatures of the each secondary structure and connectors
and the local water density around each of these residues was analyzed as shown in
Figure 2.7. Local water density was obtained from radial distribution function
corresponding to the first hydration layer water oxygens around side chain atoms of each
region. It can be seen that there is a general trend between water density and surface
curvature. The lower water density around concave surfaces must have contributions
from excluded volume, where the surrounding protein surface eliminates some of the
space available to hydration waters. However, there is scatter in the density values around
flat and convex surfaces, for instance, that indicates the two properties are not perfectly
correlated.

RDF peak integration (water density)
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0.020
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0.010

R2 = 0.82
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0.000
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3

4

5

6

CALB surface curvature

Figure 2.7 Relationship between surface curvatures of the each residue and the local
water density around each of these residues. Surface curvature scale: 1 for concave, 2 for
concave to flat, 3 for flat, 4 for convex to flat, and 5 for convex surface regions.

47

Clearly, there is a strong influence of convex vs. concave topologies, as has been
reported previously.9, 59 We sought to find out whether other properties of the CALB
surface systematically influence solvation shell structure. The percent hydrophobicity of
each region was evaluated and plotted versus density in Figure 2.8. In CALB, there is a
trend of density decrease as hydrophobicity increases. But it is not a perfect linear trend,
as there are some deviations. CALB surface was color-coded by amino acid type as
shown in Figure 2.9. Yellow indicates hydrophobic residues, while green, red, and blue
correspond to polar, acidic, and basic amino acids, respectively. It can be seen that one
thing that the surfaces of α1 and α5 (with fast interfacial water dynamics) have in
common is heterogeneity of hydrophobic and hydrophilic residues, while α10 has more
segregation between hydrophobic and hydrophilic parts. Therefore, it may be that the
spatial arrangement has a larger influence on hydration dynamics than the relative
quantity of polar/hydrophobic residues.
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Figure 2.8 The percent hydrophobicity of each
region vs. water density around corresponding
region.
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α8

α2

Figure 2.9 CALB surface colorcoded by amino acid type. Yellow
indicates hydrophobic residues,
green indicates polar residues, red
indicates acidic residues, and blue
corresponds to basic residues.

From Figures 2.7 and 2.8, it can be seen that both enzyme surface curvature and
enzyme surface percent hydrophobicity of each region have effects on water density
around corresponding structures. In order to figure out which effect is dominant, multi
regression analysis was carried out to obtain the following model, which includes effects
of both surface curvature and hydrophobicity.
Water density around residue = (0.0045*curvature)-(0.0003*%hydrophobicity)+0.0151
This model has the R2 value of 0.88 for the calculated results of water density,
surface curvature and surface percent hydrophobicity, and Table 2.1 shows the model
parameters. According to Table 2.1, it can be seen that surface curvature has a P-value of
less than 0.0001, whereas percent hydrophobicity has a P-value of 0.042. It is known that
when P-value is less than 0.05, there is a significant association between the response
variable and the term. Therefore, according to our results it can be stated that both surface
curvature and percent hydrophobicity have significant effects on water density around
residues.
Table 2.1 Model parameters for the multi regression analysis

0.107

Lower
bound
(95%)
-0.004

Upper
bound
(95%)
0.034

5.448

< 0.0001

0.003

0.006

-2.197

0.042

-0.001

0.000

Standard
Value
t-statistic
error

P > |t|

Intercept

0.0151

0.009

1.701

Curvature

0.0045

0.001

%hydrophobicity -0.0003

0.000

Source

These model parameters cannot be used to determine the size of the effect from
each independent variable (curvature and percent hydrophobicity) on dependent variable
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(water density), but the size of coefficients on each independent variable gives the size of
the effect that variable is having on the dependent variable. Table 2.2 shows standard
coefficients for the model and according to Table 2.2, it can be seen that surface
curvature has more effects (with the standard coefficient of 0.704) than percent
hydrophobicity (with the standard coefficient of 0.284) on water density around the
region.
Table 2.2 Standard coefficients for the model resulted from multi regression analysis

0.704

0.129

5.448

< 0.0001

Lower
bound
(95%)
0.431

%hydrophobicity -0.284

0.129

-2.197

0.042

-0.556

Source
curvature

Standard
Value
t-statistic
error

P > |t|

Upper
bound
(95%)
0.976
-0.011

2.3.4 Water Structure and Water Dynamics
Since a general trend between water density and surface curvature was observed,
next the relationship for the local water density was analyzed for each measure of water
dynamics (translational, rotational etc.). Figure 2.10(a) shows the regional diffusion
coefficients of hydration shell water molecules vs. regional water density. As can be seen,
there is a linear relationship (R2 = 0.84) between regional diffusion times and regional
water density within the hydration shell, with higher water densities exhibiting faster
dynamics as seen in bulk water. Figure 2.10(b) indicates the regional protein-water
hydrogen bond lifetime vs. regional water density of first hydration shell plot, and it has a
linear relationship with an R2 value of 0.44. As with translational dynamics, the hydrogen
bond dynamics are slower in regions of low density, which may be primarily an entropic
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(excluded volume) effect explained by the extended jump model of hydrogen bonding.60
Figure 2.10(c) shows the regional residence time of first and second hydration shell water
molecules vs. regional water density. As can be seen, there is a linear relationship
between regional residence times of first and second hydration and regional water density
within the first hydration shell, but the correlation (R2 = 0.70) is not as high as with
diffusion. Figure 2.10(d) indicates the regional water reorientation time vs. regional water

(a) Water density and water diffusion
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density of first hydration shell plot, and it has a correlation coefficient of 0.73.
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(d) Water density and water reorientation time
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Figure 2.10 Relationship of the local water density with each studied water dynamics
parameter. (a) Regional diffusion coefficients of first hydration shell water molecules vs.
regional water density. (b) Regional protein-water hydrogen bond lifetime vs. regional water
density of first hydration shell. (c) Regional residence time of first and second hydration
shell water molecules vs. regional water density. (d) Regional water reorientation time of
first hydration shell water molecules vs. regional water density.
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Taken altogether, each measure of water dynamics evaluated versus hydration
shell density indicates that faster dynamics are observed in solvation layers having
density. This is the same trend that has been observed in bulk water.
Next, a relationship between the organization and density of water at the protein
interface was analyzed as shown in Figure 2.11. Water density was defined as the mass
density within the first hydration shell according to water oxygen – water oxygen pair
correlation function.53 Therefore water density was obtained through the radial
distribution function (height of the peak corresponds to the first hydration shell) of water
oxygen and water oxygen (O-O pair correlation function) near each secondary structure
and connector.
Since the tetrahedral order parameter Sd has the value of 0 for the most perfect
tetrahedron and the value of 1 for the most deviated structure, tetrahedrality (Td) was
defined as, Td = (1-Sd), where now a value of Td close to 1 indicates organization nearing
a perfect tetrahedron. The plot of tetrahedrality vs. water density, given in Figure 2.11
shows a linear relationship.
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Figure 2.11 Relationship between the water tetrahedral order and density of water at the
protein interface
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Rosenfeld scaling, which is used for liquid water is used here to explain the
relationship between water structure and water dynamics in the hydration layer water. As
mentioned before, Rosenfeld scaling (equation 2.1) is a diffusion-entropy scaling
relation. Pair entropy was calculated using equation 2.8. It can be seen in Figure 2.12,
which shows the logarithmic relationship between diffusivity and pair entropy, Rosenfeld
scaling is valid for the hydration layer water in the present study. To our knowledge, this
is the first study linking Rosenfeld scaling to the dynamics of a biomolecular solvation
layer.
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Figure 2.12 Logarithmic relationship between hydration shell water diffusivity and pair
entropy

2.3.5 Do the Conformational Dynamics of the α5 helix Promote a Fast Hydration
Shell?
It was briefly mentioned above that hydration dynamics were analyzed separately
for different conformations. The only region with statistically-significant differences
between conformations is the highly dynamic α5 helix. To observe these differences,
dynamics were calculated in 5 ns time periods, with averages for each conformation
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shown in Table 2.3. As can be seen, the biggest differences among conformations arise
in the open conformation’s hydrogen bond lifetimes and lower hydration layer residence
time. We can conjecture that the faster water dynamics in the open conformation may
facilitate the return of α5 to its closed conformation, resulting in shorter periods of open
conformation than closed conformation. However, free energy ultimately determines the
equilibrium between conformations and structural forces may well be the determining
factor in the lifetimes of each conformation.

Table 2.3 Interfacial hydration dynamics around helix α5 in different conformations.
Residence
time (ps)
39.8 ± 1.2

Reorientation
time (ps)

Crystal-like

Hydrogen bond
lifetime (ps)
24.4 ± 3.4

Close

26.6 ± 1.0

43.1 ± 0.6

2.40 ± 0.02

Open

20.8 ± 1.1

40.7 ± 1.0

2.39 ± 0.04

Conformation

2.42 ± 0.04

Coupled dynamics between the hydration shell and protein side-chain fluctuations
have previously been observed by spectroscopy.61-62 As the protein moves, fluctuating
atomic positions may perturb the hydration shell hydrogen bond network, leading to
faster water dynamics.56, 61, 63 For CALB, however, conformational dynamics (large-scale
motions of the protein backbone) do not appear to be the primary mechanism for
differences in water dynamics by region.

First of all, the protein conformational

dynamics take place on nanosecond timescales, whereas water dynamics are on
picosecond timescales. Secondly, the α5 helix is no more dynamic than any other region
while it is in a given conformation. This was determined by isolating parts of the
trajectories when CALB was in open, closed, crystal-like, and transitioning
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conformations. Analysis of the backbone RMSF of CALB in each conformational
category is shown in Figure 2.13 and it indicates that only when α5 is transitioning
between conformations does it have more mobility than other regions. Within a given
conformation (open, closed, crystal-like), the protein backbone RMSF of α5 is no larger
than other regions that are overall less flexible, and at which water dynamics are slower.
Therefore, in this case it does not appear that protein conformational dynamics drive
faster hydration dynamics, though it very well may be the case that the conformational
dynamics of CALB are facilitated by the fast hydration waters at the interface of α5.

