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ABSTRACT

In this thesis, we report on our studies of water dynamics and structure in

various biological environments which include: the surfaces of proteins and various

oligosaccharides, the intervening space between proteins; and in the vicinity of cry-

oprotectant di-saccharides in the liquid and ice phases. From a theoretical perspective,

we propose methodology to compute diffusivity and residence times on the surface of

biomolecules. In particular our proposed algorithm to compute residence times ap-

pears to be better in dealing with poor statistics associated with the number of water

molecules that remain on a surfaces for extended times. The type of linkage between

monomers and the anomeric configuration all play a major role in determining the

structure and dynamics of water on the surface of carbohydrates.
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CHAPTER 1
INTRODUCTION

The interactions of water and biomolecules play a key role in biology at the

molecular level. They may affect the functions and structures of proteins and their

derivatives. In several cases, the interactions intervene in the docking of ligands and

inhibitors to proteins and glycoproteins. On the other hand, biomolecules also affect

the structure and dynamics of water in their vicinities. These interactions directly

determine the solvation of biomolecules, diffusion controlled reaction rate in biology,

and the phase change of water. This thesis includes three major topics: water dy-

namics in the neighborhood of proteins; the relation of size, linkages, branching and

secondary structures of oligosaccharides and the water dynamics in their neighbor-

hood; the relation between the structures of cryoprotectant disaccharides and water

structure in their neighborhood in the liquid phase and in crystallization.

In Chapter 2 we introduce atomic molecular dynamic simulations and math-

ematical methods proposed or applied to analyze the result of simulations. These

methods include: a new way to compute residence times in situations of bad statis-

tics; a modified way to compute surface diffusion; the study of rotational diffusion of

water and its tetrahedrality, which is an index of the similarity to perfect ice.

In Chapter 3 the study of the diffusivity and residence of water and hydrogen

peroxide in the proximity of peroxidase is reported. We compared two force fields for

hydrogen peroxide with different partial charges, corresponding to different dipoles.

It is interesting to see how the dipole change affects the residence, diffusivity and
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spatial distribution.

In Chapter 4 we investigate water behavior on the surfaces of a diverse group

of carbohydrates and attempt to explore the effect of size, linkages, branching and

secondary structure on the dynamics and structure of water on the surface. We

calculate residence times, local solvent occupancy numbers, rotational correlation

functions, and diffusivities. We find that due to the secondary structure water resi-

dence times are longer and translation and rotational dynamics are retarded when in

contact with wide helices and branched sugars. In the case of extended helixes and

smaller oligosaccharides, water dynamics is faster and less hindered. This means that

branching, anomeric configuration, and type of linkage between monomers all play

critical roles in determining the structure and dynamics of water on the surface of

carbohydrates.

In Chapter 5 we investigate the effect of two cryoprotectant carbohydrates on

the structure of water in their vicinity both in the liquid phase and upon freezing.

We do this to explore possible antifreeze mechanisms. It appears that in the liquid

phase, water molecules in vicinity of trehalose tend to organize in a more tetrahedral

form but in the ice phase, trehalose distorts tetrahedrality the most.
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CHAPTER 2
METHODOLOGY

2.1 Atomistic Molecular Dynamics Simulations

Molecular dynamics(MD) is a methodology widely used to compute in atom-

istic detail trajectories of atoms and molecules. There are many different types of

MD simulations that correspond to different thermodynamic ensembles. Some sim-

ulations are carried out at constant energy, number of particles, and volume(NVE),

others at constant temperature, number of particles and pressure(NPT) and others at

constant temperature, number of particles and volume(NVT). NPT and NVT simu-

lations give correct ensemble average thermodynamic properties but NVE simulation

reflects the actual dynamics of real physical systems. All that we do when running a

NVE molecular dynamics simulation is to solve numerically Hamilton’s equations of

motion for the system. If the system is ergodic, trajectories can be used to compute

thermodynamics averages.

Using state-of-the-art molecular dynamics packages one can simulate systems

with hundreds of thousands of atoms. However, this scale is still much smaller than

macroscopic sizes in which the number of atoms is of the order of the Avogadro’s num-

ber. In order to overcome this obstacle, molecular dynamics uses periodic boundary

conditions in which the system is infinitely replicated in each direction. Particles leav-

ing the boundary from one end appear back in the simulation box for the opposite

end. For this reason, only phenomena corresponding to a wavelength smaller than
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half of the size of a simulation box can be captured using this procedure. In general,

potential energy terms have the form as follows.

