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ABSTRACT

The structure of liquid water and adsorbed leucine at solid surfaces of tunable hydropho-
bicity has been examined by molecular dynamics simulation. The results have been used
to extend models of water ordering at superhydrophobic surfaces to create a general model
of density-dependent ordering of water and adsorbates at hydfophobic interfaces. In this
model, interfacial water structures can be classified according to two hydrophobic regimes,
a non-wetting structure and a semi-wetting structure, distinguished by the orientation of
interfacial water molecules. We propose that the emergence of the wetting-type order is
strongly dependent on the density profile across the interfacial region. Leucine adsorbed at
the same surfaces also shows two patterns of adsorption, distinguished by the proportion of
time the molecule adopts an orientation parallel to the surface. These patterns correspond to
the non-wetting and semi-wetting regimes of water and also arise from the density structure

of water in the interfacial region.
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Chapter 1

Introduction

1.1 Water Structure at Solid Surfaces

The equilibrium structure of water near solid interfaces is of interest for several reasons.
First, as water is the most important and most widely studied solvent in existence, studies
of its behaviour are naturally intriguing. Second, solvents in general [1, 2] and water in
particular [3, 4] are increasingly seen as important factors in the adsorption of solutes on
solid surfaces (Figure 1.1. More than other solvents, water has the potential to be an active
agent in adsorption of solutes because of the strong interactions between water molecules,
which give rise to the hydrophobic effect [5] and hydration forces, as are depicted in Figure
1.2. The effect of adsorbates in disrupting water-water interactions at the interface may be
as important to adsorption as the formation of water-solute solvation interactions or the
interactive force between surface and solute. It is impossible to gauge the effect of this
disruption without understanding the structure of water in the absence of any solute. Strong
ordering may repel an incoming solute, or a solute may adsorb to a surface indirectly, by
interacting with one or more layers of highly-ordered water at the interface.

Interfacial chemistry in general has only begun to yield to analysis in recent decades,
and experiment remains limited in several crucial respects. The central difficulty in
studying interfacial chemistry is that although the interfacial region may be responsible
for much of the chemical and physical properties of a system, it represents only a tiny

fraction of the system itself. Interfacial signals tend to be overwhelmed by signals from
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Figure 1.1: Adsorption of a solute is governed by the interactions of (a) solute and surface,
(b) solute and solvent (through solvation at the surface), and (c) surface and solvent
(through effects such as hydrophobic attraction and hydration repulsion)

A. Hydrophobic Attraction

?f&%_’ t%"?v

B. Hydration Repulsion
uﬁ% —®

Figure 1.2: Interaction between surface and solvent is important in controlling adsorption
of a solute. Weak surface-solvent interactions will favor solute adsorption (hydrophobic
attraction), while strong surface-solvent interactions will tend to repel incoming solute
(hydration repulstion).




the bulk [6]. Over the past few decades a handful of techniques have emerged which can at
least in part overcome this limitation, and have proven especially useful for characterizating
water structure at solid surfaces: X-ray diffractipn [7], neutron scattering [8], surface
enhanced Raman spectroscopy [9], and even-order nonlinear techniques such as second-
harmonic [10-12] and sum-frequency generation (SFG) [6, 13—17] spectroscopy.

These techniques have achieved some success, but current experiment has two crucial
limitations which can be addressed by simulation work. First, experiments provide only
very coarse resolution of the interfacial water structure. Any interface-specific method will
necessarily pick up signals from regions across the interface, both immediately adjacent to
the surface and farther away from it. These regions may be ordered in very different ways,
and there is no method of distinguishing signals from different parts of the interface.

Signals will also be returned from different parts of the surface; a completely isotropic
surface is a practical impossibility, and surface features or different faces of a surface can
order water in different ways. Experimental techniques will capture signals from a broad
region of the non-isotropic surface. The result is a throroughly blended signal obtained
from what are effectively many different surface environments.

In addition, the results of experiment require judgment and interpretation which can be
open to debate. Questions as simple as what groups are involved in adsorption of an amino
acid can have several possible answers [18].

In contrast to experiment, molecular dynamics simulations can provide pictures of
the interface which are complete to atomic and picosecond detail. They also provide
information which does not require interpretation; the structure of water in an MD
simulation needs only to be analyzed and explained. Computers can never replace
laboratories. However, because they are complete and unambiguous, simulations can
provide a valuable tool in explaining the results of experiments. They can also illuminate
phenomena which have not yet been observed, providing direction and impetus for future

experiments.



1.1.1 A Note Regarding Terminology

The terms ’hydrophobic,” “hydrophilic’, *wetting’, and "nonwetting’ have been used with
different exact definitions in the past. In the current paper, we use “hydrophobic’ to connote
a non-polar surface, and ’hydrophilic’ to mean a polar one. The theoretical surfaces we
studied were all nonpolar, and thus are ‘consistently refered to as ’hydrophobic’, while
surfaces in related experiments may be termed either "hydrophobic’ or *hydrophilic.” We
avoid defining surfaces as either strictly *wetting’ or ’nonwetting,’ although the cutoff
between these is usually considered to be at a contact angle of 90°. Instead, we refer to
surfaces’ wettability relative to one another; our *nonwetting’ surfaces are simply those we

measured with the highest contact angles.

1.2 Amino Acid Adsorption at Solid Surfaces

Amino acids are arguably the most important biological molecules in existence. They are
the monomeric units of proteins, which perform almost all of the catalytic [19, 20] and
many of the structural functions [21,22] of cells, as well as playing a crucial role in the
immune system as the primary components of antibodies [23].

Despite their diverse functions within proteins, amino acids themselves are quite
simple. As their name implies, each consists of an amine group and a carboxylic acid
group, joined by a single carbon atom. In nineteen of the twenty common amino acids, the
central carbon is chiral, possessing an organic side chain which gives each amino acid its
distinct chemical properties. Proteins and polypeptides are extended sequences of amino
acids joined by special amide bonds called peptide bonds which form between the amine
and carboxyl groups of amino acids by dehydration reaction. In the absence of a peptide
bond, all amino acids will exist at some pH as a zwitterion, with positive and negative
formal charges in their structure but an overall charge of zero. A non-basic, non-acidic
amino acid will be zwitterionic at pH values around 7, with its protonated amine carrying

a positive charge and its deprotonated carboxyl carrying a negative charge.
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Figure 1.3: Alanine has a methyl group as a side chain and is the simplest amino acid to
possess chirality. Virtually all chiral amino acids exist in the L-conformation depicted here.

Many of the properties of proteins can be inferred from the sequence of their individual
amino acids [24,25]. Amino acids with similar side chains tend to exhibit similar properties
and often have a similar effect on overall protein function. For this reason, amino acids are
grouped into several categories depending on their side chain identity. Basic and acidic
amino acids have additional amine or carboxyl groups on their side chains, and are often
charged at pH values near neutrality. Polar amino acids have alcohol or amide groups and
are hydrophilic. Nonpolar amino acids have aromatic or aliphatic hydrocarbon side chains.
A few other amino acids have unique properties, such as cysteine and tryptophan, and
tend to be involved in highly specific interactions, such as the formation of sulfide bonds
between cysteine units to link different regions of a protein together.

Nonpolar amino acids are the major constituents of most proteins, making up more than
70% of amino acids in modern proteins [26]. Because of their hydrophobic properties, they
are often found in the interiors of proteins in aqueous solution, shielded from interactions
with water.

All twenty of the most-common amino acids are required for survival in human beings.
Seven of these are generally considered ‘indispensable’ since they cannot be synthesized
by human metabolism and must be ingested. The other thirteen amino acids can be

considered ‘conditionally indispensable’, since their rates of synthesis are limited by supply



of precursors and natural processes; a diet severely deficient in any of the animo acids is
likely to have negative health consequences [27]. Given this, it is not surprising that the
largest commercial uses of amino acids involve their consumption as food, as flavouring
agents and as an additive to feed stock [28]. Depending on the amino acid desired and its
application, there are a variety of methods of synthesizing amino acids or extracting them
from natural products. Regardless of their origin, however, all amino acid sources require
separation techniques to obtain a desired product in significant purity [29]. This has lead to
a signficant body of literature regarding chromatography of amino acids [30-35]. The rapid
and efficient separation of amino acids remains a major goal of industrial chemistry in this
field. Future applications of chormatographic technology may include the binding of amino
and carboxyl groups to columns for separatory [36] or biofunctional [37] purposes. Proteins
adsorbed on stationary hydrophobic phases have been found to be kinetically stable and
resistant to displacement by other proteins [38], raising the possibility of rapidly pretreating
columns for a variety of functions.

Some natural phenomenon involve the same principles as chromatography, such as
the partitioning of organic waste to soil particles [39], or desired amino acid products to
adsorbents [40] and these are of interest to those who study amino acid adsorption as well.

The chirality of all amino acids (except glycine, which has a hydrogen atom for a
side chain) is an important feature. Virtually all amino acids in biological systems are
of the L-conformation [26,41] (S absolute conformation) depicted in Figure 1.3, although
there are rare examples of naturally expressed D-amino acids [42]. Since both absolute
conformations are of equal stability and are formed in equal amounts under normal
conditions from non-chiral starting materials, the origin of this imbalance is a subject of
considerable interest, and probably arose early in or even before the origin of life [43].

In hypotheses about the origin of amino acid chirality, adsorption on solid surfaces
-often plays a major role [26,41,43]. According to these models, differential adsorption of

enantiomers of some amino acids may have lead to the initial discrepancy between L- and



R- amino acids which persists in a much more extreme form to this day. The theory of
clay adsorption is most popular among the ‘concentrating’ theories [43], which hold that
life arose in a microenvironment in which the materials of life, such as amino acids, were
concentrated relative to the surrounding dilute prebiotic solution. One major advantage clay
-adsorption has over competing ‘concentrating’ models such as those centered on micelle
microenvironments is that certain clay surfaces have shown catalytic activity including
peptide bond formation [44].

Zaia [26] noted that most experiments which tested differential adsorption of amino
acids on solid surfaces were conducted with polar surfaces that preferentially adsorbed
positively or negatively charged amino acids, leading to a large concentration of these
amino acids. Almost three-quarters of amino acids in modern proteins, however, are not
only uncharged but nonpolar as well [45]. If the current proportions of amino acids reflect
historic ratios, the first chirally-selected amino acids were probably nonpolar, and possibly
adsorbed to a nonpolar surface.