Figure 2.13 RMSF comparison between different conformational stages of protein Calpha carbons. Regions with fast hydration dynamics identified with hydrogen bond
lifetimes, residence times, transit times and reorientation times are highlighted. (red:
open, green: close, orange: close to open, black: crystal-like conformations)
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2.4 Discussion
The main focus of this chapter is evaluating the relationship between local solvent
dynamics, protein structure and solvation shell structure (density and tetrahedrality),
which affects waters protein excess entropy (S2). One observation, which is expected, is
the heterogeneity in local solvent dynamics. According to all of the water dynamics
parameters studied, there is heterogeneity throughout the different surface areas of
CALB: protein-water hydrogen bond lifetime shows a broad range of values throughout
the different surface areas of CALB, from 454 ps around α6 to 18 ps around the
connector region between α3 and β4 (Figures 2.5(a) and 2.10(b)). The regional water
diffusion times, water residence times and reorientation times also show heterogeneous
water dynamics according to the each water density parameter vs. regional water density
plots (Figure 2.10(a), (c), and (d)).
Next, when considering the local protein dynamics according to RMSF plot
(Figure 2.5(b)), heterogeneity was observed in protein flexibilities throughout different
regions of CALB. Many regions of the protein are flexible, with relatively high RMSF
values and some regions are stable, with relatively low RMSF values. When comparing
protein-water hydrogen bond lifetimes map (Figure 2.5(a)), one of the water dynamics
parameters with RMSF plot (Figure 2.5(b)), which indicates residual protein flexibilities,
there was a general trend that regions with fast water dynamics show high flexibilities
and regions with slow water dynamics show stability. But a clear 1:1 relationship
between water-protein hydrogen bond lifetimes and protein flexibilities cannot be seen. It
shows a better relationship between water diffusion and protein flexibilities than between
protein-water hydrogen bond lifetimes and protein flexibilities. This indicates that protein
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flexibilities are more related to the mobility of all the water molecules in the hydration
layer, rather than only with the water molecules that are hydrogen bonded to protein. All
four studied water parameters showed faster water dynamics for helix α5, which opens
and closes for substrate binding and release,19 and the key player in conformational
changes.35
Overall, it can be stated that there is a relationship between local water dynamics
and water protein dynamics. But in order to answer the question of how does it relate,
some other factors (protein structure and water structure) are needed to be considered.
As mentioned before, in previous studies it has been found that both chemical
heterogeneity and topological heterogeneity of the protein structure can affect water
dynamics around the protein. Therefore, in the present study, numerous properties of
protein structures have been tied to solvent dynamics in previous work, and these are
considered and summarized below.
It has been shown in numerous studies that hydration dynamics in proteins
strongly depend on whether the surface is concave or convex. 9, 59 In CALB, the interior
residues (α4 and α6) certainly have slower hydration dynamics, where the protein surface
is concave. Clearly, this is a dominating factor for water dynamics within concave
(interior) surfaces, which are dramatically retarded relative to exterior surfaces.
According to Figure 2.7, it can be seen a general trend between surface curvature and
water density around surface curvature with more convex protein surfaces giving rise to a
high water density, and more concave protein surfaces giving rise to a less water density.
From Figure 2.7, it is obvious that water density (i.e. water structure) has a general trend
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with CALB enzyme surface curvature (i.e. enzyme structure) with the R2 value of 0.82,
but clearly some other factors influence density besides curvature.
Bagchi and co-workers saw a strong relationship between percent polar solventaccesible surface area (%polar SASA) in the protein and solvation layer residence
times.64 They observed slowest water dynamics next to less hydrophilic regions. Laage
and co-workers measured reorientation times of water around protein and they found that
slowest waters mostly oriented next to more hydrophobic regions and hydrogen bond
donors.65 In CALB, there is a trend of water density increasing when surface is less
hydrophobic, as shown in Figure 2.8 (R2 = 0.63) and there is more heterogeneity of
hydrophobic and hydrophilic residues in α1 and α5, which have fast interfacial water
dynamics (Figure 2.9).
Therefore, it is clear that both enzyme surface curvature and enzyme surface
percent hydrophobicity of each region have effects on water density around
corresponding structures. The model obtained in multi regression analysis, which
includes effects of both surface curvature and hydrophobicity on water density has the R2
value of 0.88. This indicates that combination of both surface curvature and
hydrophobicity has a better relation with water density, than when those parameters are
considered separately.
Next we analyzed water density and water dynamics relationship (Figure 2.10(a) (d)). Hydration shell water reorientation time, water residence times and water diffusion
coefficients are showing a good linear relationship with water density. Also, the water
residence times and diffusion coefficients have a good correlation between each other
(Figure 2.4). Even though protein-water hydrogen bond lifetimes show a linear
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relationship with water density, there are more deviations than with the water residence
time or water diffusion coefficients. This difference can be explained using enthalpic and
entropic contributions. Differences in diffusion are mostly a function of entropy,12, 66
which will be mainly determined by water structure (RDF). On the other hand, until a
certain temperature, differences in hydrogen bond lifetimes arise primarily from
enthalpy,67 which is determined by protein structure, more so than water structure.
Another way of analyzing water structure is water organization. Titantah et al.
studied the effect of density and order on rotational dynamics of water and reported that
in bulk water, low local density of water molecules are mainly characterized with high
tetrahedral order, whereas less tetrahedral order is characteristic of regions with high
local density of water molecules. Also in these studies, Titantah et al. discovered that
density and order have opposite effects on water rotational dynamics; water dynamics
increase with the effects of increasing water density and decreasing tetrahedral order,
whereas water dynamics decrease with the effects of decreasing water density and
increasing order. In Figure 2.11, which plots water tetrahedral order vs. water density at
the protein interface, it can be seen that there is a linear relationship between hydration
shell water density and tetrahedral order, where tetrahedral order decreases with
increasing local water density. Therefore, plots of tetrahedral order vs. water dynamics,
akin to those shown in Figure 2.10 (a)-(d) for density vs. water dynamics, would show
higher mobility in hydration layers with lower tetrahedral order. It can be stated that
according to this present study, the conclusions by Titantah et al. about order and density
effects on the dynamics of bulk water are valid for the CALB hydration shell water, too.
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Overall it has been found that more convex and less hydrophobic protein structure
leads to a water structure with more density and less tetrahedral order. This can be
connected to iceberg model by Frank and Evans68 and Kauzmann.69 Xu and Berne have
shown that in the hydration layer around non-polar groups of a polypeptide, hydrogen
bonds among water molecules become stronger in energy. They also suggested that there
should be an entropic contribution, too, in addition to this energy effect, since
hydrophobic interfaces would increase the order in surrounding water molecules and this
will lead to a lower entropy.70 This is observed in the data for CALB, when lower density
and higher tetrahedral order correlate with protein hydrophobicity, this in turn, scales
with the diffusion and other measures of dynamics in the hydration layer.
In addition to the above-mentioned analysis, in order investigate the role of water
dynamics, the connections between water structure, macroscopic thermodynamics and
transport properties of water were studied by analyzing the relationship between diffusion
and entropy. The fascinating relationship between diffusion constant and entropy has the
capability of shedding light on the correlation between the structure and dynamics of a
liquid.14 Rosenfeld scaling, which describes the diffusion-entropy scaling relation of
dense fluids including water,71 was used in the present study for CALB enzyme hydration
shell water (Figure 2.12). As can be seen in Figure 2.12, it can be stated that in addition
to its validity with bulk water, the Rosenfeld scaling is valid for waters in local hydration
shell, too.
2.5 Conclusions
Local water dynamics are affected by the protein structure directly through
chemical heterogeneity and topological/geometrical heterogeneity of protein structure
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and indirectly, since the protein structure modulates the local water structure and these
changes in local water structure affect the local water dynamics.

Multi regression

analysis was used to determine that local water dynamics are more highly influenced by
topological heterogeneity than from the chemical heterogeneity of the protein structure.
From the protein RMSF and water dynamics results of the present study, it can be stated
that there is a relationship between local water dynamics and protein dynamics. Overall,
it can be stated that protein structure influences protein dynamics by modulating the local
solvent structure and providing regions with faster moving water. The ability to engineer
solvation layer dynamics might be achieved by engineering solvation shell structure,
given the Rosenfeld-scaling relationship of entropy-diffusion that appears to be valid for
hydration layers in this model protein.
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CHAPTER 3
TO KEEP OR NOT TO KEEP? THE QUESTION OF
CRYSTALLOGRAPHIC WATERS FOR ENZYME
SIMULATIONS IN ORGANIC SOLVENTS

Note: Most contents in this chapter have been published in Dahanayake et al. Molecular
Simulations, 2016, 42, 1001-1013.1

3.1 Introduction
Non-aqueous enzymology is an important experimental2-5 and theoretical6-14
research focus that can answer questions about the role of water and non-aqueous
solvents in enzyme structure, function and dynamics. Enzymes in non-aqueous solvents
have practical importance, since many synthetically useful enzymatic reactions, which do
not occur favorably in water, are favored in organic solvents.15
In protein simulations, the initial structure is typically obtained from the Protein
Data Bank (PDB),16 which contains structures gathered from X-ray crystallography
experiments or, more rarely, NMR data. The PDB files include the positions of
experimentally resolvable, tightly bound, stationary water molecules, which are generally
called ‘crystallographic water molecules’. The number of crystallographic water
molecules varies from protein to protein. Even lyophilized enzymes placed in anhydrous
solvent have been found to contain residual water.17 Since these waters can affect enzyme
structure-function experimentally, it is important to simulate at least some residual
waters, even in “non-aqueous” solvent environments. However, which residual waters
should be kept—how many and where—has not been addressed until now.
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In order to address the role of water in enzyme structure-function, scientists have
looked at enzyme studies with different amounts of water.18 It has been found that water
activity has a profound effect on enzyme flexibility and function in organic solvents.15
MD simulations have proven to be a powerful tool in this work, given their high spatial
and temporal resolution. Wedberg et al.19 carried out MD simulations of Candida
antarctica lipase B (CALB) enzyme in different solvents at different water activities,
showing that enzyme flexibility increases with water activity. Trodler and Pleiss20
suggested that for CALB enzyme in the presence of hydrophobic solvents, more
immobile water molecules, which would be present at the protein surface, place
restrictions on protein flexibility. Researchers want to control the number of waters in
simulations of enzymes in organic solvents, but it is not clear how to initialize the system
with the desired amount of water. Table 3.1 summarizes the protocols for
keeping/eliminating crystallographic waters that have been used previously in
simulations of enzymes in organic solvents and water. It can be seen that among
published work, different criteria have been used to keep crystallographic waters in MD
simulations, even for the same system. The goal of the present work is to answer not just
how many, but which, waters should be kept for “non-aqueous” and mixed aqueous
organic solutions. As an approach to answering the question of which crystallographic
water to keep, we have used a method to measure the time to reach equilibration under a
number of protocols. At the very least, this approach of identifying the protocol with
fastest equilibration enables the most efficient use of computational resources.
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Table 3.1 Different criteria used in past studies of MD simulations to keep
crystallographic water
System

Solvent

CALB7
CALB21

tert-butanol, methanol
Water
methanol, acetone, THF, chloroform,
cyclopentane, hexane
Acetonitrile
Hexane
DMSO
DMF

CALB6
γ-chymotrypsin8
γ-chymotrypsin9
Subtilisin12
Subtilisin10

Number of crystal water
(criteria for keeping)
286 (all)
1 (buried)
92 (criteria for selection is
not mentioned)
151 (all)
50 (most tightly bound)
(all)
50 (most strongly bound)

When equilibration stage is reached in MD simulations, the kinetic and potential
energies reach an equilibrium value. However, as observed by Stella and Melchionna,22
accurate equilibration of a system generally occurs at a later stage than potential energy
relaxation. Therefore, potential energy relaxation cannot always be used as an indicator
to determine that an equilibrium structure has been reached. The root mean square
deviation (RMSD) method introduced by Daggett and Levitt23 is the most common
approach for determining equilibration in protein simulations. The RMSD between two
structures is defined as a function of reference time (tref) and simulation time (t) as
follows:

!"#$ !!"# , ! =
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(3.1)

where M represents the total mass of the system, N is the number of atoms in the system,
mi is the mass of atom i, and ri is its position.
According to Stella and Melchionna,22 if two mechanisms of attaining
equilibrium, (1) relaxation towards a steady state and (2) the phase sampling, are not
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separated, the RMSD plateau value will be overestimated. In other words, true
equilibration can be reached before the RMSD plateaus. Therefore, the authors proposed
a way to analyze those two mechanisms separately. In the simple RMSD method, the
reference structure is the original, initial structure (PDB). Note that the initial structure in
MD simulations is typically the crystal structure (solid state), which would not be
expected to be the exact equilibrium structure in solution. As an improvement, Stella and
Melchionna22 considered RMSD from several different intermediate reference structures
at equal simulation time gaps in a modified RMSD method.
Walton and VanVliet24 evaluated both the simple RMSD method and Stella
method for the small BPTI protein and the larger, more rigid streptavidin-biotin system.
They found both methods to rely on the researchers’ judgment in applying the algorithm,
and ambiguous for identifying equilibration of the two protein systems. Therefore, the
authors suggested another objective and quantitative method to recognize the starting
point of equilibrium phase space for protein simulations based on a physical model used
in Normal Mode Analysis (NMA). In proteins, different processes are involved in
relaxation,25 and these different processes appear on different time scales.24 By assuming
the processes involved in calculating RMSD are represented by different decoupled
vibrational and rotational modes, NMA analysis can be used for modeling, where the
protein is treated as a combination of independent harmonic oscillators.24 The RMSD of a
selected protein can be represented using a mathematical expression as follows,
according to this ‘multiple simple harmonic oscillator (MSHO) model24’
!"#$ !!"# , ! =