U = Ustretch + Ubend + Utorsion + ULJ + UCoulomb

Ustretch =
∑
bonds

Kr(r − req)2

Ubend =
∑
angles

Kθ(θ − θeq)2

Utorsion =
∑

dihedralφ

3∑
i=1

Vi[1 + cos(φ+ fi)]

ULJ =
∑
i<j

4εij[(
σij
rij

)12 − (
σij
rij

)6]

UCoulomb =
∑
i<j

qiqj
rij

(2.1)

Many force fields have been developed to describe the potential energy between

molecules.

2.2 Analysis of residence times and passage time distributions

2.2.1 The survival time correlation function and its

pitfalls

The survival time correlation function was first introduced by Impey et. al. [57]

in order to study the behavior of the hydration layer surrounding an ion. For an

infinite long trajectory, this is defined as

N(mdt) =
1

Nf

Nf∑
n=1

Nsys∑
j=1

pj(ndt,mdt; dt). (2.2)
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In a computer simulation this function is more precisely defined in the following

way:

N(mdt) =
1

Nf −m

Nf−m∑
n=1

(

Nsurface(ndt)∑
j=1

pj(ndt,mdt; dt))

=
1

Nf −m

Nsys∑
j=1

Nf−m∑
n=1

pj(ndt,mdt; dt) (2.3)

Here dt is the recording interval, Nf is the total number of trajectory frames recorded,

ndt is the starting point of each sliding time window, mdt is the function’s variable

(i.e. the size of each sliding time window) and pj(ndt,mdt; dt) takes the value of 1 if

molecule j is within the coordination shell at times ndt as well as (ndt + mdt) and

has not left the coordination shell for any contiguous period of time longer than dt;

otherwise its value is 0.

This survival time correlation function, when correctly converged, quantifies

the average number of molecules which at time zero are within the coordination shell

of a given object and remain there without ever leaving (within the resolution time dt)

at least until time mdt. N(mdt = 0) corresponds to the average coordination number

of the object. N(mdt) is always smaller or equal to N(0). The summation index

j can either run through all solvent molecules considered (in our case all peroxide

molecules or all water molecules) or over all molecules inside the solvation shell at

time ndt. This is true because pj(ndt,mdt; dt) = 0 if the jth solvent molecule is not

inside the shell at time ndt.

N(mdt) can be normalized to yield the average fraction of solvent molecules
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originally within the solvation shell that remain in this region (without ever leaving)

for an interval of time at least as long as mdt.

f(mdt) = N(mdt)/N(0) (2.4)

Different authors have analyzed the behavior of this time correlation function

in the case of water solvated proteins (see for example references [13, 18, 88]). If

this function is fitted to a single exponential decay, the time constant is commonly

described as the “residence time” [57, 51]. Garcia et. al. [51] have applied Impey’s

formula [57] to the case of water molecules surrounding a protein on a residue base

and found that a single exponential was not sufficient to parametrize the data. This

has also been observed by several other authors [78, 102, 103]. Some authors have

claimed that this function is better analyzed using stretched exponentials or at least

multiple exponentials.

When P (t) is well described by two exponentials [13, 18, 88],

f(t) = A exp(−t/τs) +B exp(−t/τl) (2.5)

the decay constants τs and τl correspond to a fast boundary recrossing process and

a more interesting surface residence process. [13, 18, 88, 54] Several authors have

calculated survival probability functions on a residue basis. Analysis of simulations

in the case of crambin [71], plastocyanin [102], and azurin [72] show, as is to be

expected, that the residence time changes according to the chemical character of the

residue, τcharged ≥ τpolar ≥ τnonpolar. In this thesis, we are only interested in the

surface averaged survival function but the methodological developments described in
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the following subsections apply equally well to the study of properties on a residue

or protein region basis.

2.2.2 Probability distribution of first passage times

The concept of first passage times has also been applied in the past to study the

mean time that a solvent molecule remains within the solvation shell of a protein. [99,

28, 84].

Here we define the unnormalized distribution of passage times as

H(m) =

Nsys∑
j=1

Nf−m−1∑
n=1

[1− Aj(n− 1)][1− Aj(n+m+ 1)]
n+m∏
k=n

Aj(k). (2.6)

Here Nsys represents the total number of solvent molecules (or group of molecules of

interest) in the system. The function Aj(k) = 1 if molecule j lies inside the shell at

time k ∗ dt. In all the other cases, Aj(k) = 0. For simplicity, in subsequent equations

and in eqn 2.6 we drop the argument dt. Clearly this distribution of passage times

increases with simulation time. A time normalized distribution is defined as

H̃(m) =
H(m)

Nf −m
(2.7)

In the limit of infinite simulation time (Nf → ∞), N(m) can be reconstructed from

the histogram of first passage times H̃(m). When (M ≥ m), a solvent molecule with

first passage time M will contribute M−m+1 times to N(m). Hence, the contribution

of all solvent molecules with first passage times of M is (M −m + 1)H(M). A sum
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over all possible passage times M yields

N(m) =

M=Nf−2∑
M=m

(M −m+ 1)H̃(M) (2.8)

This equation is only strictly valid for infinitely long runs, otherwise particles remain-

ing on the surface of a protein past the end of the simulation or particles that entered

the solvation shell before time zero are neglected. The upper limit is explicitly written

as (Nf − 2) to emphasize that solvent molecules must have passage times that are

at least 2 × dt shorter than the full duration of the MD run in order to be counted.