The adsorption of proteins, polypeptides, and amino acids on solid surfaces is of
interest for other reasons as well. It is now understood that biofilm formation within living
systems (for example, on surgical implants such as pacemakers) and outside of them (on
sanitized surfaces, where biofilms show resistance to sanitizers), usually begins with the
adsorption of a layer of nonliving material, including proteins [18,46]. This provides a
point where body cells or microbes can adhere. Later, these adsorbed materials can provide
a ready supply of nutrients, aiding the process of colonization. In the case of implants,
adsorption of amino acids and peptides may reduce visibility to the immune system and
thus improve biocompatibility. A recent study [18] suggested that the unusual ability of
titanimum dioxide among the metal oxides to adsorb amino acids in solution was related
to its excellent biocompatibility. Formation of external biofilms, on the other hand can be
a sanitary hazard as they often confer antibiotic resistance on their resident microbes [47].

Although many of these phenomena involve proteins, the philosophy of the current



study is that isolating single-amino acid effects from phenomena associated with larger
peptide behavior (such as hindered rotation about peptide bonds) may provide insight into
the causes of protein behaviour. It may even be possbible to build a ’predictive’ model of
polypeptide behaviour at interfaces based on amino acid sequence, and recently an attempt

has been made at this [25].

1.3 Equilibrium Molecular Dynamics Simulations

Molecular mechanics (MM) are a series of techniques which use sets of empirically-
derived equations to model physical forces in microscopic systems. They include various
energy-minimization and Monte Carlo schemes, and the very specific method of molecular
dynamics (MD), which is the primary tool of investigation in the current study. In an MD
experiment, Newton’s equations of motion are employed to simulate physical phenomena
on a scale too small to be observed directly. Because it is impossible to analytically solve
the trajectory of a system of more than two interacting particles [48], the system is solved
iteratively. At each step, forces between all interacting particles are determined, pair-by-
pair, using molecular mechanics equations. The system is then allowed to evolve for a very
short period of time before forces are again calculated.

Because only Newtonian physics is explicitly used in molecular dynamics, such a
simulation cannot be used to model inherently quantum-mechanical phenomena such as
bonding and chemical reactions. However, the behaviour of many systems in physical
chemistry is essentially non-quantum, and the simplicity of the molecular dynamics
approach allows for the simulation of systems many times the size of those which can
be approached through simulation methods based on quantum mechanics. Molecular
dynamics is almost unique in allowing for the explicit simulation of systems through time,
although there also exist hybrid methods combining ’classic’ molecular dynamics with
quantum chemical methods [49, 50].

Although the equations of motion used by molecular dynamics are fundamentally
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Figure 1.4: The simulated Lennard-Jones potential between two Ar atoms is very close
to the experimental van der Waals potential. Force functions and parameters are chosen
in molecular dynamics simulations to best reproduce experimental results. Adapted from
Ref. 52, image retrieved from Ref. 53.

macroscopic in nature, the forces which they require as input often depend on quantum-
mechanical properties (i.e. van der Waals forces). To bridge these disparate worlds, MD
uses force fields, the sets of equations and parameters which are the basis of molecular
mechanics. For example the Lennard-Jones equation is used to simulate van der Waals

forces in many force fields.

- 12 o\6
Uvaw = 4€ij (T—) - (7) (1.1)
iJ ij

60" 120\
Fyaw = 4ey5 (-) — <—) (1.2)
’I"i]' rij

In this equation r is the distance between two interacting particles, and o and ¢ are
parameters which depend on the identities of the particles. Both the equations and
their parameters are part of a force field which is used to model the interactions of a
molecular dynamics system. Force fields are typically created to reproduce a certain set of
phenomena, such as free energy of solvation or freezing/melting points, and their equations
and parameters are chosen to reproduce those properties (Figure 1.4. Most researchers use

a force field derived by others, choosing one that was created for, or has been shown to work
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well with, their system and phenomena of interest. This flexibility is both a fundamental
strength and weakness of molecular dynamics. Force fields can be tailored to reproduce any
desired property, but over-managing leads to facile results (the force field was tuned until
the desired results were produced). Thus, discipline in choosing and staying with a force
field is important in molecular dynamics studies, as is clearly explaining and sometimes
justifying all the choices made in the simulation [51].

Molecular dynamics is most often used to study evolving, directional processes such as
protein docking, but it can also be used to model systems in dynamic equilibrium. In these
systems, bulk properties such as density are constant or almost-constant in time, and the
object of study is to evaluate these equilibrium properties.

Equilibrium molecular dynamics simulations have two major requirements. First,the
system under investigaion must be well-equilibrated before data collection begins. Second,
the simulation must be run long enough or on a large enough scale to. ensure adequate
statistics are obtained to draw conclusions from. Equilibration is accomplished by evolving
the system until all dynamic properties become constant with time. Typically, equilibration
is preceeded by one or more energy minimizations, in which the particles of the simulation
are moved toward a minimum starting potential energy. Minimizations move system toward
reasonable initial forces, and purge the system of excess potential energy. This potential
energy will otherwise typically become kinetic energy once the dynamics begin, leading
to a spontaneous heating which can delay proper equilibration. The overall scheme for an
equilibrium MD simulation is illustrated in Figure 1.5.

Equilibrium properties should be nearly constant across the system and through time.
To evaluate any equilibrium property, such as the average distance between neighbouring
water molecules in a simulation, it is necessary to have a breadth of measurements across
time and space. In the example of water molecule distances, more measurements and a
more accurate average could be obtained by increasing the number of water molecules in

the simulation (leading to more measurements per timestep) or increasing the length of the
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Figure 1.5: The general scheme for an equilibrium molecular dynamics simulation requires
that an equilibration period precede any data collection, to ensure that the properties under
investigation have stopped evolving dynamically. Most equilibrium MD simulations also
require the collection of a large amount of data, since any equilibrium property will oscillate
around its equilibrium value to some extent.

simulation (leading to more timesteps sampled). It is possible to increase the number of
measurements without increasing their statistical relevance, however. Chiefly, this happens
when timesteps very near to one another are sampled. These will carry much of the same
information, and will not improve statistical sampling.

The only way to ensure better statistics are collected is to increase the size of the system
or the length of the simulation. Effective equilibrium molecular dynamics simulation

depends on balancing computational efficiency with the needs of the experiment [51].
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Chapter 2
Methods

2.1 SPC/E and OPLS-AA/L Force Fields

Simple point charge (SPC) water was developed as a computationally-efficient model [54]
which could reproduce bulk water density and heat of vapourization. Unlike more complex
water models which distribute charge both over the atoms and one or more surrounding
points in space, such as TIP4P [55] and TIP5P [56], SPC has charges centered only
-on the atoms of water, with partial positive charges of +0.41 centered on the hydrogens
and a negative partial charge of -0.82 centered on the oxygen atom. All Lennard-Jones
interactions are carried by the oxygen atom. Unlike most three-point water models, the
bond angle of SPC water is perfectly tetrahedral (109.5°), instead of the angle suggested
by experiment (104.5°).
One major weakness of SPC is that it cannot simulate the polarizability of water. SPC/E
18 a re-parameterization of the original SPC model [57] which attempts to account for this
difference by increasing the charges on all atoms of the SPC water molecule, to +0.4238
for the hydrogen atoms and —0.8476 for the oxygen atom. The Lennard-Jones interaction
parameters are unchanged from the SPC model. SPC/E has had success in replicating
several water properties which were poorly accounted for by the original model, namely
rates of diffusion in water [57]. ‘
We chose SPC/E as our model for water in this project because of its simplicity and

computational efficiency, and because it was a common choice in the recent history of this
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field [58,59].

Optimized potentials for liquid simulations (OPLS) is a force field which was derived
for use in simulating amino acids, peptides, and proteins [60]. It was parameterized by
attempting to replicate the properties of bulk liquids which had similar functionalities as
protein functional groups (i.e. ethanamine for amines-containing side-chains, and ethanol
for alcohol-containing side chains).

Whereas the original OPLS was a united-atom force field, treating methyl and
methylene groups as single entities, OPLS-AA/L is more recent all-atom version [61].
We chose OPLS-AA/L, with modifications (see Section 2.5, below), to simulate the
intramolecular interactions within leucine and the intermolecular interactions between
water and leucine for several reasons. First, the force field was derived to simulate a
wide variety of peptide interactions; since the leucine zwitterion contains both charged
regions and nonpolar regions, we wanted a force field versatile enough to simulate all of its
components. Second, OPLS-AA/L has been shown to be compatible with the water model

used in our simulations, SPC/E [60, 61].

2.2 Steele Potential and Simulation of Solid Surfaces

Solid surfaces can be simulated explicitly (with planes of bonded atoms), or with
various implicit models that use functions to simulate the effect of a wall with van der
Waals interactions. Explicit models have the ability to model the effects of surface
structure and specific surface-solute interactions. Implicit models have the advantage of
computational efficiency, and can be effective in simulating surfaces without needing to
consider microscopic details like roughness. In effect, implicit wall functions allow for
the examination of a wall’s chemistry without the complicated or obscuring effect of its
structure. In addition, because implicit walls are based on simple equations, they can be
quickly and easily tuned to reflect surfaces with a wide variety of chemical properties.

For comparison with experiment, particularly vibrational sum-frequency generation
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(SFG) spectroscopy, we judged a potential function to be superior to an explicit wall. An
experimental surface will by necessity cover a very large area relative to the scale of a
molecular dynamics simulation. For example, the smallest area which can be analysed
with a sum frequency generation spectroscopy experiment is on the scale of 200 microns?.
The resulting signal will be influenced by many surface features and possibly several
different planes of the surface. Only water-influencing effects which are similar at all
or most surface features will be evident in the experimental spectrum. We judged these
i’constant’ features to be equivalent to a simple potential well - in other words, regardles of
the exact structure of the surface at any given point, it will present some form of potential
well to an incoming particle. The implicit function approach allows for the simulation of
this "universal’ surface, which should resemble experimental results which ’average’ over
many individual surface features.

The surfaces used in this simulation were based on the Steele 10-4 potential, a wall
model which assumes an uncharged, nonpolar surface, and integrates the Lennard-Jones

potential of equation 1.1 over a two-dimensional surface.