!
!!! !!
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where N represents the number of independent harmonic oscillators, Ai is the preexponential constant and τi is the time constant for each harmonic oscillator i.
Walton and VanVliet24 approximated Equation (3.2) using a stretched exponential
function named the Kohlrausch-Williams-Watts (KWW) function. This is given in
Equation (3.3). It has proven to be more convenient than the standard exponential
function to model many relaxation processes.26 Walton and VanVliet24 proved the
applicability of KWW model for the small BPTI protein, and for the larger, more rigid
streptavidin-biotin system, too.
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In Equation 3.3, the RMSD is represented in terms of the KWW model; Ae and τe
are the effective pre-exponential factor and effective time constant, respectively, while β
represents the complexity of the system27-28 with a scalar value ranging from 0 to 1.
Using the method of Walton and VanVliet,24 equilibration is identified as having been
reached when Ae, τe, and β parameters no longer change with reference time (tref). In the
present work, the time for two organic solvent-compatible enzymes to reach equilibration
in different solvents is determined by this method of Walton and VanVliet.
3.2 Methodology
Two different proteins: Candida antarctica lipase B (CALB) and horse heart
cytochrome C (hh-CytC) were simulated in the present study. These two enzymes were
selected for their reasonable sizes and retention of their catalytic activity in organic
solvents.29-30 CALB functions in strictly “non-aqueous” solvent, while hh-CytC functions
in aqueous organic solutions. Thus, the two systems provide an opportunity to evaluate
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crystallographic waters in enzyme simulations for both pure organic solvent and aqueousorganic solutions. CALB enzyme is composed of 317 amino acid residues,6 while hhCytC protein consists of 104 amino acid residues in a single polypeptide chain, with a
heme as the “105th residue”.31 Three trajectories were obtained for each system and
method, using different randomly assigned initial velocities for statistical sampling. Each
method involves a different protocol for selecting and keeping crystallographic waters
(detailed below).
CALB enzyme, which belongs to the α/β hydrolase fold family, was observed to
retain its activity and to have interesting catalytic properties, such as higher
thermostability and stereoselectivity,29 in organic solvents. Therefore, four different
solvent media were considered with CALB: n-butanol, tert-butanol, acetonitrile, and
water. CALB has experimental uses in the presence of these solvents,32-36 which are
water-miscible (but only at low water concentration for n-butanol). Meanwhile, horse
heart cytochrome C (hh-CytC) is used as a model for the study of many biochemical
phenomena in silico due to availability of its high-resolution three-dimensional structure,
relatively small size, redox properties and distinct structural properties.37-38 It has been
observed to have catalytic activity in water-miscible organic solvents. Therefore,
molecular dynamics trajectories were generated for hh-CytC in the presence of 20%
aqueous methanol, 40% aqueous methanol and pure water (hh-CytC is stable in aqueous
methanol concentrations under 50%).39
The starting coordinates of CALB enzyme were taken from the X-ray
crystallographic structure (PDB ID: 1TCA, resolution: 1.55 Å). All the simulations were
performed using GROMACS (version 4.6.3)40 software package. GROMOS 53a641 and
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OPLS force fields42 were used for enzymes to check for force field dependence of results.
Organic solvent force fields for alcohols are based on those developed by Jorgensen,43-44
while the GROMOS force field was used for acetonitrile. The SPC/E water model45 was
used for water. The protein was centered in a cubic periodic box with a minimum
distance of 0.8 nm between enzyme and any side of the box. Multiple protocols for
retaining or eliminating crystallographic water were used, as explained below. Next, the
enzyme was solvated in organic or mixed solvent, and one sodium counter ion was added
to CALB by replacing one solvent molecule in order to obtain a neutral charge. Bond
lengths were constrained using LINCS algorithm.46 Electrostatic interactions were
calculated using Particle Mesh Ewald summation.47 For long-range interactions, a grid
spacing of 0.12 nm combined with an interpolation order of 4 was used. Van der Waals
interactions were calculated using a 1.4 nm cut-off. Energy minimization was done using
steepest descent algorithm48 to remove clashes between atoms that were too close.
Position restraints were done on heavy atoms during annealing, when the system was
gradually heated from 50 K to 300 K in 200 ps. The simulations were run at constant
NPT (300 K, 1 bar) using V-rescale thermostat49 and the Berendsen barostat50 with a time
step of 2 fs. V-rescale thermostat was used to control the temperature using a weak
coupling to an external heat bath with a temperature-coupling constant of 0.1 ps.
Berendsen barostat was used to keep the pressure of the system at 1 bar using a time
constant of 1 ps.
As mentioned above, CALB was simulated in n-butanol, tert-butanol, acetonitrile,
and water solvents, in order to evaluate a variety of solvent polarity, size/shape, and
hydrogen bonding properties. With each solvent, five different protocols for keeping
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crystallographic waters were evaluated (Figure 3.1), in order to fulfill our goal:
determining which crystallographic water molecules to keep (or eliminate) in molecular
dynamics.
Method 1) All the crystallographic water molecules (286 molecules) were kept.
Method 2) Six buried crystallographic water molecules identified by Uppenberg et
al.51 were kept.
Method 3) Slow-diffusing crystallographic water molecules were identified (as
described below) and kept.
Method 4) Crystallographic water molecules within 2.7 Å from CALB protein (based
on crystal structure) were kept.
Method 5) All of the crystallographic water molecules were removed.

For the method of keeping slow diffusing water molecules (method 3), first, a 10ns simulation with all crystallographic water molecules was done. Then, individual
diffusion coefficients for all crystallographic water molecules were calculated, and the
average was found. Crystallographic water molecules with diffusion coefficients of less
than 1/3rd of the average were considered to be “slow-diffusing” water molecules; this
initial cut-off was an arbitraty choice.
When slow-diffusing waters are identified from different trajectories, which are
started with different randomly-assigned velocities, there is some variation in the set of
slow waters that are identified (~60% are in common). So, we identified the set of
crystallographic waters among different trajectories that have less than ~1/5th average
diffusion coefficient. Reassuringly, these slowest waters among slow-diffusing water
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molecules-- which almost certainly have a great effect on equilibration-- have the least
variation in all sets. This revealed the importance of having multiple trajectories with
different initial velocities to identify the slow-diffusing water molecules. In summary,
analysis indicates that it is prudent to consider crystallographic water molecules to be
“slow-diffusing” when they have diffusion coefficients of less than 1/5th of the average
value. In the present study, a value of 1/3rd of the average was considered, in order to
include a reasonable number of slow-diffusing crystallographic water in the presence of
water for the CALB (7 slow-diffusing water molecules). Furthermore, a Fortran code was
developed to identify slow-diffusing water molecules from a trajectory.52
Results were obtained after 50 ns production runs for crystallographic water
methods 1 (all waters) and 5 (none). Since equilibration (the criterion for evaluation) was
reached within 10 nanoseconds for these two extremes, results were obtained after 10 ns
trajectories for the other three methods.
The starting coordinates of the second system, hh-CytC were taken from the Xray crystallographic structure (PDB ID: 1HRC, resolution: 1.90 Å). Molecular dynamics
simulations were carried out using the same procedure as CALB, except for the following
changes: seven chloride counter ions were added by replacing seven solvent molecule in
order to obtain a neutral simulation box, Berendsen thermostat and barostat50 were used
to set temperature and pressure, respectively, with a 0.2 ps coupling time constant. All
simulations were at constant NPT, with temperature of 298.15 K and 1 atm pressure. As
mentioned above, 20% aqueous methanol, 40% aqueous methanol and pure water solvent
media were used with hh-CytC. With each solvent, four different methods were used for
keeping/eliminating crystallographic waters. Since all hh-CytC simulations contain water,
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we eliminated method 4 (keeping water molecules within 2.7 Å from protein) in mixed
aqueous solvents.
Method 1)

All the crystallographic water molecules (124 molecules) were

kept.
Method 2)

Two buried crystallographic water molecules identified by Brayer

et al.31 were kept. One of these (residue 112) was identified by NMR studies
of Wand and co-workers53 to be structural water.
Method 3)

Slow-diffusing crystallographic water molecules were identified

(using the same protocol as for CALB) and kept. The three waters clearly
identified by NMR studies of Wand and co-workers53 to be structural waters
(which, by our analysis, seem to correspond to residues 112, 122, and 159)
were slow diffusing in water and 20% methanol (but not in 40% methanol).
Method 4)

Not used.

Method 5)

All of the crystallographic water molecules were removed.

Results were obtained after 100 ns production run for methods 1 and 2. In the
other two methods, results were obtained after 10 ns. Table 3.2 summarizes Methods 1
through 5: the protocols for keeping or removing crystallographic waters, for both CALB
and hh-CytC simulations in pure organic and mixed aqueous-organic solutions.
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Table 3.2 Details of multiple protocols used for retaining or eliminating crystallographic
water
Method
number

1

2

3

4

5

Method
name

Number of
crystallographic
water molecules
kept in CALB

Description

Keeping all
crystallographic
286
water molecules
Keeping buried
Buried water crystallographic
6
water molecules
Keeping
Water
crystallographic
solvent
water
n-butanol
molecules,
solvent
which were
found to be
tert-butanol
slow-diffusing
Slowsolvent
by having
diffusing
diffusion
water
coefficients less
than 1/3rd of
the average,
Acetonitrile
after 10 ns
solvent
simulation with
all crystal
waters
Keeping
crystallographic
Water within
water molecules
19
2.7 Å
within 2.7 Å
from protein
Without
keeping any
No water
0
crystallographic
water
All water
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Number of
crystallographic
water molecules
kept in hh-CytC
124

2
7
105

127

Water
solvent
20%
aqueous
methanol
40%
aqueous
methanol

43
30

32

71

N/A

0
(enzyme then
solvated in
aqueous methanol)

Figure 3.1 Initial CALB crystallographic structure and initial orientations of slow
diffusing (yellow), buried (pink), buried-slow diffusing (red), and other (blue)
crystallographic water molecules in (A) water, (B) n-butanol, (C) tert-butanol, and (D)
acetonitrile solvents.

Equation 3.3 was used for evaluation of RMSD, and equilibration times were
identified when the KWW model parameters: the pre-exponential factor (Ae); time
constant (τe); and complexity of the system (β) no longer change as a function of time.
Reference structures were generated at 0.5 ns intervals during simulation times from 0.5
to 2 ns, at 1 ns interval from 2 to 10 ns, and then at points around 12 ns, 15 ns and 20 ns.
As suggested by VanVliet and co-workers,24 the time intervals between reference
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structures were not kept constant, for better accuracy in determining equilibration times.
Calculated RMSDs were fitted to the KWW model (Equation 3.3) with a non-linear curve
fitting function, using Grace (version 5.1.16). For curve fitting, the method was revised
slightly from the procedure of VanVliet and co-workers, giving an educated initial guess
for the fitting parameters (pre-exponential factor (Ae), time constant (τe), and complexity
of the system (β)). The estimates were done as follows: A 5 ns window, centered on tref
was excluded, and a straight line for the remaining data (or average of the RMSD from
0.15 to 0.2 ns, in the case of tref > ~8 ns) was used for an initial value of pre-exponential
factor (Ae). For the time constant (τe), a value of 5000 ps was the initial guess, based on
the findings of Walton and VanVliet and general experience with protein simulations.
Finally, the complexity (β) was estimated at 0.5, since a value of β=1 would correspond
to a simple harmonic oscillator (not a good guess for proteins). Iterations were repeated
until constant values were obtained for the fitting parameters Ae, τe, and β. Then, those
fitting parameters were obtained for each value of tref, which is the simulation time at
which a reference structure is obtained at given intervals. Equilibration is reached when
parameters no longer change with time, as can be seen below in Figure 3.3. In the case
where the parameters do not reach a steady-state value at the same point in time, the
slowest-equilibrating parameter determines the overall equilibration time.
3.3 Results and Discussion
The goal of this work is to use equilibration time to determine which
crystallographic water molecules to keep with proteins in MD simulations. The best
method here is determined to be the one that leads to the most rapid equilibration of the
protein structure in organic solvent, since this leads to the most efficient use of
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computational resources.