Clearly, so long as H̃(M) is non-negligible, because of the term M −m+ 1 in Eq. 2.8,

solvent molecules that remain on the surface for longer times (i.e. with large M)

will have larger weights on the short time behavior (small m) of the survival function

N(m). From a practical computational perspective we have found that for a given

protein, N(m) and correspondingly f(m) can be quite different for simulations with

the same average pressure and temperature. This is particularly true even at very

short times m ∗ dt. A single molecule staying inside the hydration shell for a long

time contributes an amount equivalent to that of hundreds or thousands of molecules

that enter and leave the shell for a short period of time. The problem with this is

that for typical finite time computer simulations the statistics on solvent molecules

that remain within the solvation shell of a protein for long times is extremely poor!

From experiments we know that some water molecules that are not “permanently

bound” to the protein can still remain in its vicinity for times much longer than

500ps [83, 125, 124, 87]. In our simulations we found that different runs yield differ-

ent number of long staying molecules. Clearly the long time behavior of this function
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only depends on the statistics of those long staying molecules. Therefore both long

time behavior and short time behavior are strongly affected by molecules on which

one has extremely poor statistics!

A filtering threshold time after which molecules in a simulation are deemed

permanently bound to the protein and not counted is also not appropriate since there

is no obvious definition for this time. Survival probability functions for the same run

look widely different depending on which threshold time is chosen[31].

Instead, it is useful to define an expression for the cumulative probability of

first passage times.

H̃accum(≥ m) =

Nf−2∑
m′=m

H̃(m′) =

Nf−2∑
m′=m

H(m′)

Nf −m′
(2.9)

Substituting Eq. 2.6 into Eq. 2.9, we obtain

H̃accum(≥ m) =

Nsys∑
j=1

Nf−2∑
m′=m

1

Nf −m′

Nf−m′−1∑
n=1

[1−Aj(n−1)][1−Aj(n+m′+1)]
n+m′∏
k=n

Aj(k)

(2.10)

The single particle survival correlation function pj(ndt,mdt; dt) in Eq. 2.3 can

be represented in terms of Aj as follows,

pj(ndt,mdt; dt) =
n+m∏
k=n

Aj(k) (2.11)

Using this relation, the histogram H(m) of first passage times in Eq. 2.6 can be

written as

H(m) =

Nsys∑
j=1

Nf−m−1∑
n=1

[1− Aj(n− 1)][1− Aj(n+m+ 1)]pj(n,m) (2.12)
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Correspondingly, the cumulative probability distribution of first passage times in

Eq. 2.10 can be rewritten as

H̃accum(≥ m) =

Nsys∑
j=1

Nf−2∑
m′=m

1

Nf −m′

Nf−m′−1∑
n=1

[1−Aj(n− 1)][1−Aj(n+m′+ 1)]pj(n,m
′)

(2.13)

Finally we define the fraction of molecules with first passage time greater or

equal to mdt as

f̃(≥ m) =
H̃accum(≥ m)

H̃accum(≥ 0)
(2.14)

Notice that in this equation only particles than enter and leave the solvation

shell are counted, therefore permanently bound molecules do not enter this equation.

In Eq. 2.14, a particle with passage time M ≥ m is only counted once. One would

therefore expect that the influence of poor statistics on molecules with very long

passage times will affect the short time behavior of f̃(≥ m) very little. This is in

contrast to the case of f(m) in which the contribution is M −m+ 1.

2.2.3 The mathematical relation between the survival

and first passage time correlation functions

In order to obtain the mathematical relationship between these two functions,

it is advantageous to take the limit dt→ 0. The function pj(m,n, dt) can be written

as:

pj(m,n, dt) = eln(
∏n+m
k=n Aj(kdt))

lim
dt→0

e
∑n+m
k=n ln(Aj(k∗dt)) = e

∫ τ+t0
t0

ln(Aj(t))dt = pj(t0, τ) (2.15)
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Here t0 = ndt, τ = m ∗ dt and Aj(t) is zero if particle j is outside of the solvation

shell at time t, otherwise its value is one. With these definitions the survival time

correlation function becomes

N(τ) =
1

Tf − τ

Nsys∑
j=1

∫ Tf−τ

0

dt0 pj(t0, τ) (2.16)

where Tf = Nf ∗ dt. By explicit evaluation of the product in eq. 2.6 we obtain

H (τ) =

Nsys∑
j=1

∫ Tf−τ−dt

dt

{pj(t0, τ)− pj(t0 − dt, τ + dt)− pj(t0, τ + dt) + pj(t0 − dt, τ + 2 ∗ dt)} dt0

(2.17)