2 so0\ 10 o\ 4
U(z) = 2mo’ [g (;) - (;) ] 2.1)

where o describes the distance from the surface at which the potential crosses zero, and
e accounts for the depth of the well. We have fixed o at 3 A, and have explored values of ¢
ranging from 0.55-5.5 kJ-mol~!. The surface-oxygen interaction potentials corresponding
to our choice of € values (Table 1) are shown in Figure 2.1, labeled according to the water
contact angles described in Section 3.2.

The idea that wetting ability could be fine-tuned by altering the value of & associated
with the wall was supported by contact-angle measurements (Section 2.4). The contact

angle was found to be approximately linearly dependent on €, as can be seen in Figure 2.2.

This allowed for predictable and precise tuning of surface wetting ability.
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e/KJmol " z;/A zcom/A 0./° 6. surface area/A?

0.550 222 19.0 156 64 x 64
1.10 2.38 18.3 151 64 x 64
1.93 241 15.7 134 64 x 64
2.75 2.53 14.4 125 64 x 64
4.13 2.59 11.0 101 96 x 96
5.50 2.66 9.10 84 96 x 96

Table 2.1: Steele potential £ values for the surface-water interaction, width of depletion
zone z,4, corrected droplet center of mass zcoy, contact angles 6., and surface area used for
contact angle determination.
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Figure 2.1: Potential energy as a function of the water oxygen-surface separation, labelled
according to water contact angles.
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Figure 2.2: Contact angle for a given surface shows approximately linear dependence on
the value of € chosen for that surface, allowing for smooth control of surface wettability.

2.3 Simulation of Bulk Water at a Solid Interface

Simulations were performed with the GROMACS package [62], using the Verlet leap-frog
integrator for equilibrations and runs. The system initially consisted of 3885 SPC/E water
molecules which had undergone steepest-descent minimization and equilibration for 200
ps, in a cell of dimensions 42 x 42 x 70 A3. Steele 10-4 potential walls were placed at z = 0
A and z = 70 A. Van der Waals forces were cut-off at a radius of 10 A, while electrostatic
interactions were handled With a particle-mesh Ewald (PME) summation method at long
range. This method splits the electrostatic interactions of an atom into two categories.
Short-range interactions are calculated using Coulomb’s equation in real spacé; for these
simulations, the short-range interactions were defined as being up to a distance of 10 A.
Long-range interactions are calculated by summing the interactions between a particle
and all nieghbouring periodic cells, taking advantage of the periodic conditions of the
simulation. This sum converges in reciprocal space, making it solvable. The PME method
approximates atomic positions at long range as being oh a repeating grid (the “mesh”), a

simplification which improves computational efficiency by a large degree [51].

16



Each system was energy-minimized three times, using a steepest-descent method with
step sizes of 0.01 A, 0.05 A, and 0.1 A, respectively. The small initial step sizes helped ease
the system out of starting high-energy conformations. After minimization, each system
was equilibrated for 200 ps, with a step size of 1 fs. At the beginning of equilibration,
velocities were randomly generated and assigned to the water molecules to achieve a net
system temperature of 300 K. During equilibration and data collection, this temperature
was maintained by coupling to a Berendsen thermostat [63]. Pressure was maintained at
1.01325 bar by coupling to a Berendsen bariostat [64] and allowing the box dimensions
to change in the x- and y- dimensions only, since the system was isotropic over these
dimensions. We have chosen a very large z dimension of 70 A in order to have sufficient
‘bulk-like” water, relatively unperturbed by the surfaces, to allow the pressure coupling to
achieve a proper bulk density near 1 kg/m®. We found that using pressure coupling with
smaller boxes along the z dimension resulted in a *bulk’ density of less than 1.0 g/mL near
the middle of the box, and attributed this to an inability of the pressure coupling scheme
to properly account for the pressure exerted by water at the interface. As the z dimension
of the simulation cell increased, the interface became proportionally less of the cell, and
pressure coupling became more accurate. A 70 A-deep box was able to reproduce a proper
bulk density. Typically, pressure coupling during equilibration resulted in a change in the
volume of the cell by approximately 5%.

Runs were conducted under the same conditions as equilibration, except that pressure
coupling was disabled under the assumption that a well-equilibrated system will have little
change in pressure over time. Figure 2.4 shows the change in box dimensions as a function
of time for the 134° contact angle system, and shows that they had reached equilibrium
values well before the end of equilibration. The positions of all atoms in the simulation
were recorded every 50 fs. Runs proceeded for 10 ns, producing a total of 200 000 frames
for analysis. Such a large data set was necessary in order to collect statistics for water

species very close to the surface with sufficient resolution for systems where the density in
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Figure 2.3: A snapshot of a bulk water system of dimensions 42 x 42 x 70 A® containing
3840 water molecules prior to equilibration. Steele potential walls are located at z= 0 Aand
z=70A.
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Figure 2.4: Variation of box coordinates due to pressure coupling in the z— and y—
dimensions during the first 100 ps of equilibration. The dimensions reach equilibrium
values within the first few picoseconds of equilibration.

that region was low.

Since there were two solid-liquid interfaces in each system, near z = 0 A and z = 70 A,
a simple transformation was applied during analysis to superimpose the two interfaces.
This transformation was a reflection of each atom in the simulation above z = 35 Aover
the midpoint of the box. Due to the two-dimensional symmetry of water molecules, this

rendered the two interfaces equivalent in analysis, effectively doubling our sample size.

2.4 Simulation of a Water Droplet at a Solid Interface

Simulations used to calculate the contact angles of surfaces (see Section 3.2) were similar
in design to those of bulk water at an interface. The major difference was that instead
of packing the system boundaries with water, a signficant gap between the water and cell
borders was left in the x, y, and z dimensions. A rectangular block of 1070 water molecules
covering 32 x 32 x 32 A3, equilibrated under bulk conditions, was placed in the lower-left
corner of each system. The boundaries of the system varied somewhat, but were always at

least twice the dimensions of the original block of water.
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Since Ewald summation methods require summation of the entire periodic cell at long
range, they are more efficient in smaller boxes. Thus, we chose our box dimensions to be
as small as possible. More-wetting surfaces required greater box dimensions because they
encouraged the droplet to spread out during simulation, increasing the chance of one part
of the droplet interacting with another across the periodic boundary conditions.

Other conditions of the previous runs, including minimization and equilibration steps,
were replicated exactly since the goal was to calculate contact angles for those exact
systems. The 200 ps period of equilibration was found to be adequate to allow the block of

water atoms to adopt its equilibrium droplet shape.

2.5 Simulation of a Solvated Amino Acid at a Solid Sur-
face

Where possible, the methods used to simulate pure water structure at a solid interface were
repeated in simulating a solvated amino acid at the same interface. Again, simulations were
performed with the GROMACS MD package. Systems consisted of 3840 SPC/E water
molecules and a single zwitterionic leucine molecule, since the zwitterion predominates in
solution and is most likely to be involved in adsorption under these conditions [43]. The
simulation cell had initial dimensions of 42 x 42 x 70 A%. Steele 10-4 potential walls
were placed at z = 0 A and z = 70 A. Van der Waals forces were cut-off at a radius of 9
A, while electrostatic interactions were handled using the PME method with a short-range
cutoff of 9 A. As in the water-surface simulations, the Steele potential walls were tuned to
produce surfaces of varying wetting ability. The walls used corresponded to those in the
water-surface systems, with associated contact angles of 156°, 151°, 134°, 125°, 101° and
84°.

Intra-protein interactions and protein-water interactions were handled using the OPLS-
AA/L force field, with slight modifications. Harmonic terms in the potential energy

function arising from dihedral positions within the protein were removed since analysis of
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the conformation of leucine in the bulk and upon adsorption was of interest. Bond rotation
in the amino acid was thus governed implicitly by other interactions (for example van der
Waals interactions between 1 - 4 atoms). Specially-parameterized 1 - 4 interactions within
the amino acid specified by the OPLS-AA/L force field were also removed, since without
the accompanying dihedral parameters, their parameterization was invalid. Instead, all 1 -
4 atoms in leucine were allowed to interact as if nonbonded.

The energy of each system was minimized three times, as in the previous study.
Following mimimization, to maximize computational efficiency, nine parallel simulations
of each system were run simultaneously on 8 processors each. Each simulation was
equilibrated separately for 200 ps with different random velocities assigned to each of its
atoms at start-up. Afterwards, each simulation was run for 10 ns with data collection. Since
each system contained identical components at equilibrium, and no dynamic properties
were analyzed, the 10 ns runs were combined to produce the equivalent of a 90 ns trajectory
of each system for analysis.

The step size in both equilibrations and runs was 1 fs. Temperature and pressure
were both coupled using Berendsen methods, temperature being maintained at 300 K
throughout both equilibrations and runs, and pressure being maintained at 1.01325 bar
during equilibration only. As in the case of the earlier study, box dimensions changed
little during equilibration, and had reached an equilibrium value after within the first 10 ps,
validating the decision to remove pressure coupling during the run itself.

To render the two interfaces in the simulation equilalent during analysis, the coordinates
of each atom above the midpoint of the box on the z axis were rotated 180° around the y-
axis. Selection criteria were used to select only frames in which the leucine molecule was
adsorbed on the surface for analysis, as is detailed in Section 4.2.

A simulation of the leucine molecule in bulk water, without any surfaces, was also
conducted for the purpose of evaluating whether enough statistics were collected for our

analysis. The orientation of leucine in bulk water appears in Figure 4.4 as a baseline’ to
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compare to the results of the other systems. The bulk water simulations were conducted
exactly as the surface simulations described above, except the system had only 2477 water

molecules in a cell of dimensions 42 x 42 x 42 A3.
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Chapter 3

Interfacial water structure at surfaces of
varying wettability

3.1 Background

In recent years, it has become clear that the physical and chemical properties of heteroge-
nous systems are often dependent on water molecules at the solid interféce [6,65].

Theoretical solid interface studies to date have examined the interaction between
water and structured polar [66—72] and nonpolar [58, 72, 73] surfaces. There have been
relatively few studies of water interacting with isotropic surfaces, yet such studies permit
investigation of water structure as a function of only the surface-water potential energy, and
can therefore be generalized to many surfaces.

Simulations to date have agreed on a few features of the water-solid interface. *Hard’
surfaces, those in which repulsive potential rises abruptly, lead to oscillations in density
which can extend well into the bulk even in the absence of any attraction between water and
surface, although any such attraction will tend to increase the magnitude of the oscillations
[74]. In contrast, ’soft’ surfaces, in which repulsive potential rises more slowly such as
at liquid-vapor or liquid-liquid interfaces, will have a sigmoidal increase in density as one
moves from the interface into the bulk [75].