The KWW model provides a quantitative measure of

evaluating equilibration time.
To evaluate the validity of the KWW model for these systems, the model
(Equation 3.3) must provide a good fit for the RMSD simulation data for CALB and hhCytC in multiple solvents. The correlation coefficients for the entire non-linear curve fits
were always greater than 0.80 for the both proteins used here, revealing the good
agreement of calculated RMSD for the KWW model. Figure 3.2 shows an example of
non-linear curve fitting of a calculated RMSD for the KWW model. Presented in Figure
3.2 is the RMSD of CALB in tert-butanol, using Method 5- no crystallographic waters.
With the KWW model, the equilibration time is identified to be ~9 ns.

Figure 3.2 Non-linear curve fitting for the calculated RMSD of the CALB in tert-butanol
with KWW model. The correlation coefficient for this fit is 0.85 (± 0.03).
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3.3.1 Application to the CALB Protein
Simulations of CALB were carried out in water, acetonitrile, n-butanol, and tertbutanol. Figure 3.3 shows how one of the fitting parameters in the KWW model, the
time constant τe, varies with simulation time.

As mentioned previously, protein

equilibration is indicated when the fitting parameters no longer vary with time. Figures
3.3 (A)-(D) show the variation of equilibration times for the 5 different water-keeping
protocols in water, acetonitrile, n-butanol, and tert-butanol, respectively. Considering
CALB in water, when all 286 crystallographic water molecules were present (method 1)
and when only buried crystallographic water molecules were present (method 2), the
trajectory reached equilibration stage virtually at the beginning of the simulation time,
since fitting parameters came to a steady state well under 5 ns (~2 ns and ~3 ns
respectively). The third position in ascending order of achieving fastest equilibrium (~6
ns) for CALB in water is owned by the method of keeping slow-diffusing water (method
3). Seven slow-diffusing water molecules were identified for CALB in water solvent,
and those water molecules were kept in this method (method 3). The other two methods:
keeping crystallographic water within 2.7 Å from CALB protein (method 4) and
eliminating all crystallographic waters (method 5) required 8-10 ns to reach an
equilibrium stage.
When CALB protein is in acetonitrile solvent, analysis of calculated RMSD
fitting parameters for the KWW model (Figure 3.3 (B)) showed that all four methods of
keeping different levels of crystallographic water led to an equilibrated structure at the
beginning of the simulation time (≤ 2 ns), while method 5 of eliminating all
crystallographic waters came to equilibrium at a later simulation time (8 ns).
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For CALB in n-butanol (Figure 3.3 (C)), equilibration was reached near the
beginning of the simulation (< 4 ns) for method 1 (all crystallographic waters), method 2
(buried waters), and method 3 (slow-diffusing waters). In contrast, method 5 (none) and
method 4 (within 2.7 Å) required more than 8 ns to come to an equilibrium stage. This
pattern is very similar to CALB in water solvent.
The results in tert-butanol (Figure 3.3 (D)) are qualitatively the same as in the
presence of n-butanol solvent. The trajectory achieved equilibration stage at the
beginning of the simulation time with methods 1, 2, and 3 (all, buried, slow-diffusing).
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Method 4 (within 2.7 Å) required more simulation time (~6 ns) to obtain equilibration
than the other three methods of keeping crystallographic waters, while eliminating all
crystallographic waters (method 5) led to a slower equilibration time (~9 ns).
Figure 3.4 and Table 3.3 summarize all the results of CALB in 4 solvents with
respect to the five methods considered. The values are averaged over three trajectories
per condition. The Figure 3.4 equilibration times were rounded to nearest nanoseconds,
resulting in average values that sometimes have “zero-error”, but error bars are given
where individual values deviated from the average. From Figure 3.3, it is clear that
among all of the 286 crystallographic water molecules, the 6 buried crystallographic
water molecules play a major role in reaching equilibrium, since in the presence of all
studied solvents, both the methods of keeping all 286 crystallographic water molecules
(method 1), and keeping only buried crystallographic water molecules (method 2)
reached equilibration near the beginning of the simulation. For trajectories of CALB in
organic solvent (acetonitrile, n-butanol, and tert-butanol), equilibration at the beginning
of simulations also occurred when keeping only slow-diffusing water molecules (method
3). In the presence of water solvent, method 3 took somewhat longer (6 ns). Therefore, it
is fair to say that slow-diffusing water molecules have an important role, too, in rapidly
achieving equilibrium. Method 4, keeping crystallographic waters within 2.7 Å from
CALB protein, had short equilibration times only when CALB is in the presence of
acetonitrile solvent. In water and n-butanol solvents, this method did not show much
difference from the method of keeping no crystallographic waters (method 5); that is to
say, equilibration with method 4 took nearly 9 ns. In the presence of tert-butanol, keeping
crystallographic water within 2.7 Å from CALB protein (method 4) required less
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simulation time (~6 ns) to attain equilibrium stage when compared with method 5 of
keeping no waters (8-9 ns), offering a moderate improvement. In summary, method 4
(keeping water within 2.7 Å from CALB protein) requires more simulation time when
compared to the other methods (1, 2, and 3) of keeping different levels of
crystallographic water. Therefore, it is reasonable to say that the method of keeping
crystallographic water within 2.7 Å from CALB protein is not very successful in
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Figure 3.4 Equilibration time for CALB in different solvents with respect to five
methods: (A) all water (method 1) (B) buried water (method 2) (C) slow-diffusing water
(method 3) (D) water within 2.7 Å (method 4) (E) no crystal water (method 5). This
shows simulation time to achieve equilibration decided by each parameter: Ae (fitting
parameter 1), τe (fitting parameter 2), and β (fitting parameter 3). Error bars for the
average over three trajectories are shown.
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Table 3.3 Summary of equilibration times for CALB

Average simulation time to achieve equilibration for the each
method in the presence of each solvent
Method 1

Method 2

Method 3

Method 4

Method 5

Acetonitrile

0.5 ns

1.4 ns

0.5 ns

0.5 ns

7.7 ns

n-butanol

1.5 ns

0.8 ns

2.2 ns

8.2 ns

8.1 ns

tert-butanol

0.8 ns

0.5 ns

0.5 ns

5.4 ns

9.0 ns

0.9 ± 0.5 ns

0.9 ± 0.5 ns

1.1 ± 1.0 ns

4.7 ± 3.9 ns

8.3 ± 0.7 ns

1.5 ns

2.8 ns

6.0 ns

10.0 ns

7.7 ns

Average for
the organic
solvent
Water (for
comparison)

Table 3.2 shows the wide variety of numbers of crystallographic waters kept
among the 5 methods. Given the comparable results of methods 1, 2, and 3, we can say
that the overall number of crystallographic water molecules does not affect equilibration
time, since even in the presence of six buried water molecules, equilibration was quickly
reached. Rather, it is the location of the waters that is critical.
For further analysis, common crystallographic water molecules in the studied
methods were summarized in Table 3.4. It provides the answer to the natural question of
why the method of keeping crystallographic water within 2.7 Å from CALB protein is
not effective for rapid equilibrations, except in acetonitrile. As can be seen in the table, in
the presence of acetonitrile solvent, two buried water molecules reside within 2.7 Å from
CALB protein and those two water molecules are slow diffusing, too. These 2 common
waters among methods 2, 3, and 4 appear to be the reason why method 4 is effective for
rapid equilibration of CALB in acetonitrile.

86

Table 3.4 Number of common crystallographic water molecules for CALB enzyme in the
studied methods
Methods
Buried and Slow-diffusing
Water within 2.7 Å from
CALB and Slow-diffusing
Buried and Water within
2.7 Å from CALB
Buried, Water within 2.7 Å
from CALB and Slowdiffusing

Number of common crystallographic water molecules
for the mentioned methods
Water
Acetonitrile n-butanol tert-butanol
1
3
3
5
1

8

10

11

2

2

2

2

1

2

1

1

Considering method 3 with slow-diffusing waters, it can be seen that in the
presence of acetonitrile, n-butanol, and tert-butanol, the sets of slow-diffusing water
molecules contain 3, 3 and 5 (of 6 total) buried crystallographic water molecules,
respectively, for the organic solvents. This looks to be the reason for a fast equilibration
in those situations. In the presence of water solvent, method 3 equilibration was slower
than with organic solvents. The reason may be that, in the presence of water solvent,
buried waters undergo rapid exchange with bulk solvent. This is evident in the fact that
in aqueous solvent, the slow-diffusing water molecules include fewer buried water
molecules (1 molecule), than in the presence of organic solvents. The one water that is
both buried and slow-diffusing for aqueous CALB (residue number 406) is the one that
Schopf and Warshel21 identified as having a clear hydrogen bonding distance to Asp187,
which is a catalytic triad residue. According to Uppenberg et al.51 one of the other buried
water molecules of CALB is hydrogen bonded to Thr103 and forms part of the turn
around the active site serine. The four buried water molecules were found in the active
site pocket by these authors.44 The fact that only one of these was identified as slow-
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diffusing in water solvent indicates the lability of most active site buried waters,
particularly in aqueous solvent.
Analysis of structural similarities among simulations with different protocols for
crystallographic waters is provided by RMSD values after 10 ns simulations. These were
obtained using as a reference structure CALB simulated in its respective solvent using
method 1 (all water). These values are presented in Table 3.5. It can be seen that the
largest RMSD values are for aqueous simulations. This likely reflects the higher
flexibility of CALB in water. It has been documented experimentally54 and by
simulations19-20, 55-56 that enzymes are generally more rigid in organic solvents than in
water.
Table 3.5 RMSD with respect to method 1 for other four methods after 10 ns
RMSD with each method after 10 ns with respect to method 1 after
10 ns (nm)
Method 2

Method 3

Method 4

Method 5

Water

0.202 ± 0.013

0.222 ± 0.014

0.229 ± 0.006

0.206 ± 0.014

Acetonitrile

0.2076 ± 0.0001

0.2075 ± 0.0001

0.1927 ± 0.0003

0.2051 ± 0.0008

n-butanol

0.18583 ± 0.00006

0.17842 ± 0.00002

0.17815 ± 0.00002

0.190 ± 0.006

tert-butanol

0.190 ± 0.002

0.157 ± 0.003

0.191 ± 0.003

0.192 ± 0.007

Hydrophilic solvents usually have a greater tendency to strip tightly bound
water57 (crystallographic water), while the diffusion constant of water in less polar
solvents is slow. This is reflected in the number of slow-diffusing waters identified
among the different solvents. As shown in Table 3.2, there are only 7 slow-diffusing
crystallographic waters in water solvent, while there are 71 in acetonitrile, 105 in nbutanol, and 127 in tert-butanol. It has been shown here and elsewhere that equilibrated
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protein structures in hydrophobic organic solvents keep their native structures as a result
of kinetic trapping in the absence of water.58 This is due in part to stronger hydrogen
bonding between the protein atoms, giving rise to a more rigid structure.58 Verifying this,
for CALB in the presence of organic solvents, lower values of RMSD in organic solvents
were observed when compared to water after 10 ns (see Table 5). Therefore, less
flexibility (a more rigid equilibrated structure) is found for CALB in the presence of
organic solvents.