In the continuous limit we can drop the time differentials dt from the integration

limits. Furthermore since we are integrating over all possible values of t0 the first

argument in the second and fourth terms under the integral can simply be replaced

by t0. The only relevant variable is the second argument of pj which is the first

passage time. We therefore have

H (τ) =

Nsys∑
j=1

∫ Tf−τ

0

{pj(t0, τ)− 2 ∗ pj(t0, τ + dt) + pj(t0, τ + 2 ∗ dt)} dt0 (2.18)

This clearly corresponds to

H (τ) =

Nsys∑
j=1

∫ Tf−τ

0

∂2pj(t0, τ + dt)

∂τ 2
∗∆2dt0 (2.19)

where ∆ is a time differential. This equation can be approximated as

H (τ) = ∆2 ∗
Nsys∑
j=1

∫ Tf−τ

0

∂2pj(t0, τ)

∂τ 2
dt0 (2.20)

It will be clear from our results section that the functions H̃(τ) and N(τ) are very

rapidly decaying function of τ . The simulation time Tf is commonly much longer
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(on the order of nanoseconds) than the relevant values of τ (on the order of a few

picoseconds) for which these functions have an appreciable value different from zero.

It is therefore a good approximation to drop τ from the upper limit of the integrals

in eqn.2.16 and eqn.2.20 as well as from the denominator 1
Tf−τ

in eqn. 2.16. Under

these approximations we have

H̃ (τ) =
∆2

Tf
∗
∂2
∑Nsys

j=1

∫ Tf
0
pj(t0, τ)dt0

∂τ 2
= ∆2∂

2N(τ)

∂τ 2
(2.21)

Finally,

H̃accum(≥ τ) =

∫ Tf

τ

H̃(τ0)dτ0 = ∆2

(
∂N(τ0)

∂τ0

|τ0=Tf −
∂N(τ0)

∂τ0

|τ0=τ

)
(2.22)

Since N(t) commonly decays exponentially or as a sum of decaying exponentials for

large Tf eqn. 2.22 becomes

H̃accum(≥ τ) = −∆2∂N(τ)

∂τ
(2.23)

Finally, we have

f̃(≥ τ) =
H̃accum(≥ τ)

H̃accum(≥ 0)
=

∂N(τ)
∂τ

∂N(τ)
∂τ
|τ=0

=
∂f(τ)
∂τ

∂f(τ)
∂τ
|τ=0

(2.24)

Equation 2.24 is one of the important results in this thesis which shows the relation-

ship between the fraction of molecules with passage times longer or equal to τ and the

survival probability time correlation function. As we will demonstrate in subsequent

sections, it turns out that f̃(≥ τ), the fraction of molecules with first passage time

greater or equal than τ is easier to converge computationally than f(τ) the fraction

of molecules originally within the solvation shell that never leave during an interval
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at least as long as τ . From the equations derived above one could compute f̃(≥ τ)

and if desired obtain the corresponding time constants for f(τ).

2.3 Surface Diffusion

2.3.1 Bulk Diffusion and the Einstein Relation

In analyzing bulk diffusion, the solvent mobility is conveniently described by

diffusion coefficients and the mean square displacement of a particle in a liquid. [5,

13, 18, 54, 17, 75, 84].

The macroscopic term ”matter flux” is defined as the ”number of particles

passing through a unit area during a unit time interval. Experimental observations

of transport properties show that the flux in the direction of a certain coordinate is

proportional to the first derivative of the concentration with respect to that coordi-

nate.

J = D · ∂c
∂x

(2.25)

where J : matter flux, D: diffusion coefficient, c: concentration, x: the coor-

dinate

The equation above is called Fick’s first law of diffusion. By combining Fick’s

law with the equation for conservation of matter:

∂c(~r, t)

∂t
+∇ ~J(~r, t) = 0 (2.26)

one obtains:

∂c(~r, t)

∂t
−D · ∇2c(~r, t) = 0 (2.27)
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With the definition of the mean square displacement of a particle, the Einstein

relationship in d dimensions can be deduced. [5]

D =
1

2d
lim

∆t→∞

< ∆r2(t) >

∆t
(2.28)

At times long compared to typical correlation scales in the velocity auto-

correlation function, < ∆r2(t) >∝ 2dDt. At very short times < ∆r2(t) >∝ t2

but in supercooled liquids or in general glassy systems an intermediate cage regime

bridges the gap between the fast ballistic behavior and the long term diffusive regime.