The orientation of water molecules at a solid-liquid interface was first elucidated by Lee

and Rossky in 1984 [72] Their simulations indicated that water molecules immediately
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adjacent to the surface tend to project one hydrogen-bonding group toward that surface.
By sacrificing this bond, the molecules are able to preserve three other hydrogen-bonding
groups by pointing them into the bulk; the result is that interfacial molecules have on
average approximately three hydrogen bonds, instead of just two that would be predicted
if they maintained bulk structure at the interface. Most theoretical work has echoed these
results [73,76].

Our own experiments confirmed the density-related findings of previous experiments,
but revealed another type of water ordering which had only been partially described once
before [58], in a study of a somewhat more-wetting surface than Lee and Rossky’s, In
this structure, water molecules at the interface were tilted such that their symmetry axes
were nearly perpendicular to the surface. This structuring was rarely observed because
previous experiments with nonpolar surfaces only described very non-wetting interfaces;
when wetting surfaces were simulated, they were polar and structured. Although it is true
that most natural wetting surfaces are polar, the hydrophobic surfaces utilized in studies
such as Lee and Rossky’s were extremely pon—wetting, possessing a contact angle of more
than 150° by our calculation. There are many nonpolar sﬁrfaées which are more-wetting
than this; we refer to these as ‘semi-wetting’ surfaces.

Our current study provides an explanation for both sets of observations in the literature,
based on the existence of two water structure regimes, non-wetting and semi-wetting. We
propose that the crossover between these regimes occurs when a surface has a contact angle
around 130°. We also examine the implications of the existence of the semi-wetting regime
to experimental studies, particularly SFG experiments indicating the lack of a coupled

hydrogen bond at wetting surfaces.

3.2 Contact Angles

In order to determine the wetting characteristics of surfaces parameterized by a particular

set of Lennard-Jones o and ¢ parameters, we have determined their water contact angles,

24



6. There have been several schemes proposed for this in the literature [77-79]. A simple
method that has been shown [79] to produce results nearly identical to more sophisticated
schemes is to determine the corrected mean center of mass (zcoym) of a droplet on the

surface, and then relate this to the radius of a free droplet R, via

(zcom) _ 27433 +6.) (1 — 98>l/3

Ry, 246, 246,

3.1)

R, was calculated from a simulation of a free droplet consisting of 1070 SPC/E waters. The
radius of this sphere was determined by calculating the distance from the center of mass
to the furthest oxygen atom in each of three orthogonal directions, averaged over multiple
frames of the trajectory. zgowm for each surface was calculated from simulations of the same
1070 water molecules when placed in a rectangular cell of sufficiently large surface area
with Steele potential walls at z = 0 Aand z = 70 A. We analyzed frames of a subsequent
1-ns trajectory in order to determine the distance between the mean center of mass along z
and the oxygen atom closest to the surface. This was then used as (zcom) in Equation 3.1.
Edge-on views (looking down z) of arbitrary frames are shown in Figure 3.1 for illustrative
purposes.

Contact angles thereby determined for all systems are listed in Table 1. The system
with the most shallow surface-oxygen potential, corresponding to € = 0.55 kJ/mol was
determined to have 6. = 156°; the most attractive surface with € = 5.5 kJ/mol displayed
0. = 84°. From here on, each of these systems will be referred to by its respective water

contact angle (CA).

3.3 Density Profiles

Density profiles for each of the systems studied are shown in Figure 3.2, binned with a
resolution of 0.01 A, and labeled according to their water contact angles. Very non-wetting
(151,156° CA) surfaces had the simplest behavior, with only small variation in the density

from the bulk approaching the interface. At around 5 A from the surface, the density
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Figure 3.1: Water contact angles for the six surfaces we have studied. These figures are
snapshots of the 1070 water molecules used for this determination. Tangent lines and drawn
angles are for illustrative purposes only. The actual contact angles were determined from
statistical analysis of many frames in the trajectory, as described in the text.
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Figure 3.2: Density profiles as a function of the distance from the surface. Two patterns
of structure are apparent. At the least-wetting surfaces, there is a sinusoidal increase from
zero density to the bulk level across the interface. At the most-wetting surfaces, there is an
initial region of high water density followed by alternating regions of low and high density.

gradually drops towards zero. The more-wetting surfaces display a more complex behavior,
with oscillations in the density still visible ~ 13 A into the bulk water phase. As a result of
van der Waals repulsion, sharp peaks in the density are paired with adjacent regions of low
density. All surfaces with contact angles less than 150° display a sharp peak near 3.5 A, a
dip near 5.5 A, and a second peak around 6.5 A. It is evident that the location of these latter
two features occurs closer to the interface as the surface becomes more wetting.

Overall, density profiles were found to change in a smooth, predictable fashion as the
contact angle of the surface changed. Examination of these trends resulted in two types
of surface being identified. Non-wetting surfaces showed a smooth, sigmoidal decay in
density, mimicking the behaviour of the air-water interface which has previously been well-
studied [6, 80-83]. More-wetting surfaces had a region very close to the surface in which
water density was greater than in the bulk, and showed oscillating density well into the
bulk. The transition between these two regimes appeared gradually around a surface contact

angle of 130°.
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Figure 3.3: This figure illustrates the convention that we use to describe the cartesian
coordinates (a, b, ¢) in the molecular frame and (z,y, z) in the lab frame. For simplicity,
this is illustrated with the molecular b-axis aligned with the lab y-axis, both directed into
the page. The water molecule is in the ac-plane with ¢ parallel to its C rotation axis. The
tilt angle @ is the angle between the surface normal z and the molecular c-axis. The twist
angle 1) describes rotation about the molecular c-axis.

3.4 Orientation Analysis

In order to describe the structure of water adjacent to these surfaces, we parameterize
the orientation in terms of three Euler angles. As illustrated in Figure 3.3 we define the
molecular coordinates so the molecule lies in the ac plane; 6 is the polar angle between the
water symmetry axis (molecular ¢ axis) and the surface normal, z; ¢ is the azimuthal angle
about the surface normal; 7 is the twist angle about the molecular c axis.

In each system, we have determined these Euler angles for every water molecule, and
then binned the results with 1 A resolution. Tilt and twist histograms as a function of
distance from the surface are shown in Figure 3.5 for surfaces with contact angles of
(a,b) 156°, (c,d) 151°, (e,f) 134°, (g,h) 125° (i,j) 101°, and (k,l) 84°. Each histogram
is scaled independently so the highest population appears dark red and lowest population
is dark blue. We have not displayed azimuthal (¢) histograms, as we have determined
the azimuthal distribution to be completely uniform. This is expected since our surfaces
are isotropic, with no ability to order molecules in the xy plane. For the non-wetting
surfaces, molecules closest to the interface, located at z = 2.5 A, exhibit a fairly narrow tilt

distribution centered at # ~ 70° (Figure 3.5a) and twisted such that ¢» = 0° (Figure 3.5b.
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Figure 3.4: Two orientations of a water molecule illustrated with accompanying Euler
angles 6 and v. When € and ¢ are each equal to 90°, the water molecule lies in the plane
of the interface; when 6 is 90° and ¢ is 0°, the water molecule lies perpendicular to the
surface, 'straddling’ the interface.

The histogram reveals that ) = 180° is equally populated; this is an equivalent orientation
to ¢ = 0° due to the C5, symmetry of the water molecule; we display 0° < ) < 180° for
clarity.) This indicates that these water molecules direct one of their hydrogens towards the
surface. The next layer of waters, located at z = 5 A, has a more diffuse tilt distribution
centered at § = 90°, and a well-defined twist distribution centered at 1) = 90°. These waters
are lying in the plane of the interface. As the wettability of the surfaces increases, the tilt
distribution of adjacent water molecules gradually shifts from 70-90°, and their mean twist
angle rapidly moves from 0° to 90°. We therefore find that surfaces with a greater tendency
for wetting have in-plane water molecules in close proximity. The adjacent layer of water
molecules (z ~ 5 A) displays a different trend. Their tilt angles increase from ~ 90° in the
case of the non-wetting surface (a) to ~ 130° for the most-wetting surface (k). Their twist
angle distributions remain centered at ¢» = 90° as they move away from the non-wetting
surfaces (b,d), but become narrower. Looking at the surface with contact angle 134° (f),
we see that the twist distribution of these second layer of waters is broader than those
immediately adjacent to the surface; by the time we approach a contact angle of 84° (1) the

twist distributions of both water layers are equally narrow. Our final observation is that the
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Figure 3.5: Angular histograms showing the tilt and twist angle distribution as a function
of distance from the surface. Plots a—I are identified in the text.
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tilt angle distribution becomes more complex and extends further into the bulk water phase
as the surface wettability increases. This is seen as a smooth progression in all the systems
studied, but is exemplified in (k), where distinct ordering is observed up to =~ 10 A from
the surface.