The effects of crystallographic water methods and influence of

hydrophobic/hydrophilic solvents is discussed below.
3.3.1.1 Crystallographic Water Methods Effects on Conformational Dynamics
CALB is known to undergo conformational changes related to lid opening for
substrate binding and release. On the other hand, cytochrome c is a semirigid protein,59
reflect in its relatively low RMSD value at the end of trajectories (~0.1 nm, cf. ~0.2 in
CALB). Thus, in addressing the question of whether methods of keeping crystallographic
waters influence conformational sampling, analysis is focused on CALB. In order to
study protein conformational changes for CALB enzyme, the center of mass distance
between two lid-forming alpha helices (α5 and C-terminal half of α10) was measured as a
function of time in each organic solvent and water for each trajectory, as shown in Figure
3.5. For method 5 (no crystallographic waters), it can be seen that there are broad
variations among the three trajectories in all the solvents, revealing the importance of
keeping at least a minimum number of crystallographic waters when the simulation time
is shorter. These differences in conformational sampling probably arise from the
trajectory being at a higher point on the potential energy surface when all
crystallographic waters are removed. That is to say, it is destabilizing to eliminate all
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waters. The work of Westhof and co-workers60 on biomolecular equilibration in MD
simulations supports this.

They state, “inconstancy of structural and dynamical

properties across a set of trajectories could possibly be indicative of the presence of
artifactual behaviors due to unstable protocols and therefore have to be analyzed and
interpreted with great care”.60 Only method 5 shows inconstancy in structure-dynamics,
while the other methods show convergence across multiple trajectories.
To assess conformational sampling of CALB, the definitions by Blank and coworkers61 as mentioned in chapter 2 were used: closed conformation (α5-α10 cleft
distance < 1.52 nm), crystal-like conformation (α5-α10 cleft distance = 1.52-1.90 nm),
and open conformation (α5-α10 cleft distance > 1.9 nm). Following the same
classifications, it is clear that in the presence of n-butanol, CALB shows the same
conformation (crystal-like) with all the methods when reaching 10 ns. With t-butanol
solvent, CALB shows crystal-like and closed conformations for all methods except for
method 3 (keeping slow-diffusing crystal waters), where it has an open conformation.
This is reflected in the RMSD values of Table 5, where in the presence of t-butanol,
CALB shows a structural difference with protocol 3. Of course, conformational changes
in proteins are made possible by their flexibility. In the presence of water and acetonitrile,
more flexibility is expected, driving conformational changes. The comparatively high
dielectric constants of water and acetonitrile lead to weaker intra-protein electrostatic
interactions, increasing protein flexibility.62 Therefore, as expected, in the presence of
acetonitrile, method 1 shows crystal-like conformation, method 2 shows crystal-like to
open conformational changes, methods 3 and 4 show crystal-like to closed
conformational changes, while method 5 trajectories diverge with two in the crystal-like
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conformation and one closed. In aqueous simulations, method 1 shows closed
conformation, method 2 shows crystal-like to open conformational changes, methods 3
and 5 show crystal–like to closed conformations, and method 4 shows crystal-like to open
and closed conformational changes.
To summarize, a surprising outcome of this assessment of the effect of
crystallographic water method on conformational sampling is that the two methods that
lead to most rapid equilibration (keeping buried and slow-diffusing) seem to favor
divergent conformational dynamics. In all three trajectories in polar solvents, keeping
buried waters favors open conformation, while keeping slow-diffusing waters leads to
closed conformation. In contrast, in the butanol solvents, buried waters keep the enzyme
in crystal-like conformation, while slow-diffusing waters lead to open conformation in tbutanol and maintain crystal-like conformation in n-butanol. This indicates that although
both buried and slow-diffusing waters lead to rapid equilibration, they are likely on
different places on the protein potential energy surface (in spite of the overlap of some
crystallographic waters in each set). These differences in conformational sampling among
methods could be used to leverage enhanced conformational sampling by varying the
initial set-up of protein systems in organic solvents. That is to say, using multiple
methods (buried and slow-diffusing waters) may lead to more complete sampling of the
protein conformational landscape.
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(A) Method 1
all water

(D) Method 4
water at 2.7 Å

(A) Method 1
all water

(B) Method 2
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(C) Method 3
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(E) Method 5
no water

(B) Method 2
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slow-diffusing water

(II)

(D) Method 4
water at 2.7 Å

(E) Method 5
no water

Figure 3.5 Inter helical distances between lid α5 and α10 during 10 ns for CALB enzyme in
the presence of (I) water, (II) n-butanol, (III) t-butanol, and (IV) acetonitrile solvents with
respect to five methods: (A) all water (method 1) (B) buried water (method 2) (C) slowdiffusing water (method 3) (D) water within 2.7 Å (method 4) (E) no crystal water (method
5). Three trajectories are shown for the each situation.
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Figure 3.5 (Continued)
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(C) Method 3
slow-diffusing water

5 ns!

!! 10 ns!

!!

30 ns!

Figure 3.6 Snapshots of slow-diffusing (yellow), buried (pink), buried/slow-diffusing
(red), and other crystallographic water molecules at different simulation times for the
CALB enzyme in the presence of n-butanol.
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Figure 3.6 shows “freeze frames” of crystallographic water molecules at different
time points in a simulation, illustrating water diffusion in the presence of n-butanol.
Waters are color-coded by the method (slow-diffusing, buried, both, or other) that retains
them under different protocols. Fast diffusing water molecules diffuse away from the
protein with time, while slow diffusing water molecules stay near to the protein. It can be
seen that at 30 ns simulation time, fast diffusing-buried water molecules have diffused
away from the protein while slow diffusing-buried water molecules stay with the protein
all the time.
3.3.2 Application to the hh-CytC Protein
Simulations of horse heart cytochrome c (hh-CytC) were carried out in water,
20% aqueous methanol and 40% aqueous methanol. The results for τe are given in Figure
3.7. It can be seen that for hh-CytC in all solvents considered, when all 124
crystallographic water molecules were present (method 1), the trajectory was equilibrated
from the beginning of the simulation time (< 2 ns), as fitting parameters are at a steady
state from the beginning. Considering the results for hh-CytC in pure water, methods 2
and 3 (buried and slow-diffusing) took 4 and 6 ns, respectively, to reach equilibrium,
which is no improvement over eliminating all crystallographic waters (5 ns for method
5).
According to analysis of hh-CytC protein in 20% aqueous methanol (Figure 3.7
(B)), methods 2 and 3 (buried and slow-diffusing crystallographic waters) required ~3 ns
to reach equilibrium. On the other hand, when there were no crystallographic waters
(method 5), more simulation time (~5 ns) was required to obtain equilibrium.

95

(A)

(B)

30000
25000

25000

20000

20000

20000

ττ
e e

25000

15000

15000

15000

10000

10000

10000

5000

5000

5000

0

0
0

2

4

6

8

10

0
0

30000" time (ns)
simulation
25000"

2

4

6

8

10

0

simulation time (ns)

2

4

6

8

10

simulation time (ns)

with crystallographic water

20000"
Ae#

(C)

30000

ττee

τeτe

30000

without any crystallographic water

15000"

with buried water
10000"

with slow-diffusing water
5000"

Figure 3.7 Dependence of τe parameter on the simulation time. This parameter is for the
0"
non-linear curve fitting
of calculated RMSD of hh-CytC in (A) water, (B) 20% aqueous
0"
methanol, and (C) 40%
aqueous methanol with the KWW model.
simula*on#*me#(ns)#

Considering hh-CytC protein in 40% aqueous methanol (Figure 6C), all three
methods of keeping different levels of crystallographic water were at an equilibrium stage
from the beginning of the simulation, while method 5 (no crystallographic waters) came
to equilibrium at a later simulation time (4 to 7 ns). Thus, the aqueous organic solvents
showed a bigger difference (over aqueous simulations) between keeping (some)
crystallographic waters and eliminating all of them. In fact, all methods of keeping
waters (all, buried, slow-diffusing) gave comparable equilibration times in 20% and 40%
aqueous methanol.

These reached equilibrium much faster than method 5 (no

crystallographic waters, at ~6 ns).

However, for strictly aqueous simulations, only

method 1 (keeping all) had a fast equilibration time (2 ns), while all other methods
(buried, slow-diffusing, and none) gave similar performance (~5 ns equilibration time).
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Figure 3.8 and Table 3.6 summarize the results for hh-CytC in water, 20% aqueous
methanol, and 40% aqueous methanol for four different protocols treating
crystallographic waters.

(A) all water
Method 1

(B) buried water
Method 2

(C) slow-diffusing
water
Method 3

(D) no water
Method 5

Fitting parameter 1 (Ae)
Fitting parameter 2 (τe)
Fitting parameter 3 (β)

Figure 3.8 Equilibration time for the hh-CytC with different solvents with respect to four
methods: (A) all water (method 1), (B) buried water (method 2), (C) slow diffusing water
(method 3), and (D) no crystal water (method 5). This shows simulation time to achieve
equilibration decided by each parameter: Ae (fitting parameter 1), τe (fitting parameter 2), and
β (fitting parameter 3). Error bars for the average over three trajectories are shown.
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Table 3.6 Summary of equilibration times for hh-CytC
Average simulation time to achieve equilibration for the each
method in the presence of each solvent (ns)
Method 1
Method 2
Method 3
Method 5
Water
20% aqueous
methanol
40% aqueous
methanol
Average

1.1 ns

4.0 ns

5.4 ns

4.6 ns

1.1 ns

2.4 ns

3.1 ns

5.1 ns

0.5 ns

0.6 ns

0.6 ns

5.1 ns

0.9 ± 0.3 ns

2.3 ± 1.7 ns

3.0 ± 2.4 ns

4.9 ± 0.3 ns

For further analysis, the common water molecules among buried and slowdiffusing crystallographic water molecules were summarized in the Table 3.7. It can be
seen that in the presence of 40% aqueous methanol in water solvent, the set of slowdiffusing water molecules (32 total) does not include either of the two buried
crystallographic waters. Still, method 3 attained equilibrium stage at the beginning of
simulation time (<2 ns). This reveals the importance of retaining slow-diffusing
crystallographic water molecules, even in solvation environments that are predominantly
composed of water.

Table 3.7 Number of common crystallographic water molecules for hh-CytC enzyme in
the studied methods

Methods
Buried and Slowdiffusing

Number of common crystallographic water molecules for the
mentioned methods
20% methanol in
40% methanol in
Water
water
water
1

1
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3.4 Summary of the Outcome
When summarizing the results for both proteins we used here, there is a clear
difference in equilibration times between the methods of keeping (at least some)
crystallographic waters and the method of eliminating all crystallographic water
molecules. In most of the studied cases, the protocols of keeping buried crystallographic
water molecules (method 2) and keeping slow-diffusing crystallographic waters (method
3) performed most similarly to the method of keeping all crystallographic water
molecules (method 1). This is valuable information for researchers seeking to limit the
number of waters when simulating enzymes in organic solvent, such as in studies that
probe the effect of water activity on enzyme structure and dynamics.2,

19, 55, 63-65

Differences between methods 2 and 3 were more pronounced for CALB protein than for
hh-CytC, and in water solvent (where method 2 was notably more effective than method
3 for both proteins).
Therefore, if simulation times are shorter (<15 ns), keeping crystallographic water
molecules should be taken in to consideration, since otherwise the calculated trajectory
time length will not be sufficient enough to gather all the required information after
equilibration. In all cases, it is desirable to have the longest period of data collection
possible for statistical analysis. For non-aqueous simulations, it is often desirable to
restrict the number of waters.