2.3.2 Diffusion on Arbitrary Complex Surfaces

The calculation of the diffusive behavior of solvent molecules in the hydration

shell of a macromolecule is problematic since only particles in the vicinity of the

surface should be considered but most particles constantly enter and leave the first

solvation shell. Therefore if one only looks at the behavior in the first solvation shell,

the statistics for the mean square displacement are only good at short times. For

longer times one can only take into account the few particles that remain on the

vicinity of the protein for extended periods. Two problems arise because of this,

poor statistics and biasing in favor of the slow diffusive particles. In a way the long

time behavior of the mean square displacement only represents the dynamics of those

particles strongly bound to the surface.

We calculate the mean square displacement (MSD) on a surface as follows,

〈∆r(t)2〉 =
1

Nw′(t)

Trun−t∑
t0

Nw(t0,t)∑
j=1

[rj(t+ t0)− rj(t0)]2 (2.29)
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where Nw is the number of water molecules inside the hydration shell at t0, which

remained so until t0 + t, and

Nw′(t) =
Trun−t∑
t0

Nw(t0, t). (2.30)

Notice that our formula in Eq. 2.29 is different from the previously used in

Ref. [78] which is displayed as below,

〈∆r(t)2〉 =
1

Trun − t+ 1

Trun−t∑
t0=0

1

Nw(t0, t)

Nw(t0,t)∑
j=1

[rj(t+ t0)− rj(t0)]2. (2.31)

Equation 2.31 first takes an average over all particles which are in the solvation shell

during the period t0 t0 +t and then performs an average over all possible initial points

t0. Equations 2.29 and 2.31 should be almost identical in the case of a solute in a

single solvent since Nw(t0, t) should be nearly constant independent of the time origin

t0 and only dependent on the time difference t. Consequently,

1

(Trun − t+ 1)×Nw(t0, t)
≈ 1

Nw′(t)
.

This however is not the case for our study of the system of a protein in a 5% solution

of hydrogen peroxide in chapter 3. In the case of a solution with more than one

solvent component the number of peroxide molecules Nper(t0, t) can be different for

different initial t0 values. Therefore an average of an average as in Eq. 2.31 is not

accurate and Eq. 2.29 should be used instead.

2.4 Rotational Correlation Functions

Similar to translational correlation function (mean square displacement) of sol-

vent discussed in last section, rotational correlation function reflects solvent mobility
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in rotation. The autocorrelation function in rotation is defined as:

C(t) =
< ~v(to + t) · ~v(t0) >

< ~v(to) · ~v(t0) >
. (2.32)

where ~v is the unit vector directed along the dipole moment vector of polar

solvent (water) at time t.

2.5 Parameters Characterizing Water Structure

In our study of water structure in chapter 5, we calculate radial distribution

functions of oxygen on water and tetrahedralities of the oxygen network. Here we

briefly introduce radial distribution functions and the calculation of tetrahedrality.

Radial distribution functions (RDF, also called pair correlation functions) are

commonly used in the analysis of the structure of a liquid. A radial distribution

function describes how the particle density varies as a function of the distance from

one particular particle.

Water at low temperature or at room temperature in a hydration shell has

tetrahedral ordering. Order parameters specific for tetrahedral configurations are

introduced in this section.

2.5.1 Order Parameters for Tetrahedral Configuration

The geometric study of liquid structure was pioneered by Bernal. [15] He suggested

using the Voronoi tessellation to describe the structure of simple liquids. Subse-

quently, various order parameters have been proposed to describe the structure of
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simple molecules and their phase transitions [110, 73, 27, 22].

Order parameters specific for tetrahedral configurations are of specific interest

for studying liquid water. Conceptually, ideal ice is of perfect tetrahedral nature. The

four nearest neighboring waters to each water molecule are located at the four vertices

of a tetrahedron because of the angles or relative orientations of the O-H bonds and

lone pairs. These bonds and lone pairs are responsible for hydrogen bonding, which

is important for the structure of liquid water.

Steinhardt proposed quadratic and the third-order invariants formed from

bond spherical harmonics to measure cluster symmetries in supercooled liquid [110].