Although these angular histograms provide direct information about the water orienta-
tion, they do not lend themselves to facile comparison between the systems. One reason is
that they cannot be easily interpreted if they are overlaid. Furthermore, since features in the
histograms are apparent only if each histogram is scaled accordingly to its maximum value,
it is difficult to quantitively determine how ordered the various systems are. We address
these issues by computing order parameters for the tilt and twist angles, and binning them
according to their distance from the surface with 0.2 A resolution. The average tilt order in
each 0.2 A bin is defined by

8 = -12-(3 cos?f — 1) (3.2)

where the angular brackets denote an ensemble average over all tilt anéles. A value of
Sp = 1 indicates that water molecules are perfectly aligned with their symmetry axes
along the surface normal. If all molecular ¢ axes are instead perpendicular to z, we
would observe Sp = —0.5. An isotropic tilt distribution would have S, = 0. Tilt order
parameters for all systems are shown in Figure 3.6a. We see that past ~ 14 A we have
Sp = 0, indicative of isotropic bulk water. Closer to the interface Sy # 0 indicates
interfacial ordering with respect to the water symmetry axis. The simplest behavior is
displayed by the non-wetting systems. Moving from the bulk towards the surface, their
tilt order parameters monotonically take on larger negative values. Closest to the surface,
Sp = —0.24 indicates strong ordering with ¢ L z. The depletion region is shaded light
gray in the figure. The narrow dark region does contain water molecules, but insufficient
numbers to have meaningful statistics for computing order parameters, so there is a small
region in which we have no information. We have used very long trajectories (200 000

frames over 10 ns) in order to minimize the width of this non-reporting region. As the
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Figure 3.6: Order parameters as a function of the distance from the surface. (a) Tilt order
parameter, describing the alignment of the water symmetry axes with respect to the surface
normal. (b) Twist order parameter, describing rotation about the water symmetry axis. The
light gray area indicates the depletion region immediately next to the surface where no
water molecules are found. The darker shaded strip indicates a region of non-zero water
density, but poor statistics for order parameters as a result of the very low density.
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surfaces become more-wetting, the tilt order parameter takes on significant positive values
at z = 6 A, indicating that the preferred alignment is closer to c || z. Atz ~ 5 A the order
parameter switches sign and becomes increasingly negative closer to the surface. For the
most-wetting systems, relatively far from the surface we observe the tilt order oscillating
about zero. This corresponds to the layered structure we observed in the tilt histograms.
An interesting subtle feature not evident in the histograms is that the least-wetting systems
become increasingly ordered close to the surface, yet the most-wetting systems have less
order at z =~ 3 A. In general, however, the extent of the ordering increases with surface
wetting ability.
The twist order is obtained from

(sin’ 6 cos 21))

By= (sin” 6)

(3-3)

Here a value of Sy = 1 corresponds to 9*= 0/180° for all molecules, while S, = —1
corresponds to perfect alignment with 1) = 90/270°. A value of zero indicates a uniform
twist distribution. Twist order parameters for all systems are shown in Figure 3.6b. Again,
the non-wetting systems have the simplest behavior. At distances greater than z ~ 9 A,
Sy = 0 indicates isotropic bulk water. In the region 3 A < z < 9 A, the twist order is
negative, indicating that molei:ules prefer to align with ¢ closer to 90°. Very close to the
surface, this parameter is now positive, indicating that 1) is now ordered more towards 0°.
As the wetting ability of the surface increases, we observed oscillations in the twist order at
some distance from the surface, followed by positive values at z =~ 6 A, and then negative
values for regions z < 5 A. Immediately next to the surface, we see that the most-wetting
system maintains a negative twist order, whereas less-wetting systems have twist orders
that become positive in this narrow region. There is a tendency for the molecules at both
wetting and non-wetting surfaces to favor lying with their dipoles parallel or nearly parallel
to the surface, which is more pronouced in the semi-wetting surfaces. The two regimes
differ in the sign of their twist angle near the surface, implying that the molecules of one

regime are perpendicular to the other. The semi-wetting surfaces also appear to have a
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more pronounced ordering near the surface and further away (greater deviation of both tilt

and twist order parameters from zero).

3.5 Hydrogen Bonding Analysis

We can obtain further insight into the characteristics of the interfacial environments by
studying the nature of the hydrogen bonding between water molecules. Previous studies
have assessed hydrogen bonding according to distance [84], distance-angle [85,86], and
energy [87, 88] criteria. It has recently been concluded that a simple intermolecular
H—O cutoff provides excellent performance, and sacrifices little compared to more
computationally-expensive H-bonding criteria [89]. We define two water molecules as
being hydrogen-bonded if their intermolecular H—O distance is less than 2.5 A. On this
basis, we determine the average number of hydrogen bonds as a function of distance from
the surface, binning with a width of 0.2 A. Figure 3.7a indicates the fraction of water
monomers (those molecules not making any 'hydrogen bonds) as one moves from the
‘surface towards the bulk. This species becomes more populated as the surface becomes
less-wetting, but the total population hardly exceeds 0.1% of all H-bonding coordination
states. At distances greater than 6 A from the surface, there are virtually no water
monomers. Figures 3.7b,c,d display the fraction of water molecules making one, two, and
three hydrogen bonds, respectively. In the bulk, they correspondingly comprise =~ 0.2%,
~ 4%, and ~ 27% of the population; they are enhanced in the interfacial region. (b) One-
and (c) two-coordinated species behave as the monomers, with increased population next
to less-wetting surfaces. The behavior of the three-coordinated species (d) is a bit more
complex, showing some oscillations in the population in the regions of 7 and 9 A. Up until
4 A from the surface, less-wetting surfaces show an increasing enhancement for three-fold
H-bonding c.oordination relative to the bulk. Closer than 4 A, the trend reverses. The 3-
fold coordination peaks and then drops, with the non-wetting surfaces peaking earlier, at

a lower population, and more quickly than the surfaces with a greater wetting tendency.
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Figure 3.7: Number of hydrogen bonds as a function of the distance from the surface.
(a) Monomers, water molecules that are not making any hydrogen bonds; (b) single-
coordinated species; (¢) 2-coordination; (d) 3-coordination; (e) tetrahedrally-coordinated
species; (f) average number of hydrogen bonds. The light gray area indicates the depletion
region immediately next to the surface where no water molecules are found. The darker
shaded strip indicates a region of non-zero water density, but poor statistics for hydrogen-
bonding analysis as a result of the very low density.
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Closer than 2.6 A it becomes difficult to comment on these trends since the population of
interfacial water species is low. Still, obvious trends have been established before this point.
Figure 3.7e shows tetrahedrally-coordinated water molecules. In the bulk, these comprise
just over 70% of all water molecules. In the interfacial region, their fraction drops to
10-20%, with less-wetting surfaces exhibiting the smallest fraction of four-coordinated
species. These details are summarized by displaying the average number of hydrogen
bonds, n, as a function of distance from the surface in Figure 3.7f. For the least-wetting
systems, we see that this value decreases in the interfacial region, dropping below n = 2.6
closer than 3 A from the surface. For surfaces with greater tendency for wetting (contact
angle as low as 84°), it is interesting to observe that there is a region of the interface (near
5 A) that displays a greater number of hydrogen bonds than bulk water. On closer approach,
the average coordination drops. In general, less-wetting surfaces are less coordinated in the
interfacial region. The semi-wetting surfaces show a greater ability to retain hydrogen
bonds close to the interface, as well as a region ofsimproved hydrogen bonding adjacent to
the interface. For the 84° CA surface the average number of hydrogen bonds per molecule

increases to n =~ 3.7 from a bulk level of n = 3.66.
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Chapter 4

Amino acid absorption on surfaces of
varying wettability

4.1 Background

As was discussed in Section 1.2, protein adsorption on solid surfaces is a phenomenon of
broad interest. Protein adsorption at a hydrophobic surface is complex, and depends on a
variety of interactions between surface, solvent, and protein, and within the protein [90,91].
In general, however, proteins have a greater affinity for adsorption than single amino acids
do, and show coniderable resistance to being displaced by other proteins [38].

Although molecular dynamics simulations of whole proteins and surfaces exist [92]
they remain too computationally expensive to apply systematically to predict protein
adsorption with a high degree of accuracy. Schemes for evaluating the hydrophobicity
or hydrophilicity of proteins and protein regions based on amino acid sequence have been
used for some time [24] to evaluate the behaviour of proteins in cell membranes. Similar
schemes have recently been proposed for evaluating protein adsorption on solid surfaces
[25], but these are complicated by needing to consider the varying effects of solvent and
surface. The improvement of these methods will require better knowledge of how different
amino acids interact with different surfaces.

There is still considerable debate about amino acid adorption at solid surfaces, in large

part because adsorption can be driven by different factors depending on the amino acid and
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surface examined. More work has been directed to examining the adsorption of amino acids
on polar surfaces than hydrophobic ones, both in experimental [31, 32,39, 40, 93,94] and
computational work [95-98]. The majority of theoretical studies to date have excluded the
possibility of significant hydrophobic interactions between surface and amino acid entirely,
by using glycine as their model for adsorption [43].

When adsorption of aminb acids to polar or charged surfaces is observed, experimen-
tally, it tends to involve chemical reactions such as hydroxyl transfers which are often not
-reversible [95,99] and in which desorption can involve fracturing of the molecule [18, 96].
The other major mode of adsorption for these surfaces is ion - ion interactions between
acidic or basic amino acids at a pH where they carry a net charge and charged surface sites
such as danging oxygen atoms at SiO, surfaces [33,45,93]. The former mode of adsorption
is unacceptable for applications such as chromatograi)hy, which depend on reversible and
rapid adsorption and desorption, énd is also not relevant to study of processes like chiral
selectivity, which require an adsorption process which retains the whole amino acid. The
latter mode is useful to separate charged amino acids, but not applicable to others. In
addition, because the reactivity of these surfaces depends on specific interactions between
surface sites and amino acid groups, their behaviour is often highly dependent on variables.
These variables include the density of relevant groups at the surface [35] and the extent of
surface hydroxylation [95], as well as conditions in the aqueous phase such as pH [40,99].
The ability to modify these factors may be useful for tuning properties of adsorption, but
the need to control them creates an obstacle for industrial applications.

Reversible adsorption of amino acids is thus a topic of considerable importance. The
consensus of literature [30, 32,93, 100] is that adsorption is largely a hydrophobic effect,
driven for most amino acids by the interaction of their side-chains with a surface and the
- water near that surface. The role of water as solvent is crucial in reversible adsorption of
amino acids; While polar and hydrophilic surfaces can reversibly adsorb all amino acids in

vacuo [96], they tend to have great difficulty adsorbing them in aqueous environments [18,
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Figure 4.1: The leucine molecule, with the positions of the center of geometry, center of
charge, and average methyl position labelled as well as the long axis vector.

34,95]. This implies that the role of water is crucial in promoting or preventing adsorption,
and by extension in determining adsorbed structure.

Our simulations are well-placed to provide a complementary view to the body of
literature regarding amino acid adsorption on charged or polar surfaces. Our surface is
neither structured nor charged. The effects of adsorption are thus reduced to cooperation
between water and leucine through solvation, and competition between water and leucine
for adsorption to the surface. Our studies focuses are the interaction of an adsorbed amino

acid with a nonpolar surface, and the role water plays in that interaction.

4.2 Trajectory Sampling

All analyses were conducted using several reference points and vectors illustrated in
Figure 4.1. The molecule’s center of geometry, Pcog, was located by averaging the
location of every atom in the molecule. The center of geometry was chosen as a reference
point for analysis because it provided a measurement of leucine’s position which was

independent of leucine’s conformation.
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Figure 4.2: Sampled properties for each system over a 10 ns trajectory. The upper plot
shows the positions along the z-axis of the center of charge (blue), center of geometry
(red), and average methyl position (green) of leucine. The lower plots show the angle of
the long axis vector relative to the surface normal.