In this case, keeping buried crystallographic water

molecules (method 2) will be the best alternative to keeping all the crystallographic water
molecules. In the cases where buried crystallographic water molecules have not been
identified, keeping slow-diffusing crystallographic water molecules (method 3) will be a
good option, as reflected by the results. Method 2 requires previous knowledge of the
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system (we used published analysis), while method 3 (with slow-diffusing water)
provides a protocol that can be used on new systems or those which lack published
experimental data on buried waters. Analysis of waters in common to methods 2 and 3
(buried and slow-diffusing) indicates that many buried water are also identified as slowdiffusing. It is surprising, then, that these two methods led to divergent conformational
sampling for CALB in short MD trajectories. These differences could be leveraged,
however, to enhance conformational sampling in a set of trajectories initialized under the
two methods.
This work indicates that a judicious choice of which crystallographic waters to
keep can enhance simulation efficiency, even in aqueous systems. It also provides
information for researchers seeking reliable methods in simulations of enzymes in
organic solvents.
3.5 Conclusion
The purpose of this work is to identify a rational method for keeping and
identifying “necessary” waters that should be retained in simulations of enzymes in “nonaqueous” or mixed organic solvents. Even lyophilized enzymes retain some waters,17 and
it would be ideal to know which. We postulate that buried and slow-diffusing waters will
be the ones retained experimentally in the solvation layer. Thus, we recommend 2
methods: (1) keeping buried waters; (2) running a 5-10 ns trajectory, with all
crystallographic waters retained, in the desired solvent to identify slow-diffusing waters.
The slowest waters (< 1/5 average diffusion constant) are then retained for further
simulation in organic solvent.

Given water molecules’ faster diffusion in water, a

criterion of 1/3 the average value is recommended as a cut-off to identify slow-diffusing
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waters in aqueous simulations. Assessment of conformational sampling among different
methods revealed that keeping buried and slow-diffusing waters leads to divergent
conformational sampling, in spite of the significant fraction of buried waters that are also
identified as slow-diffusing. Therefore, a combination of the two methods (keeping
buried and slow-diffusing crystallographic waters) when initializing simulations may be
ideal for sampling a broader range of protein dynamics in any solvent (water or organic).
By keeping buried or slow-diffusing crystallographic waters, simulations of protein
structures more rapidly reach an equilibrium structure in organic solvent.
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CHAPTER 4
NON-AQUEOUS SOLVENT DYNAMICS AROUND
CANDIDA ANTARCTICA LIPASE B ENZYME

4.1 Introduction
As mentioned in section 3.1, non-aqueous enzymology is an area with great
interest both experimentally1-4 and theoretically5-13 in order to uncover questions
regarding the role of water and non-aqueous solvents in enzyme structure, function and
dynamics.14 Furthermore, as mentioned in section 1.4, it was observed that CALB
enzyme is capable of retaining activity in organic solvents, showing interesting catalytic
characteristics such as thermal stability and enantioselectivity.15-16 As a result of these
useful features, it is used in a number of industrial applications.17 These applications can
be expanded and enhanced by uncovering the questions regarding the solvent effects on
enzyme structure, function and dynamics.
Most of the computer simulation studies of lipases with organics solvents have
used implicit solvent models.18 In simulations with explicitly modeled organic solvents,
hindered protein dynamics as a result of reduced protein flexibility were observed.18-23
This chapter of the dissertation focus on getting insight in the solvent dynamics and
CALB flexibility in four different organic solvents (acetonitrile, n-butanol, tert-butanol,
and cyclohexane) with water as comparison and analyzing the dependence of solvent
dynamics and protein dynamics on the solvent structure.
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4.2 Methodology
4.2.1 Simulation Details
Four different organic solvents: acetonitrile, n-butanol, tert-butanol, and
cyclohexane were selected as the non-aqueous media in this study. The starting
coordinates of CALB enzyme were taken from the X-ray crystallographic structure (PDB
ID: 1TCA). Six buried crystallographic water molecules identified by Uppenberg et al.24
were kept, as it is concluded in chapter 2 that this leads to fastest equilibration in nonaqueous simulations. All the simulations were performed using GROMACS (version
4.6.3)25 software package. Simulation details of CALB enzyme in the presence of water
are mentioned in section 2.2.1.
AMBER03 force field26 was used for the CALB enzyme and for all the organic
solvents used. The enzyme was centered in a cubic periodic box with a minimum
distance of 1.0 nm between protein and any side of the box. Next, the enzyme was
solvated in organic solvent, and one sodium counter ion was added to CALB by replacing
one solvent molecule, in order to obtain a neutral charge. Bond lengths were constrained
using LINCS algorithm.27 Electrostatic interactions were calculated using Particle Mesh
Ewald summation.28 For long-range interactions, a grid spacing of 0.12 nm combined
with an interpolation order of 4 was used. Van der Waals interactions were calculated
using a 1.4 nm cut-off. Energy minimization was done using steepest descent algorithm29
to remove clashes between atoms that were too close. Position restraints were done on
heavy atoms during annealing, when the system was gradually heated from 50 K to 300
K in 200 ps. Systems were equilibrated in the NPT ensemble at 300 K using V-rescale
thermostat30 and at 1 bar using Berendsen barostat31 for conditions similar to in vitro
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catalysis.32 Finally, the production runs were done in NVT ensembles at 300 K using
Nosé-Hoover thermostat for a canonical ensemble.33-34 Results of the all the simulations
were obtained after 50 ns production runs. Three trajectories were generated for each
system using different randomly assigned initial velocities. For statistical sampling,
analyses (detailed in section 4.2.2) were block-averaged over the multiple trajectories
using each with 10 ns time blocks. Uncertainties are reported at the 95% confidence
level, using the student t-test.35
4.2.2 Analysis
MD simulation trajectories were analyzed to characterize protein dynamics and
solvent dynamics at the CALB enzyme interface. In order to analyze protein dynamics,
root mean square fluctuation (RMSF) and root mean square deviation (RMSD) of atomic
positions in the trajectory were calculated using GROMACS software. Solvent exposure
of CALB in the presence of the different solvents studied was analyzed by calculating
solvent accessible surface area using GROMACS software.
In order to comprehensively characterize solvent dynamics at the CALB enzyme
interface, regional protein-solvent hydrogen bond lifetimes (HBLTs), solvation layer
residence times, and diffusion times of solvation shell (first solvation shell) solvent
molecules were calculated. Regional dynamics were found around separate secondary
structures and these regional solvation dynamics were calculated for solvents within the
solvation layer. In order to define the first solvent shell for each solvent, the radial
distribution functions of solvent around side chain atoms were calculated around each αhelix. Figures 4.1(a)-(d) show the radial distribution functions of each solvent studied
around side chain atoms of exterior alpha helices (i.e α1, α5, α8, and α10). For
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acetonitrile, the radial distribution functions were calculated for acetonitrile nitrogen
atom around CALB side chain atoms. For alcohols, the radial distribution functions were
calculated for alcohol oxygen atom around CALB side chain atoms. It was found that for
all regions but helices α4, α6, and α8, the first solvation shell is contained within 5 Å for
acetonitrile, 6 Å for n-butanol, 4 Å for tert-butanol, and 7Å for cyclohexane. For α4, α6,
and α8, the first solvation shell is contained within 7 Å for acetonitrile, 8 Å for n-butanol,
6 Å for tert-butanol, and 9 Å for cyclohexane.

Figure 4.1 Radial distribution functions of (a) n-butanol, (b) tert-butanol (c) acetonitrile,
and (d) cyclohexane around side chain atoms of exterior alpha helices. Black indicates α1,
red indicates α5, green indicates α8, and blue indicates α10 helices.
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GROMACS software was used to obtain hydrogen bond auto-correlation
functions,36 which were analyzed graphically to obtain hydrogen bond lifetimes.37
Hydrogen bond lifetimes were extracted through hydrogen bond auto-correlation function
as the 1/e times. In-house Fortran code for residence time calculation mentioned in
section 2.2.2 was used to calculate solvation shell solvent residence times. For this
analysis, the solvation layer was considered to be the first solvation shell as determined
from radial distribution functions for each solvent (5 Å for acetonitrile, 6 Å for n-butanol,
4 Å for tert-butanol, and 7 Å for cyclohexane). Residence times were also calculated by
histogramming the time for solvent to leave the solvation layer.

Histogram and

correlation time values were found to be statistically equivalent, and values presented
herein are from the histogram averages. GROMACS software was used to calculate
diffusion coefficients of solvent molecules in the solvation layer from mean-square
displacements (MSD) using the Einstein relationship as mentioned in section 2.2.2.
4.3 Results
4.3.1 Flexibility of CALB Enzyme in Different Solvents
Protein flexibilities were analyzed using root-mean-square fluctuation (RMSF)
and root mean square deviation (RMSD) in the presence of each organic solvent. RMSF
is averaged over time, giving a value for each residue, whereas, for the RMSD, the
average is taken over residues, giving a specific value as a function of time. RMSD of
CALB enzyme in the presence of organic solvents studied and in the presence of water is
shown in Figure 4.2.
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Figure 4.2 RMSD for CALB in water (black), n-butanol (red), tert-butanol (green),
acetonitrile (blue), and cyclohexane (magenta).

As can be seen in Figure 4.2, in the presence of both alcohols RMSDs of CALB
enzyme are similar to the RMSD in the presence of water. Average values for RMSD
were calculated, and the average RMSD value for CALB in water was 0.114 nm. The
average RMSD values of CALB in n-butanol and tert-butanol were 0.108 nm and 0.109
nm, respectively, which are similar to each other and similar to the average RMSD value
of CALB in water. On the other hand, it can be seen in Figure 4.2 that in the presence of
acetonitrile and cyclohexane, RMSDs of CALB are similar to each other but slightly
higher than in the presence of water, n-butanol, and tert-butanol. The average RMSD
values of CALB in acetonitrile and cyclohexane were 0.135 nm and 0.136 nm,
respectively, which are similar to each other and slightly higher than the average RMSD
value of CALB in water and in two alcohols studied. These results indicate that in the
presence of both n-butanol, and tert-butanol, CALB has similar flexibility as in the
presence of water. In the presence of acetonitrile and cyclohexane, CALB has a larger
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deviation from the crystal structure (i.e conformational change) than in the presence of
water, n-butanol, and tert-butanol.
Next, RMSF of CALB enzyme in the presence of each organic solvent was
calculated and compared with the RMSF of enzyme in the presence of water, as shown in
Figures 4.3(a)-(d). The RMSF plots show somewhat similar results as the RMSD: in the
presence of cyclohexane and acetonitrile, when certain regions are considered, CALB
shows higher flexibility than in the presence water, and on the other hand CALB shows
less or similar flexibilities in the presence of n-butanol and tert-butanol when compared
to the CALB flexibility with water.

(a)

(b)

tert-butanol
n-butanol

(c) acetonitrile

(d)

cyclohexane

Figure 4.3 RMSF comparison between each organic solvent studied and water (black trace):
(a) red- n-butanol, (b) blue- tert-butanol, (c) green- acetonitrile, and (d) magentacyclohexane.
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4.3.2 Solvent Exposure of CALB Enzyme in Different Solvents
Solvent exposure of CALB in the presence of different solvents studied was
analyzed by calculating solvent accessible surface area as shown in Table 4.1. It can be
seen that in the presence of water, the CALB total surface areas increased by around 600
Å2 compared to the crystal structure and this difference is mainly due to the increment of
hydrophilic surface area of CALB in the presence of water, compared to the crystal
structure. Results by Trodler et al.38 are in accordance with this finding. It can be seen
that in the presence of acetonitrile solvent, the total surface area increased by around 500
Å2 compared to the crystal structure and this difference is mainly due to the increment of
hydrophobic surface area of CALB in the presence of acetonitrile, compared to the
crystal structure. In n-butanol solvent, the total surface of CALB is similar to the crystal
structure, while in tert-butanol solvent, total surface decreased by around 200 Å, due to
the reduction of hydrophilic surface area. In the presence of non-polar cyclohexane
solvent, the hydrophilic surface area is reduced by around 1000 Å, and as a result, the
total surface area is reduced.