For a tetrahedral configuration there are five points: the four vertices of the tetra-

hedron and the center. Chau proposed the use of six angles to calculate a quantity

Sg and the use of four distances between central atoms and vertices to calculate

Sk in order to measure the tetrahedrality of ice Ih in aqueous solutions [27]. The

mathematical form of Sk is:

Sk =
1

3

4∑
k=1

(rk − r̄)2

4r̄2
(2.33)

The mathematical form of Sg is:

Sg =
3

32

4∑
k=1

∑
j>k

(cosψijk +
1

3
)2 (2.34)

where ψijk is the angle between a central oxygen atom i and its neighboring

oxygen atoms j and k. This summation is over the six possible O-O-O angles involving

the central molecule i and pairs of its four nearest neighbors. The factor of 3/32

normalizes Sg to the range 0 ≤ Sg ≤ 1. Sg is zero if the cosines of all angles are -1/3,
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i.e., the tetrahedron is perfect. Sg is unity if all four vectors are overlapping.

Debenedetti rescaled Sg and defined a new parameter q in the following equa-

tion.

qi = 1− 3

8

4∑
k=1

∑
j>k

(cosψijk +
1

3
)2 (2.35)

Here < q >= 1 corresponds to perfect tetrahedral structure; < q >= 0 cor-

responds to the case of an ideal gas, in which the four vectors arrange randomly. In

most of cases qi falls in the interval (0,1). However, it is possible to have negative

value of qi [44].
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CHAPTER 3
DYNAMICS OF WATER AND HYDROGEN PEROXIDE IN

CROWDED PROTEIN ENVIRONMENTS

In Chapter 2, we described the survival time correlation function, first pas-

sage time correlation function and their mathematical relation. In this chapter we

apply these two methods to the study of water dynamics on the surface of a pro-

tein to demonstrate that the first passage time correlation function is more robust

in characterizing the time a particle stays on an arbitrary surface. We can solve

the problem caused by poor statistics of long-term staying particles by using the first

passage time correlation function. Besides, we also report residence times and surface

diffusion coefficients of water and hydrogen peroxide.

3.1 Introduction

Reactive oxygen species (ROS) have important functions in cell signaling

and, when present at overly high levels, may cause oxidation of important biolog-

ical molecules. Among ROSs, Hydrogen peroxide is commonly used as an index of

oxidative stress [134, 101, 38, 11, 123]. Kinetic models to study diffusion of hydrogen

peroxide and other ROS species inside of mitochondria often assume dynamics similar

to that in solutions. Without a better model for diffusion, researchers often assume

that the rate of appearance scales with the gradient across cell boundaries. Further-

more the diffusion constant and permeability coefficients are taken to be the same or

very similar to those of water. See citation [24, 107] and references therein. However,
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it is well-known that separation of proteins in the cytosol or inside of mitochondria,

where ROS are most predominant, can be smaller than 1 nm. In an intracellular ma-

trix there are sources and sinks of ROS and since environments are crowded, motion

is most similar to a percolation process[24, 107] . In this thesis we study similarities

and differences in the structure and dynamics of water and peroxide when in contact

with proteins. The protein we have chosen is PRDX5, a small globular peroxiredoxin

present in mitochondria.

Residence time calculations have shed light on the time scales on which water

molecules stay inside the hydration layer of a protein. They also provide insight into

the structure and dynamical behavior of inter-facial water in the hydration shells of

different proteins [13, 12, 95, 88, 18, 57]. Many studies have shown that the dynamical

behavior of water molecules closely associated with proteins is not simply diffusive.

Experimentally, the residence time is extracted from time correlation functions or

derived from dielectric dispersion measurements [13]. Early studies from nuclear

Overhauser effect provided rather long residence times for water on the surface of

proteins with an upper limit of 500 ps [13, 87]. Later it was pointed out that this

result might be incorrect due to an overestimation caused by water molecules strongly

bound to proteins [52]. More recent studies from magnetic relaxation dispersion gave

much shorter times in the range of 10-50 ps [83]. Clearly, as it has been shown in

different simulation studies [94, 29, 102, 51, 71, 21], the residence time will depend

on factors such as the local polarity of the surface, and its curvature. Residence time

at different locations on the surface can be quite different.
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In computer simulations, the residence time is usually obtained from the single

or multiple exponential time constant fitted to the decay of the survival time correla-

tion function [18, 102, 90, 16, 45, 72]. As we showed in Chapter 2, water molecules with

long residence times have important contribution to the short time behavior of this

correlation function. The problem from a computational perspective is that one has

very poor statistics on molecules that are not“permanently bound” [87, 83, 124, 125]

to the protein but that remain on the surface for hundreds or thousands of picosec-

onds.

A different method used in order to study the time scale on which a solvent

molecule remains in the vicinity of a protein is the calculation of mean first passage

times [99, 28, 84].

We have introduced these two methods in Chapter 2 and also derive expres-

sions linking these two functions. We also discussed the algebra involved in each

calculation and found that the distribution of first passage times is a much more reli-

able tool to study the short time dynamics on the surface of proteins. In this chapter,

we will compare real data and show that the results based on the probability distribu-

tion of first passage time are reproducible across simulations and mostly independent

of those molecules that remain on the surface of the protein for long times for which

one has poor statistics.