Two other points were defined for analysis. P, was defined as the average of
the position of the amine nitrogen and carboxyl carbon. It was intended to provide
a measurement of the location of the most hydrophilic, charged portion of the leucine
molecule. Pcps was defined as the average of the positions of the two carbons of the
methyl groups that terminate leucine’s side chain. It was chosen to provide a measurement
of where the most-hydrophobic, nonpolar regions of the leucine molecule were located.

The vector running from Pcys to Py, Vi, was chosen to measure leucine’s orientation
with respect to the surface. This vector runs along the longest axis of the molecule
regardless of its conformation.

The initial analyses conducted involved sampling the positions of Pcog, P, and Poys.
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Since the systems were isotropic in the z and y dimensions, position was recorded along
the z axis only, and the angle of the long axis vector was calculated relative to the surface
normal. Figure 4.2 shows one 10 ns trajectory for each of the systems studied; each
trajectory was chosen randomly from the nine simulations completed in parallel. The
trajectories were sampled every 100 frames, or 5 picoseconds. 7

This analysis provided a picture of how the systems evolved dynamically, and what
behaviours were associated with one another. From Figure 4.2, the timescales of events
such as shifts in orientation and leucine’s adsorption and desorption from the surface can
be estimated, and were found to occur well within the period of the simulation.

The trajectory analyses confirmed for us that leucine was leaving the surface for some
period of time in each simulation and was tumbling freely during this time. This was
important because it indicated that leucine was able to sample the full range of orientations
it had access to in the bulk, and was not excessively prejudiced toward the orientation it
assumed upon initial adsorption.

Based on the results of Figure 4.2, Pcog was chosen as the criterion for whether leucine
was considered adsorbed to the surface or not in other analyses. If the molecule’s center
of geometry had a z-coordinate less than 7.5 A, it was considered adsorbed to the surface
(indicated in Figure 4.2 by the yellow shaded regions).

White regions show where the leucine molecule left the surface; the fact that leucine
was capable of desorption and re-adsorption within the simulation was a positive sign, as
both occur in real systems [32, 34, 35]. Desorption also allowed leucine to approach the
surface again with different orientations, as is evidenced by the large variation in long axis
angle when the molecule leaves the surface.

The positions of Py and Pcys relative to one another were consistent when adsorbed
throughout every trajectory. Leucine always adsorbed with Py above Pcys. Usually, the
difference in 2z position between the points was about 4 A, but there were periods, mostly

in trajectories of the most-wetting systems (84° and 101° CA), in which the position of the
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Figure 4.3: The fraction of snapshots along each trajectory in which leucine is adsorbed in
the laying orientation increases in what appears to be a sigmoidal fashion as wetting ability
of the surface increases.

center of charge would move toward the surface by between 1.5 and 2.0 A, and the average
methyl position would move in the séme direction approximately 0.5 A, with the result
that the molecule appeared to be flattened out. These periods became more-frequent and
longer-lasting in the more-wetting systems, as is shown in Figure 4.3.

Accompanying this change in atomic positions was usually a change in orientation,
signalled by a change in the angle between Vi and the surface normal. For most of
each simulation, this angle remained less than 60° when the molecule was adsorbed, but
when P, approached the surface the angle typically jumped to above 70°, supporting a
conclusion that during these periods leucine was temporarily lying flat against the surface.
The laying periods were defined as those in which the angle between V7, and the surface
normal is between 70-110°, which are the dashed lines in the angular plots of Figure 4.2.
The periods in which leucine was considered by this criterion to be laying on the surface
are highlighted in Figure 4.2 in grey.

Torsional angles were originally part of this analysis, but the timescale of torsional

angle rotation (in particular, the difficulty in sampling the least-stable conformations) was
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Figure 4.4: Histogram showing orientation angles adopted by leucine’s long axis vector
with respect to the surface normal over 90 ns of analysis.

found to be too large for this simulation. The qualitative indications of this analysis were
that adsorbed conformations did not significantly differ from those in the bulk, supporting

a decision to study only the orientation of adsorbed leucine.

4.3 Orientation Histogram

A histogram was constructed to more quantitatively examine leucine’s orientation at the
surface. Every 50 frames of the simulation, if Pcog was < 7.5 A, a snapshot was taken for
analysis. The angle of V7, with respect to the surface normal was binned for each snapshot
to 1° resolution. Each bin was divided by the sine of its associated angle to normalize with
respect to an isotropic orientation distribution.

The results of a bulk trajectory analysis were also included in Figure 4.4. Ideally, the
results of the bulk analysis should have shown equal counts for all angles between 0° and
180°. The deviations below 40° and above 140° must unfortunately be regarded as due to
insufficient statistics.

When combined with the results of the trajectory analysis, Figure 4.4 suggests the

existence of at least two distinct orientational states for leucine on the surfaces studied.

43



In particular, the distinctness of the peak at 50° in the histogram for the 84° CA surface
implies that rather than exhibiting variation in orientation angle around a single preferred

orientation, leucine favored two orientations and switched between then while adsorbed.

4.4 Atomic Density Profiles

To determine the orientation of adsorbed leucine more precisely and compare the properties
of the two orientation states, density profiles were constructed for Pcog, P, and Fens.
Separate profiles were created for the standing and laying orientations of leucine, which
were distinguished using the angular criterion discussed earlier. Each plot in Figure 4.5
shows the standing and laying density profiles associated with one surface, together
with the density profile of pure water for the same system. Standing orientations are
distinguished with solid lines, and laying orientations with dashed lines. As in Figure 4.2,
Poog is red, Py is blue, and Pcys is green. The density profile of pure water at the same
surface is the solid black line. All density profiles have been normalized so that the y-axis
corresponds to probability density, and the area under each curve sums to unity.

Several results from these analyses are apparent. Across all systems and both
orientations, Pcys is closer to the surface than Pcog, and Py is further from the surface
than Pcog. In the standing orientation, the separation between Pcuz and Py is greater
than in the laying orientation. In the laying orientation, P, moves considerably closer
to the surface, while Pcys moves somewhat further away from it. As surfaces become
more-wetting, the movement of P, becomes more pronounced, and the movement of Pcus
becomes less so.

For the least-wetting surfaces, there is greater freedom of movement for Poys, Py, and
Pcoc when in the laying orientation. For the most-wetting surfaces, the reverse is true
for Poog and Py but Pcys remains most tightly distributed in the standing orientation.
Although Pcps in the most-wetting surfaces is very tightly distributed, there begin to

emerge two peaks for each of Pcog and P.. when in the standing orientation.
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Figure 4.5: Density profiles for the position of leucine’s center of geometry (red), center
of charge (blue), and average methyl position (green) when adsorbed on the surface.
Solid lines depict positions when leucine is in the standing orientation, dotted lines show
positions when the molecule is in the laying orientation. The solid black line shows the
probability density of water molecules in a water-only simulation at an equivalent surface.
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Chapter 5

Discussion

A new regime of water ordering was seen at simulated surfaces of contact angle less than
130°. The explanation for the existence of this regime, and why it departed from structures
seen at less-wetting surfaces, relied on an analysis of the density structure of water at
solid surfaces. This density-dependent model of structuring was then applied to analysis of
leucine’s adsorption at the same hydrophobic interfaces with some success, suggesting that
density analysis may be a generally-effective tool for studying adsorption and interfacial

structure.

5.1 Model of density-dependent alignment of water

Three kinds of analyses were conducted: density profiles, orientation analysis (including
angular distributions and order parameters), and hydrogen-bonding profiles. In each of
these, we observed a smooth transition from a non-wetting to a semi-wetting regime.
This implies that these factors are interconnected in determining the nature of interfacial
ordering. Semi-wetting surfaces favor surface-water interactions, which leads to a high
density of water close to the surface. Non-wetting surfaces favor water-water interactions,
which results in structures that promote a maximum number of hydrogen bonds at the
surface. We now propose a model that accounts for the structure of water next to solid
surfaces of varying hydrophobicity. Afterwards, we will discuss our results and this model

together with experimental observations in the recent literature.
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Figure 5.1: Water molecules closest to the surface adopt different orientations at non-
wetting and semi-wetting interfaces. In the non-wetting ordering regime (a), interfacial
water molecules orient themselves to point one O-H bond toward the surface, while in the
semi-wetting regime (b) they come to lie in the plane of the surface.

Across the hydrophobic surfaces considered, a transition between two realms of water
ordering is observed, defined by the orientation of the water molecules closest to the surface
as shown in Figure 5.1. In the least-wetting systems water molecules nearest the surface
orient themselves to point one hydrogen atom towards the interface, allowing them to
project three hydrogen bonding groups towards the bulk. The non-wetting structures are
thus analogous to the structure of the well-characterized [81, 83] air-water interface. Lee
and Rossky explain that by adopting the observed geometry, interfacial water molecules
preserve a net hydrogen bond they would otherwise lose. They have specifically shown
that introducing a hypothetical surface into bulk water without allowing the molecules to
re-orient themselves results in interfacial water molecules having an average of only two
hydrogen bonds [72]. We have implemented the description of the hydrophobic surface
from Ref. [72], together with SPC/E water and have determined the contact angle to be
approximately 150°. This places their surface well within the non-wetting regime, and
therefore lends support to our observations. As the wetting ability decreases, however, we
observe a transition to a new interfacial structure. In the semi-wetting structures, water
molecules orient themselves to lie in the plane of the surface. This coincides with an
increase in water density close to the surface. This is similar to the structure of water

observed at an ice-like surface that was set up without surface polarity [58].
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We propose the following explanation for the semi-wetting structure. As the surface-
water potential energy well depth increases, a high-density region of water comes into
existence close to the surface. This coincidqs with the creation of an adjacent low-
density region due to van der Waals repulsion with the initial layer. As the discrepancy
in density between the layers becomes greater, molecules at the interface benefit less-and-
less from adopting the non-wetting structure of pointing three hydrogen bonding groups
away from the surface, since the number of available hydrogen bond acceptors and donors
in the neighboring region is low. This is illustrated in Figure 5.2. The emergence of the
semi-wetting structure occurs in relatively high-contact-angle systems, evident starting at a
contact angle as large as &~ 130°. This is because the high density of the initial monolayer
(reaching =~ 1.2 g/mL in this system) and the lower density of the adjacent region (reaching
~ 0.9 g/mL in this system) work together to create a deficit of hydrogen-bonding partners
for waters in the initial hig‘h—density region. In the 134° CA system, the density of the first
layer is already 30% higher than the density of the adjacent layer. The structure of water at a
hydrophobic wall thus emerges from the combination of surface-water interactions (which
create the signature density profile) and the drive to maintain as many hydrogen bonds as
possible at the interface (which leads interfacial water molecules to lie flat in the plane of
the interface). This model also explains many features of the hydrogen-bonding profiles for
* the semi-wetting systems. For the 84° CA system, at a distance of 3.5 A from the surface,