Table 4.1 Solvent accessible surface area of CALB in the presence of different solvents
Solvent
Crystal structure
Water
n-butanol
tert-butanol
Acetonitrile
Cyclohexane

Hydrophobic surface
(Å2)
7036
7196
7065
7068
7581
7264
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Hydrophilic surface
(Å2)
6076
6493
6036
5872
6006
5039

Total surface
(Å2)
13112
13689
13101
12940
13588
12302

4.3.3 Non-aqueous Solvation Shell Dynamics of CALB Enzyme
In order to analyze solvent dynamics at the CALB enzyme interface, regional
protein-solvent hydrogen bond lifetimes, solvation layer residence times, and diffusion
times of solvation shell solvent molecules were calculated and these regional dynamics
were found around separate secondary structures.
Table 4.2 Solvent dynamics of n-butanol around each α-helix. (Calculated diffusion
coefficient for the bulk solvent = 0.310 x 10-5 cm2/s).

Hydrogen
bond lifetime
(ps)
Diffusion
coefficient
(10-5 cm2/s)
Residence
time (ps)

α1
(Ext)

α2
(IntExt)

α3
(IntExt)

α4
(Int)

α5
(Ext)

690

385

560

159

588

±35

±75

±26

±49

±72

α6
(Int)
-

α7
(IntExt)

α8
(Ext)

α9
(IntExt)

α10
(Ext)

388

1115

652

345

±69

±111

±46

±44

0.263

0.302

0.283

0.148

0.274

0.210

0.294

0.202

0.268

0.319

±0.003

±0.004

±0.003

±0.003

±0.004

±0.001

±0.007

±0.002

±0.003

±0.002

34.0

25.8

29.8

25.9

31.1

34.8

27.7

35.1

33.2

22.3

±0.9

±1.0

± 1.2

±1.0

±1.7

± 1.2

±1.9

±1.2

±0.8

±0.3

Table 4.3 Order of solvent dynamics of n-butanol around each α-helix.
HBLT Diffusion Residence
time
Fast
α10
α10
α10
α7
α2
α2
α2
α7
α7
α3
α3
α3
α5
α5
α5
α9
α9
α9
α1
α1
α1
Slow
α8
α8
α8

Solvent-protein hydrogen bond lifetimes, solvation layer residence times, and
reorientation times around each α helix of CALB in the presence of n-butanol are given

116

in Table 4.2. It can be seen that when we exclude interior α4 and α6 helices, all the
dynamics parameters studied (hydrogen bond lifetime, diffusion and residence time)
show a similar order of fast to slow solvent dynamics for the alpha helices as shown in
Table 4.3. According to Tables 4.2 and 4.3, it is reflecting that in the presence of nbutanol, the fastest solvent dynamics are present around α10 helix. In addition to α10
helix, fast solvent dynamics can be seen also around α2 and α7 helices. According to
chapter 3, in the presence of water, fastest hydration dynamics are observed around α5
and α1 helices. In contrast, in the presence of n-butanol solvent, slow solvent dynamics
can be seen around α3, α5, α9, α1, and α8 helices. Slowest diffusion was observed at α4
interior helix and diffusion of n-butanol solvent molecules was slowed by approximately
50% in the solvation layer around α4 interior helix, when compared to the bulk solvent.
Solvent dynamics around each α-helix of CALB in the presence of tert-butanol
are given in Table 4.4. It can be seen that in the presence of tert-butanol also, when
interior α4 and α6 helices are excluded, dynamics parameters studied reflect a similar
order of fast to slow solvent dynamics for the alpha helices as shown in Table 4.5. As can
be seen in Tables 4.4 and 4.5, in the presence of tert-butanol, fast solvent dynamics are
present around α10, α8, α3, and α5 helices and solvent dynamics are slow around α2, α9,
α1, and α7 helices.
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Table 4.4 Solvent dynamics of tert-butanol around each α-helix. (Calculated diffusion
coefficient for the bulk solvent = 0.196 x 10-5 cm2/s).

Hydrogen
bond lifetime
(ps)
Diffusion
coefficient
(10-5 cm2/s)
Residence
time (ps)

α1
(Ext)

α2
(IntExt)

α3
(IntExt)

α4
(Int)

α5
(Ext)

748

659

320

-

339

±34

±76

±43

±67

α6
(Int)
-

α7
(IntExt)

α8
(Ext)

α9
(IntExt)

α10
(Ext)

773

249

792

115

±30

±39

±92

±59

0.176

0.140

0.185

0.167

0.180

0.136

0.136

0.186

0.123

0.194

±0.002

±0.004

±0.006

±0.006

±0.003

±0.005

±0.006

±0.006

±0.004

±0.005

41.2

38.2

32.0

15.6

33.4

19.7

44.0

10.3

±1.5

±1.4

±1.3

±1.7

±1.2

±1.9

±1.5

±1.6

40.1
±1.4

22.3
±0.3

Table 4.5 Order of solvent dynamics of tert-butanol around each α-helix.
HBLT Diffusion
Fast

Slow

α10
α8
α3
α5
α2
α9
α1
α7

α10
α8
α3
α5
α1
α2
α7
α9

Residence
time
α8
α10
α3
α5
α2
α9
α1
α7

Next, solvent dynamics around each α-helix of CALB in the presence of
acetonitrile were analyzed and data are given in Table 4.6. Hydrogen bonds were not
observed for exterior α5 and α8 helices with acetonitrile. When consider diffusion and
residence time of solvation shell layer acetonitrile, Tables 4.6 and 4.7 show that fastest
solvent dynamics can be seen around α7 and α5 helices. In addition, fast solvent
dynamics can be seen also around α8, α10, and α1 helices. Data in Tables 4.6 and 4.7,
indicates that acetonitrile solvent dynamics are slow in the solvation shell layer around
α2, α9, and α3 helices. Diffusion of acetonitrile solvent molecules was slowed by a factor
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of 3 or 4, when compared to the bulk solvent in the solvation layer around α4, α8, and α9
helices, which have slowest solvent dynamics.

Table 4.6 Solvent dynamics of acetonitrile around each α-helix. (Calculated diffusion
coefficient for the bulk solvent = 2.30 x 10-5 cm2/s).

Hydrogen bond
lifetime
(ps)
Diffusion
coefficient
(10-5 cm2/s)
Residence time
(ps)

α1
(Ext)

α2
(IntExt)

α3
(IntExt)

35.8

37.2

53.7

840

±2.6

±1.0

±10.2

±125

1.48

1.26

1.04

±0.04

±0.05

40.2
±0.5

α4
(Int)

α7
(IntExt)

α5
(Ext)

α6
(Int)

-

-

0.67

1.55

0.86

1.54

±0.05

±0.05

±0.04

±0.05

45.6

42.0

19.0

32.9

±0.7

±0.9

±1.1

±0.6

20.0

α8
(Ext)

α9
(IntExt)

α10
(Ext)

40.2

31.8

±3.5

±10.7

1.53

0.88

1.52

±0.06

±0.04

±0.01

±0.04

19.7

29.4

39.6

47.6

40.0

±1.9

±1.1

±0.9

±0.5

±0.3

±2.0

-

Table 4.7 Order of solvent dynamics of acetonitrile around each α-helix.
HBLT Diffusion Residence
time
Fast
α7
α5
α7
α7
α5
α8
α8
α10
α10
α10
α1
α1
α1
α2
α2
α3
α9
α3
α2
Slow
α3
α9
α9

In the presence of cyclohexane, solvation layer residence times, and reorientation
times around each α helix of CALB are given in Table 4.8. It can be seen that in the
presence of cyclohexane also, when interior α4 and α6 helices are excluded, dynamics
parameters studied reflect a similar order of fast to slow solvent dynamics for the alpha
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helices as shown in Table 4.9. As can be seen in Tables 4.8 and 4.9, around α10 and α8
helices fastest solvent dynamics are observed in cyclohexane solvation shell.
Table 4.8 Solvation dynamics of cyclohexane around each α-helix. (Calculated diffusion
coefficient for the bulk solvent = 0.95 x 10-5 cm2/s).
α1
(Ext)
Diffusion
coefficient
(10-5 cm2/s)
Residence time
(ps)

α2
(IntExt)

α3
(IntExt)

α4
(Int)

α5
(Ext)

α6
(Int)

α7
(IntExt)

α8
(Ext)

α9
(IntExt)

α10
(Ext)

0.75

0.68

0.67

0.64

0.75

0.66

0.74

0.77

0.64

0.84

±0.02

±0.01

±0.02

±0.02

±0.02

±0.02

±0.01

±0.02

±0.01

±0.01

29.1

29.4

31.5

38.6

25.8

39.2

29.1

13.8

32.9

10.8

±1.0

±0.9

±0.9

±0.9

±1.0

±1.2

±0.6

±0.3

±0.5

±0.4

Table 4.9 Order of solvation dynamics of cyclohexane around each α-helix.
Diffusion Residence
time
Fast
α10
α10
α8
α8
α5
α5
α1
α7
α7
α1
α2
α2
α3
α3
Slow
α9
α9

4.3.4 Relationship between Protein Dynamics and Non-aqueous Solvent Dynamics
of CALB Enzyme
In the presence of each solvent protein flexibilities were analyzed using rootmean-square fluctuations (RMSF). The overall RMSFs with each solvent are color-coded
according to solvation shell dynamics. Figure 4.4(a) shows the color-coded RMSF of
CALB enzyme in the presence of n-butanol. Alpha helices (except completely interior α4
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and α6 helices) with fast solvent dynamics (HBLT < 500 ps, diffusion coefficient > 0.290
x 10-5 cm2/s, residence time < 28 ps) are in green, and slow dynamics (HBLT > 500 ps,
diffusion coefficient < 0.290 x 10-5 cm2/s, residence time > 28 ps) coded in red. Figure
4.4(b) shows the color-coded RMSF in the presence of tert-butanol. Regions with fast
solvent dynamics (HBLT < 500 ps, diffusion coefficient > 0.170 x 10-5 cm2/s, residence
time < 35 ps) are in green and slow dynamics (HBLT > 500 ps, diffusion coefficient <
0.170 x 10-5 cm2/s, residence time > 35 ps) coded in red. Color-coded RMSF of CALB in
the presence of acetonitrile are shown in Figure 4.4(c) and green regions indicate fast
solvent dynamics (HBLT < 35 ps, diffusion coefficient > 0.150 x 10-5 cm2/s, residence
time < 40 ps), whereas red regions indicate slow dynamics (HBLT > 35 ps, diffusion
coefficient < 0.150 x 10-5 cm2/s, residence time > 40 ps). Figure 4.4(d) shows the colorcoded RMSF in the presence of cyclohexane. Regions with fast solvent dynamics
(diffusion coefficient > 0.75 x 10-5 cm2/s, residence time < 15 ps) are in green,
intermediate solvent dynamics (diffusion coefficient 0.65-0.75 x 10-5 cm2/s, residence
time 15-30 ps) are in yellow and slow dynamics (diffusion coefficient < 0.65 x 10-5
cm2/s, residence time > 30 ps) coded in red.
It can be seen from Figure 4.4(a), when focused on alpha helices, in the presence
of n-butanol, α10 and α2 regions show both high protein flexibilities and fast solvent
dynamics around them. Further it is observable that α8, α1 and α9, which are regions
with the least protein flexibilities in the presence of n-butanol according to RMSF, have
slow n-butanol solvent dynamics in the solvation shells around these regions. In contrast,
in the presence of water fast water dynamics were observed around α8 and α1 regions.
According to Figure 4.4(a), overall it can be observed that more flexible alpha helices
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have fast n-butanol solvent dynamics in the solvation shells around them, where as less
flexible alpha helices have fast n-butanol solvent dynamics in the solvation shells around
them.