The effects induced by a protein on its surrounding liquid environment have

been studied in detail in the past. Local information correlating with the effect of

different residues, surface curvature [94, 29, 102, 51, 71, 21] and polarity have provided
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important information[133, 26] for the understanding of folding, drying, hydrophobic

hydration and the kinetics of aggregation. The self-diffusion coefficient in the vicinity

of a protein surface has been shown to exhibit a wide range of dynamic behaviors [13,

88, 18]. Many studies [13, 18, 54, 78, 75, 108, 113, 20, 69] have investigated the effect

of different protein groups on the motility of surrounding water, in particular, how

hydration water diffusion is affected by polar, nonpolar or charged protein groups.

Our approach here is different, in our study, the protein is regarded as a whole and

the water and peroxide surrounding it are studied as a function of the distance from

the surface. The goal is to understand the difference between water and hydrogen

peroxide in regards to their residence in the vicinity of a protein or the intervening

space between proteins. Since water and hydrogen peroxide are quite similar in size

and composition it is important to understand whether there is an enrichment of

peroxide on the surface of a protein and if the diffusivity of water and peroxide can

be regarded as identical as has been done in the past in kinetic models.[24, 107]

3.2 Force Field and Simulations

3.2.1 Force Field

Unlike water for which many accurate potential energy functions exist for

simulating bulk behavior, for hydrogen peroxide different models exist but none has

been fully tested against thermodynamic data in water solutions. Simulations can

be found with partial charge for oxygen ranging from -0.36 to -0.54 in units of elec-

trons. [4, 3, 118, 77].
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In order to be sure that our results are robust and model independent we

have used two different models. Model 1 with oxygen partial charge of -0.46[31]

and Model 2 with oxygen partial charges of -0.36 derived from reference [3] in which

DFT calculations have been performed to fit the potential energy surface for the

H2O− H2O2 dimer. For water we used the flexible SPC model [46] and for the

protein the OPLS-AA [59] force field.

Other terms in the peroxide potential were constructed in the following way:

bend, stretch and Lennard Jones parameters were adopted from the standard AMBER[64]

library. For intermolecular interactions the set of point charges listed in Table 3.1 were

used. Intramolecular interactions were obtained from high level calculations reported

in reference [65]. All intramolecular interactions except for the bending and stretch-

ing potential are accounted for by using the Rykaert Bellemans potential form [65].

Table 3.1 summarizes all force field parameters for hydrogen peroxide. Standard

geometric combination rules were used to determine Lennard Jones parameters.
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3.2.2 Simulations

In order to compare bulk hydrogen peroxide solution behavior with the sit-

uation in a crowded protein environment three different types of simulations were

performed.

1. Aqueous hydrogen peroxide solution (System A): The system consisted of 5812

water molecules and 306 hydrogen peroxide molecules in a periodically repli-

cated simulation box with approximate dimensions of 40 × 40 × 40Å3. The

concentration of hydrogen peroxide was approximately 5% (1 peroxide molecule

for each 19 water molecules).

2. Periodically replicated single protein solution (System B): a PRDX5 protein was

soaked in a simulation box of approximate dimensions: 57.6 × 56.6 × 63.6Å3,

containing 5673 water molecules and 297 hydrogen peroxide molecules (peroxide

concentration close to 5%). The initial structure of the protein was obtained

from the Protein Data Bank entry corresponding to Ref. [38].

3. Two-protein system (System C): two identical PRDX5 proteins were fixed in

space by position constraints of all non-hydrogen atoms in aqueous hydrogen

peroxide solution of 5% concentration with a box of the following approximate

dimensions: 107.5× 56.8× 64.0Å3. The inter-protein separation was 17Å. The

number of peroxide and water molecules was 574 and 10893, respectively.

In all simulations, the initial equilibration time in the constant pressure, tem-

perature and number of particles (NPT) ensemble was 200 picoseconds. Following
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this, data was collected from constant energy simulations after 100 ps of equilibration

in the constant energy (NVE) ensemble. The initial temperature in all cases was set

at 300K and the average temperature during NVE runs remained close to this value.

In order to compare the accuracy of the residence time calculations, we simulated two

replicas of System B with different initial conditions. Each production run used for

data collection was 2.5 nanoseconds in duration. A water or peroxide molecule was

defined to be inside the hydration shell if the distance between its center of mass and

any atom of protein was smaller than 4 Å. This is consistent with first solvation shells

obtained from radial distribution g(r) between atoms in the surface of the protein and

the solvent.