where the first monolayer is located, the average number of hydrogen-bonded neighbours
per water molecule has dropped from n = 3.66 in the bulk to n ~ 3.3. However, where the
first density minimum is located 5.5 A from the surface, the number of hydrogen-bonded
neighbours is slightly higher than in the bulk, at n ~ 3.7. With a lower density overall
“in this region, we might expect to see less hydrogen bonding between molecules. The
explanation is that these molecules actually have most of their hydrogen-bonding partners
in adjacent higher-density regions. Features deeper into the bulk for both structures can be

attributed to dipole cofnpensation and hydrogen bonding. The geometry of the non-wetting
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Figure 5.2: Features in the non-wetting and semi-wetting hydrophobic regimes. Interfacial
molecules in the non-wetting system point three hydrogen-bonding groups toward the
bulk, into a higher-density region. In the semi-wetting system, this region has a
significantly lower density, forcing molecules in the first layer to maximize hydrogen-
bonding opportunities with themselves. Subsequent ordering in the non-wetting regime
can be attributed to dipole compensation and hydrogen bonding with the first layer.

structure at the interface leads to a net dipole field in the region of the first layer of water
molecules [72]. This is partially compensated by the layer above, leading to a change in
tilt angle from A 60° at the interface to slightly more than 90°, 2 A away. The preference
of the water molecules to adopt tilt angles around 90° in this region can be attributed to
hydrogen bonding opportunities with the interfacial water molecules. Subsequent ordering,
further from the surface, in the semi-wetting regime also depends on these two factors,
although it is more complicated. After the initial layer of water, two populations of water
molecules appear. These are attributed to molecules which hydrogen bond with those in
the first layer. Dipole compensation and hydrogen-bonding opportunities with these two
populations create two distinct populations of water molecules in each layer thereafter.
Examining the tilt order parameter (Figure 3.6a), we see that semi-wetting surfaces are

more strongly oriented both near the surface and in subsequent layers than non-wetting
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surfaces. The same effect is observed in the twist order parameter (Figure 3.6b), which
is twice as pronounced for the most-wetting surface (Sy ~ 0.4) as for the least-wetting
surface (S, ~ —0.2). This supports the observation that the semi-wetting regime comes
to dominate interfacial structure as soon as a higher-density region of water forms near the

surface.

5.2 Comparison with experimental water results

In recent years, visible-infrared sum-frequency generation (SFG) spectroscopy has emerged
as a premier technique for studying interfacial water structure. Its popularity is mainly as
a result of an extreme sensitivity to the interface, dictated by an orientation distribution of
water molecules that breaks the inversion symmetry found in the bulk.

Despite their usefulness, SFG experiments face many of the same obstacles as
other interface-focuseéd experimental efforts. Although specific for regions without
centrosymmetry, SFG will measure a ‘blend’ of signals from different regions of the
interface in which centrosymmetry is broken. Also, SFG signals are dependent on
several factors and require significant interpretation to be meaningful. Signal strength is
dependent on the number of surface water molecules (their density in different regions of
the interface), their orientation, the extent to which they are ordered, and the frequency-
dependent molecular response.

Simulations can aid in interpretation of SFG spectra by providing pictures of interfacial
ordering which are both complete and unambiguous. A common experiment is to tune
the SFG infrared beam to the region 2800-3200 cm™!, the region of O-H stretching
vibrations. The O-H signal is strong and easy to detect in any form of infrared spectroscopic
experiment, and O-H bonds are frequently strongly ordered at interfaces. One striking
finding in these experiments, that the current study attempts to explain, is the discovery
that uncoupled O-H bonds are found predominantly at non-wetting surfaces, and vanish

as surfaces become more-wetting. This at first appears to be a counter-intuitive finding,
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Figure 5.3: Adapted from Ref. 102. The presence of a 'naked’ O - H stretching peak is
clearly visible in the SFG spectrum of water at a non-wetting surface, but vanishes in the
SFG spectrum of water at a semi-wetting surface.

since most wetting surfaces are at least weakly polar and would be expected to orient O-H
bonds more strongly than their non-wetting counterparts. This phenomenon extends across
a wide variety of surfaces of varying physical and chemical properties [101-103].

Our model of density-dependent ordering predicts that as the population of water
molecules near the surface increases, there will be a gradual transition away from the non-
wetting interfacial structure. This will take the form of fewer hydrogen-bonding groups
projected normal to the interface, and more projected in the plane of the interface, or at
an angle somewhat above or below it (since one water molecule cannot place more than

two of its hydrogen-bonding groups in a plane). We observe that this transition depends
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predominantly on the density profile of the interface. Polar and charged surfaces fall under
the regime of wetting structures, and therefore do not direct HO bonds towards the surface.
We propose that this is the reason for the absence of spectroscopic signal from uncoupled

‘OH oscillators in SFG experiments on hydrophilic surfaces.

5.3 Extension of density-dependent ordering to Leucine
adsorption

The model of density-dependent ordering proposed for interfacial water structure provides
an excellent framework for interpreting leucine adsorption in our simulations. The systems
used in these simulations are simple in that the surface is represented by an isotropic van
der Waals potential and the adsorbate is a single amino acid. Interactions are potential
well interactions between leucine and the wall, those between leucine and water, and
water-water interactions. Despite the relative simplicity of the system, several different
behaviours can be observed over the range of surfaces used, and dynamic behaviour is
shown by the amino acid in adopting two distinctly different orientations at the surface.
These behaviours arise from interactions between leucine and the water structure at the
interface, which has already been shown to be highly dependent on patterns of water
density.

Across all simulations, the most prominent tendency observed was for leucine’s side
chain, and in particular the methyl groups that terminate it, to associate strongly with the
surface (Figure 4.2). This was consistent with literature [30,32,34,94,100, 104] and would
be expected given the strong hydrophobicity of this part of the molecule and the nonpolar,
hydrophobic nature of the surface.

As water density near the interface increased for simulations of more-wetting surfaces,
it might be expected that the charged amine and carboxyl groups would directly interact
with the region of high water density near the surface, but this was not observed. Any

approach by the very hydrophilic amine and carboxyl groups to the solvated surface would
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be opposed by hydration forces [105] arising from the conflict between the surface and
solute to order the surrounding water. Effectively, any water used to solvate leucine’s
“charged groups would be removed from the water being used to solvate the surface, and this
interaction is sufficiently unfavourable that close contact between these regions of leucine
and the surface does not occur.

The most non-wetting surfaces exhibit a striking feature: a strong tendency to order
the leucine molecule perpendicular to the surface, which becomes stronger as the surface
becomes more non-wetting, as is shown in Figure 4.4. We propose this phenomenon
is due to water-leucine interactions, particularly the solvation of the amine and carboxy
components.

When considering the non-wetting surfaces, there is some question as to why leucine
adsorbs there at all. The attractive potential exhibited by the 156° and 151° CA surfaces
is extremely weak (Figure 2.1), and shouldn’t be strong enough to hold either water
molecules or leucine close to the surface. The key to leucine’s adsorption here lies within
the surrounding aqueous environment.

The water environment near the least-wetting surfaces is dominated by a decay in
density from bulk levels to zero, shown in Figure 3.2. It is beneficial for the leucine
molecule to have its non-polar components in the low-density region because here they wil
disrupt fewer water-water interactions than in the Bulk, an interfacial version of the classic
hydrophobic effect. However, it is not beneficial for leucine to have its zwitterionicv groups
in the low-density region, since these are charged and benefit immensely from solvation.
The solution to this dilemma is for the molecule to favour a spread-out conformation and a
perpendicular orientation that allows it to stretch across the low-density interface and into
the bulk-density zone. The least-wetting surfaces in these simulations allow the closest
approach of water molecules to the surface, as Figure 5.4 shows, since they have the
shallowest repulsive potential near the surface (Figure 2.1. This causes the interface to

be somewhat wider at the least-wetting surfaces (i.e. the 156° CA surface relative to the
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Figure 5.4: Distance from the surface where greater than 0.1% of the bulk water density is
observed, plotted as a function of water contact angle.

151° CA surface). This in turn causes the orientational tendency of leucine to become more
pronounced as smaller angle deviations cause the amine and carboxyl groups to be moved
into the low-density interface.

There is no benefit for leucine to orient itself parallel to the surface in the least-wetting
systems, and as can be seen in Figure 4.3 it adopts such an orientation only about 1%
of the time. When fluctuations do cause it to orient itself roughly parallel to the surface,
Figure 4.5 shows that although the methyl groups may enter the region of bulk density, the
charged groups are extremely unlikely to be drawn into the interfacial region of reduced
density. Figure 4.2 shows that the periods in which it may remain in this orientation last on
the order of just picoseconds.

The water environment near the more-wetting surfaces is significantly different and
more complicated than the non-wetting case (Figure 3.2), and leads to leucine adsorption
behaviour which is also more complex. As the wetting ability of a surface increases, the

tendency of leucine to adopt a laying conformation increases, illustrated by Figure 4.3. The
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Figure 5.5: Like water, two regimes of ordering are observed for leucine adsorbed
on hydrophobic surfaces. At non-wetting surfaces (a), leucine adopts a consistently
perpendicular orientation to the surface. At semi-wetting surfaces (b), leucine alternates
between two orientations, perpendicular and parallel to the surface.

least-wetting surfaces strongly discourage laying because it moves the amine and carboxy
groups into a low-density region where they are poorly solvated. In the most-solvated
systems, balance between the standing and laying states is controlled by three factors: wall
potential, hydrophobic interactions, and solvation effects.

The attractive potential between the atoms of the leucine molecule and the surface
itself encourages adsorption. For the more-wetting surfaces this potential is significant,
particularly at the distances where the methyl groups are usually found (Figure 2.1). It
is this force which stabilizes the position of the methyl groups, and leads to the tighly
distributed peaks seen for the more-wetting systems in Figure 4.5.