(a)

(b)

(c)

(d)

Figure 4.4 RMSF averaged over all the ensembles, color-coded according to the solvent
dynamics in the presence of different solvents studied: (a) n-butanol, (b) tert-butanol, (c)
acetonitrile, and (d) cyclohexane. Green indicates fast dynamics, yellow indicates
intermediates dynamics, and red represents slow dynamics.

When CALB enzyme is considered in the presence of tert-butanol solvent, the
most prominent peak in the RMSF (Figure 4.4(b)) is α5, indicating the highest flexibility
in that region. Notable, fast solvent dynamics are observed in the tert-butanol solvation
shell around the α5 region. Meanwhile, the α1 and α9 regions, which have less flexibility
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according to RMSF, have slow tert-butanol solvent dynamics in the solvation shells
around them. However, the color-coded RMSF of CALB enzyme in the presence of tertbutanol solvent is unable to show a 1:1 relationship between protein flexibilities and
solvent dynamics.
It can be seen from Figure 4.4(c), in the presence of acetonitrile solvent, α5 and
α7 regions show both high protein flexibilities and α5 is the most prominent peak in the
RMSF, indicating the highest flexibility in that region. Fast solvent dynamics are
observed around both α5 and α7 regions. Further it is observable that α3 and α9, which
are regions with least protein flexibilities in the presence of acetonitrile according to
RMSF, have slow acetonitrile solvent dynamics in the solvation shells around them.
Next, When CALB enzyme is considered in the presence of cyclohexane nonpolar solvent, the most prominent peak in the RMSF (Figure 4.4(d)) is α10, indicating the
highest flexibility in that region, and fast solvent dynamics are observed in the
cyclohexane solvation shell around α10 region. Likewise, the α3 and α9 regions, which
have less flexibility according to RMSF, have slow cyclohexane solvent dynamics in the
solvation shells around them.
4.4 Discussion
Enzyme structure and flexibility are two important determinants of enzyme
catalytic activity. Therefore, CALB enzyme flexibility was analyzed using RMSD and
RMSF in non-aqueous solvents used in this study. The average RMSD values in the
presence of all the solvents used are less than 0.14 nm, indicating that the structures are
stable in those solvents throughout the simulation time. According to both RMSD and
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RMSF results, it can be stated that CALB enzyme shows different flexibilities in the
presence of different solvents.
Further, according to both RMSD and RMSF results, it can is observable that in
the presence of both alcohols studied, CALB shows a similar quantity of flexibility. And
one can expect that in the presence of alcohols protein flexibilities will be same. But if
we compare the RMSF in the presence of n-butanol and tert-butanol, it is clear that the
regions of the protein that show flexibility are different, indicating that the steric effects
of solvents may have effects on protein flexibilities, since the accessibility to protein
regions by solvents can be affected.
Also, both the RMSD and RMSF results show that in the presence of acetonitrile
and cyclohexane, the CALB enzyme has higher flexibility than with n-butanol and tertbutanol. Li et al. stated that as non-aqueous solvent polarity decreases, the average
RMSD of protein backbone atoms increases.39 But according to our results acetonitrile
was an exception. This may be due to the small size and linearity of the acetonitrile
molecule will have different affects on protein flexibility than other polar solvents.
According to solvent accessible surface area, the results shown in Table 4.1
indicate that the hydrophobic surface areas of CALB in the presence of all the nonaqueous solvents studied and also in the presence of water are larger than that of the
crystal structure. Additionally, the hydrophilic surface area decreases with solvent
polarity. This is in accordance with the results by Li et al. in the study of CALB in the
presence of different solvents.39 In the presence of cyclohexane, the non-polar solvent
used in this study, the hydrophilic surface area decreases and hydrophobic surface area
increases. Li et al. mentioned that in the presence of non-polar solvents, some of the
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polar side chains, which are accessible to the solvents when it is in the crystal structure
form are buried in the interior of the protein whereas, non-polar side chains are exposed
more to the solvents. This scenario will result in a decrease in hydrophilic surface area
and increase in hydrophobic surface area. A notable fact from the solvent accessible
surface area results in Table 4.1 is that in the presence of acetonitrile, CALB has a very
similar total solvent accessible surface area as water. Also, in the presence of acetonitrile
has a higher hydrophobic surface area that is even higher than with non-polar
cyclohexane solvent.
The solvation layer dynamics at the CALB enzyme interface that are
characterized here are regional protein-solvent hydrogen bond lifetimes, solvation layer
residence times, and diffusion times of solvation shell solvent molecules around separate
alpha helices. The first fact that is notable is the difference of magnitude of solvent
dynamics depending on the solvent. Further, it can be seen that the order of regions
which have fast to slow solvent dynamics are different from solvent to solvent.
Especially, in the presence of non-aqueous solvents, the flexibility behavior of CALB
enzyme was different than with the water. According to chapter 3, in the presence of
water, the α5 helix, which opens and closes for substrate binding and release,24 and is the
key player in conformational changes,40 showed the highest flexibility. However, in the
presence of n-butanol, and also in the presence of cyclohexane the non-polar solvent used
in this chapter, the α5 helix does not exhibit high flexibility. In the presence of tertbutanol and acetonitrile solvent, the α5 helix shows the highest flexibility. If we focus on
the acetonitrile results, from Figure 4.3 it is observable that in addition to the similarity of
α5 having the highest flexibility, in the presence of acetonitrile, CALB enzyme shows
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similar flexibility as with water, since the RMSF of CALB enzyme in the presence of
acetonitrile is similar to the aqueous protein (Figure 4.3 (c)). As mentioned before,
acetonitrile was an exception for the trend of the average RMSD of protein backbone
atoms increasing as non-aqueous solvent polarity decreases.
The relationship between protein flexibility and non-aqueous solvent dynamics
are studied by analyzing the overall RMSFs with each solvent, which are color-coded
according to solvation shell dynamics (Figures 4.4 (a)-(d)). Even though, a perfect 1:1
relationship between protein flexibility and non-aqueous solvent dynamics is not
observed according to the color-coded RMSF graphs, a trend of high flexibility regions
having fast solvent dynamics around them and less flexible regions having slow solvent
dynamics around them is observed in the presence of each studied solvent. In the
presence of n-butanol, the α10 and α2 regions show both high protein flexibilities and
fast solvent dynamics around them, whereas α8, α1 and α9 regions show both least
protein flexibilities and slow solvent dynamics around them. In the presence of tertbutanol solvent, both the highest flexibility and fastest solvent dynamics are observed in
the α5 region, while the α1 and α9 regions show both less flexibility and slow solvent
dynamics around them. But in the presence tert-butanol, a good correlation between
protein flexibilities and solvent dynamics were not observed. This may be a solvent
packing issue due to steric effects. In the presence of acetonitrile, the α5 and α7 regions
show both high protein flexibilities and fast solvent dynamics around them, whereas the
α3 and α9 regions show both the least protein flexibilities and slowest solvent dynamics
around them. In the presence of cyclohexane solvent, both highest flexibility and fast
solvent dynamics are observed in the α10 region, while the α3 and α9 regions show both

126

less flexibility and slow solvent dynamics around them. Overall, it can be stated that there
is a relationship between protein flexibilities and solvent dynamics and this relationship
depends on the solvent.
4.5 Conclusions
From the protein RMSF and solvent dynamics results of the present study, it can
be stated that heterogeneity of the both local solvent dynamics and local protein
flexibilities vary from solvent to solvent. It was observable that local solvent dynamics
have affects on the local protein flexibilities and further these effects depends on the
solvent. It was seen that in the presence of tert-butanol, both the solvent dynamics and
protein dynamics were different than with the n-butanol. Further, in the presence of
acetonitrile solvent, both solvent dynamics and protein flexibilities have a very similar
behavior as with water. Overall, it appears that local solvent dynamics have effects on the
local protein flexibilities, and these effects depend on the solvent. Further, it can be stated
that this effect does not depend solely on solvent polarity and it can depend on the solvent
structure such as geometry and steric affects, too.
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CHAPTER 5
OVERALL CONCLUSION

5.1 Summary
Understanding the relationship between local solvent dynamics and local protein
dynamics will improve applications of proteins in solvents and also provide key data for
rational design of solvent systems. The main focus of this dissertation is characterization
of local heterogeneous solvation shell dynamics around CALB enzyme. Analysis relates
these solvation shell dynamics to solvent structure, enzyme structure and enzyme
dynamics. In this study, solvent dynamics were divided into two main categories: as
hydration layer dynamics and non-aqueous solvation layer dynamics.
Chapter 2 was focused on the hydration layer dynamics around CALB enzyme,
and heterogeneous hydration layer dynamics were observed at the CALB enzyme
interface. Protein structure modulates the local water structure, and these changes in local
water structure give rise to heterogeneous local water dynamics. Further, the surface
curvature and surface hydrophobicity modulate local water dynamics. Therefore, it can
be concluded that local water dynamics are affected by the protein structure directly
through chemical heterogeneity and topological/geometrical heterogeneity of the protein
structure. It was observed that local water dynamics are more highly influenced by
topological heterogeneity than from the chemical heterogeneity of the protein structure. A
relationship between local water structure and local water dynamics was built using
Rosenfeld scaling of entropy-diffusion, which has been used previously to describe bulk
water and other liquids. Validity of Rosenfeld scaling was discovered for waters in local
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hydration shells. A relationship between local water dynamics and protein dynamics was
observed. In summary, it can be stated that protein structure influences protein dynamics
by modulating the local solvent structure and providing regions with faster and slower
moving waters.
The next approach was to study the non-aqueous solvent dynamics around CALB
enzyme. In the simulations of enzymes in organic solvents, researchers want to control
the number of waters in simulations, but it is not clear how to initialize the system with
the desired amount of water. Therefore, Chapter 3 was focused on answering which
crystallographic waters should be kept for non-aqueous and mixed aqueous organic
solutions. It was concluded that that buried and slow-diffusing waters should be the ones
retained when initializing simulations, in order to achieve the fastest equilibrating protein
structure. Thus, 2 methods were recommended: (1) keeping buried waters, which are
usually identified in rough analysis of experimental data; (2) running a 5-10 ns trajectory,
with all crystallographic waters retained in the desired solvent, to identify slow-diffusing
waters, and then retaining slowest waters for further simulation in organic solvent.
Analysis of conformational sampling revealed that keeping buried and slow-diffusing
crystallographic waters leads to divergent conformational sampling.
Next, non-aqueous solvent dynamics around CALB enzyme were studied using
the protocol of keeping buried crystallographic water in the simulations as mentioned in
Chapter 4. CALB enzyme was studied with four different organic solvents: acetonitrile,
n-butanol, tert-butanol, and cyclohexane. It was observable that heterogeneity of the both
local solvent dynamics and local protein flexibilities vary from solvent to solvent.
Further, it was seen that local solvent dynamics have effects on the local protein
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flexibilities and these effects depends on the solvent. Overall, it can be stated that local
solvent dynamics have effects on the local protein flexibilities, and these effects depend
on the solvent. Further, it appears that these effects depend not only on solvent polarity
but also on some other properties of solvents such as geometry and steric affects.
5.2 Future Work
In order to construct the relationship between protein dynamics and solvent
dynamics, obtaining a statistical assessment of conformational dynamics is important. For
this purpose, Markov Sate Models (MSMs), which produce an output of statistical
conformational dynamics of biomolecules using MD simulation trajectories, is proposed
to be used. Further, side chain flexibilities and solvent dynamics relationship will be
analyzed by discovering the effects of formation of water dimers and water hydrogen
bonding with 1-4 neighboring amino acids. Future work on non-aqueous solvent
dynamics around CALB enzyme will examine the relationship between solvent density
and solvent dynamics.
In addition to these, effects of temperature on enzyme dynamics and solvent
dynamics will be discovered by analyzing trajectories produced from MD simulations of
CALB enzyme under various temperatures.
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