There is also an advantageous effect to placing hydrophobic portions of the molecule
in low-density regions where they will have little effect on water-water interactions. This
force stabilizes the main body of the leucine molecule, including most of its side chain,
which is centered in the region of low water density adjacent to the initial high-density
region close to the surface. Conversely, this force destabilizes the position of the methyl
groups, particularly in the standing orientation. The methyl groups appear in a region of

very high water density close to the surface, where they are likely to disrupt significant
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water-water interactions.

The third factor influencing adsorption is the benefit of solvating the charged amine
and carboxyl groups. Solvation effects stabilize the positions of the amine and carboxy
groups in the standing orientation, and destabilize them in the laying orientation. In the
standing orientatién, both charged groups are projected into a region of bulk or greater
than bulk density adjacent to the low-density region where the body of leucine rests. In
the laying orientation, however, the charged groups are forced into the low-density region
where solvation may become more difficult.

The major factor supporting the laying orientation is the partial movement of the methyl
groups from a high-density to low-density region of water. The main factor supporting the
standing orientation is the solvation of the amine and carboxy groups. For the 84° CA
surface, leucine spends about 20% of its time in the laying orientation, and for the 101
degree surface it spends about 10% of its time in this orientation, suggesting that solvation
of the charged groups is the dominant effect in determining orientation, as it was for the
non-wetting surfaces.

Evidence‘from the trajectories shown in Figure 4.2 suggests that the standing and laying
orientations are distinct states and somewhat kinetically stable, as an adsorbed molecule can
remain in either state for periods of more than 100 picoseconds for the 84° and 101° CA
surfaces. This would not be expected if leucine continually sampled the range of available
orientations. It is uncertain what causes stabilization of either orientation, but conformation
may play a role. Our hypothesis is that the energy penalty associated with solvating a new
orientation provides stabilization, particularly of the laying orientation. Sudden movement
disrupts and scatters the water molecules involved in solvation, and the associated energy
penalty provides each orientation with a degree of kinetic stability.

The application of density-dependent water ordering in this analysis can be disputed
because the microenvironment surrounding leucine will be different from the wider inter-

facial region, as water around leucine will structure itself to solvate the molecule. However,
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this does not invalidate density-dependent ordering as a useful tool for analysis. Any
solvation shell will continually be in flux, exchanging water molecules with the surrounding
environment, and thus the microenvironment will depend on the macroenvironment. For
example, there will be a greater penalty in free energy if leucine solvates a charged group
with a molecule from a region of low-density water rather than a region of bulk density.
Although density-dependent ordering does not tell the entire story of adsorption, it remains
a useful tool forl understanding adsorption phenomenon.

A possible contributing factor to the stability of the standing form is the relative
weakness of water-water interactions in the initial high-density layer. Our own results
in Figure 3.5 have shown that these water molecules are oriented in a plane parallel to the
surface, and have difficulty forming complete hydrogen bonds with one another due to this
orientational constraint. They also have few partners for hydrogen bonding in adjacent
layers, as the initial high-density region is bordered by a corresponding low-density region
in either direction. Although the methyl groups of leucine disrupt a greater number of
water-water interactions by entering this layer, this may be partially offset by the relative

weakness of many of these interactions.

5.4 Comparison with experimental studies of amino acid
adsorption

The consensus opinion of amino acid adsorption experiments is that, except for acidic
and basic amino acids, physisorption of the zwitterion driven by hydrophobic interaction
with the surface is the dominant mode of reversible adsorption for amino acids [32]. The
physical, reversible nature of amino acid adsorption under neutral aqueous conditions is
indicated by the sensitivity of adsorption to temperature [30,93,100], and the relatively low
heats of adsorption [32] and values of adsorption coefficents [34] on most surfaces. The
hydrophobic nature of this interaction is indicated by its pH insensitivity [30, 32, 100, 104]

and the increasing adsorption affinity of amino acids with larger nonpolar side chains [32,
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34,94, 104]. The role of electrostatic attraction in this adsorption appears to be secondary,
although it has been reported to play a role in adsorbing amino acids carrying a net charge
even when these species are at very low concentrations [31,34]. Other examples of pH
sensitivity, in which adsorption affinity decreases with net charge, have been attributed to
solute-solute charge interactions at the surface which prevent packing [40].

Our own results agree strongly with this view of amino acid adsorption. We observed
that the interaction of the leucine’s nonpolar side-chain with the solid surface and with
interfacial water was the driving force of adsorption. For very non-wetting surfaces,
adsorption was due to the hydrophobic effect, in which leucine’s nonpolar side-chain
resided in a region of low water density near the surface. For more-wetting surfaces,
adsorption was promoted by wall-solute attraction as well as the hydrophobic effect, as
leucine’s side chain resided in a region of reduced water density adjacent to the initial
high-water-density region at the interface.

The importance of hydrophobic interactions in physisorption of amino acids is so great
that experiments indicate they are the driving force for adsorption even at hydrophilic
surfaces such as quartz. The findings of Alladine and Nygren [106] showed that leucine,
with a nonpolar side chain, had a greater affinity for polar quartz than did serine, with a
polar side chain. Results suggest that polar amino acids in general are less strongly bound to
a variety of surfaces than amino acids with nonpolar side chains, in the absence of specific
chemical or fully-ionic interactions [32,34,94]. |

Even more surprising is the result that nonpolar amino acids actually adsorb more
strongly to some hydrophilic than hydrophobic surfaces [30, 106], suggesting that some-
thing more than the hydrophobic effect is repsonsible for adsorption. This finding has led
to sdme conflicting claims in the literature. Alladine and Nygren [106] found that the free
energy of adsorption of leucine was higher on a hydrophilic than a hydrophobic surface, but
did not attempt to decompose the free energy of adsorption into its enthalpic and entropic

components. They suggested the greater free energy of adsorption was an enthalpic
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effect arising from electrostatic interactions between leucine and their hydrophilic surface.
Gregorzyck and Carta [30] found that the free energy of adsorption for phenylalanine
was higher on more hydrophilic surfaces as well, but they also determined that the heat
of adsorption was lower for these surfaces. They concluded that entropic effects were
responsible for phenylalanine’s greater affinity for hydrophilic surfaces. According to this
model, the increased tendency for adsorption at a hydrophilic interface arises from the
disruption of water layers near the surface. The findings of Basiuk and Gromovoy [34],
who éxamined the adsorption of a variety of amino acids including phenylalanine on a
~model hydrophobic and hydrophilic surface, dispute a significant contribution from entropy
to adsorption, and posit that it is an enthalpic phenomenon.

Based on our findings and the density-dependent model of ordering, we propose in
this thesis an alternate hypothesis for the stronger affinity exhibited by nonpolar amino
acids for certain hydrophilic surfaces. We propose that the preference of leucine and other
nonpolar amino acids for these surfaces is in fact a consequence of the hydrophobic effect,
as nonpolar regions of the amino acid are placed in regions of low water density near, but
not directly adjacent to, the surface. This model predicts that a layer of water will mediate

the adsorption of nonpolar amino acids at hydrophilic surfaces.
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Chapter 6

Conclusions

We have extended existing models of water structure at super-hydrophobic surfaces to
create a general model of water ordering at solid interfaces. This model has been applied
to explain the orientation of leucine adsorbed in an aqueous environment.

First, molecular dynamics simulations of water at a hydrophobic solid surface were
carried out. By tuning the wettability of the surface, we were able to examine the
interplay of surface-water and water-water interactions. These simulations revealed the
existence of two distinct regimes. When surface-water interactions are weak, water-
water interactions lead to an interfacial structure resembling the air-water interface, with
molecules immediately adjacent to the surface directing a hydrogen toward the surface.
When surface-water interactions are strong, we observe a structure in which water
molecules prefer to lie in a plane parallel to the surface. The transition between these
regimes is smooth. The non-wetting regime arises from the need of water molecules
at the interface to maximize their hydrogen-bonding opportunity. As the surface-water
interaction increases, so does density close to the surface. As molecules in the high-density
region cannot find partners in the adjacent lower-density region, the effectiveness of the
non-wetting regime is reduced. This leads to the emergence of the semi-wetting regime,
in which water molecules at the interface lie flat to minimize dipolar interactions and
maximize the number of partial or complete hydrogen bonds with one another. Features

further into the bulk for both the non-wetting and semi-wetting regimes can be explained
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by hydrogen-bonding and dipole compensation with the initial layers. A link between
theory and experiment exists in the prediction that ultrahydrophobic surfaces support the
idea of a non-bonded OH group, in agreement with observations from nonlinear vibrational
spectroscopy.

This density-dependent model of water structure was used to explain features of
leucine’s adsorption at a hydrophobic surface. The surfaces were used for a further series
of simulations incorporating both leucine and water. Leucine was found to adsorb to all
surfaces examined; at the least-wetting surfaces, we propose that adsorption is driven by
the benefit of locating the nonpolar region of leucine’s side-chain in the low-density region
of water near the surface. This leads to straightforward orientational behaviour, in which
the amino acid is adsorbed perpendicular to the surface to keep its amine and carboxyl
groups in regions of bulk water density to aid in solvation. At the most-wetting surfaces,
three distinct forces were found to drive adsorption: attraction between the surface and
leucine, hydrophobic effects arising from the placement of leucine’s side-chain in a low-
density region of water, and solvation effects. The interplay between these elements led
to two stable orientations of leucine at the interface: perpendicular, and parallel to, the
surface. The perpendicular orientation, which leucine adopted about 80% of the time it
was adsorbed to the most-wetting surface, led to better solvation of the amine and carboxy
groups, but had reduced hydrophobic attraction because of the placement of its methyl
groups within the initial high-density layer of water. The parallel orientation partially
removed the methyl groups from their unfavourable location but also moved the charged
groups into a lower-density region of water in which solvation would be reduced. The
prevalence of the perpendicular orientation decreased as surface wettability increased,
presumably because the higher density of water near the surface increased the hydrophobic
"cost’ of leucine placing its methyl groups there.

We found a density-dependent model of water structuring to be a simple and effective

tool for studying adsorption at surfaces. The density distribution of water near a surface
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can be used as a ‘map’ to guide interpretation of other events happening at the interface.
In turn, the density distribution is strongly dependent on the nature of the surface potential,
and can be mapped out independently of other species. This model may be used to study

adsorption of almost any solute at the interface between water and a nonpolar surface.
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