3.3 Results

3.3.1 Comparison and Validation of Methodology

In subsection 2.2 we derived Eq. 2.24 which establishes an approximate rela-

tionship between the normalized survival probability function f(τ) corresponding to

the fraction of solvent molecules around an object that are in its solvation shell at

time zero and remain there without leaving for at least a time τ with that of f̃(≥ τ)

the fraction of solvent molecules with first passage time greater or equal to τ . In

order to establish the numerical quality of this approximation we have computed the

first derivative of f(τ) and also f̃(≥ τ) for water around PRDX5. The results are

shown in Fig. 3.1. Clearly f̃(≥ τ) is an excellent approximation to the derivative of

f(τ) over all relevant values of the variable τ .
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Figure 3.1: First derivative of the normalized survival time correlation function (f(τ))
and fraction of water molecules with first passage time larger or equal to τ (f̃(≥ τ))
in the first hydration shell of PRDX5 (System B).

In section 2.2, we stressed the need to work with the cumulative distribution of

first passage times as opposed to the survival probability correlation function because

of the large fractional contribution that solvent molecules with long residence times,

for which statistics are very poor, can have. Fig. 3.2(a) and Fig. 3.2(b) clearly support

this analysis. Fig. 3.2(a) shows that f̃(≥ τ) is almost identical when analyzed over a

period of 0.8 ns and 2.5 ns, while f(τ) is not. The trajectory length has much less

of an effect on f̃(≥ τ). Clearly the effect of solvent molecules with large residence

times strongly affects one function and not the other. The same phenomenon can

be observed from the analysis of two independent molecular dynamics simulations

with the same length but different number of solvent molecules with long residence

times. Fig. 3.3 shows that f̃(≥ τ) is almost trajectory independent while f(τ)

is clearly trajectory dependent. Fig. 3.4 shows the fractional contribution to f(τ) of
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water molecules with first passage times larger than 1ns in two independent molecular

dynamics trajectories. Clearly while for the fully converged f(τ) these should be

identical, it is clear that contributions are very different across trajectories. Since

f(τ) and f̃(≥ τ) are simply linked by differentiation, it only makes sense to work

with f̃(≥ τ), the one that is less prone to statistical error.

3.3.2 Comparison between water and hydrogen

peroxide

Figure 3.5 shows f̃(≥ τ) for water and the two models for hydrogen perox-

ide investigated in this paper. It is clear from this plot that, the fraction of water

molecules with first passage times larger than τ is always smaller than that of peroxide

independent of the model used for peroxide and independent of τ . All the curves in

Fig. 3.5 display, fast and a slow components reflected in the corresponding initial and

asymptotic slopes of log f̃(≥ τ). Time constants are tabulated in Table 3.2. We have

made no attempt to fit the whole range of f̃(≥ τ), which appears from figure 3.5 not

to be the sum of two simple exponentials. Instead we have computed time constants

by fitting the apparent initial and final asymptotic behavior of f̃(≥ τ). τs is obtained

from a fit in the range 0.5-5 ps while τl is obtained from the range 30-100 ps. τs only

increases slightly as one increases the thickness of the shell considered, no obvious

difference exist between H2O and H2O2. On the other hand, in all cases, increasing

the shell thickness results in a much larger τl and it is obvious that independent of

the model, hydrogen peroxide appears to have a larger value of τl than water. This
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indicates that peroxide remains longer on the surface of the protein than water.
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Characteristic τs for water are consistent with those reported in references [104,

13] (around 3-5 ps) and most likely represent boundary recrossing situations. The

constant τl mainly characterizes those molecules associated with the protein surface.

Experimental and computational articles [85, 88, 13, 54, 74, 72, 83] report that τl may

range from 10 to 100 ps. These values are in agreement with our findings in Tab. 3.2.

It should be noted that, if (f̃(≥ τ)) was truly a sum of exponential factors, then the

time constants τs and τl should be identical to those of the survival time correlation

function f(τ). However we find that f(τ) is clearly non-exponential. Since f(τ) can

not be realiable fit as a sum of two exponentials we do not report here values for τs

and τl for this function.

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

 0  20  40  60  80  100

lo
g
 ˜ f(

≥
 τ

)

τ (ps)

water
hydrogen peroxide (model 1)
hydrogen peroxide (model 2)

Figure 3.5: Cumulative probability distributions of first passage time (f̃(≥ τ)) for
water and hydrogen peroxide in the first hydration shell (0 - 4 Å) of system B.

Figure 3.6(a) shows the mean square displacements (< ∆r2 >) of water and
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the two different models for hydrogen peroxide in hydration shells of different size

from our simulations of System B. It is clear that the diffusivity of hydrogen peroxide

is highly dependent on the model. For the model with larger partial charges the

diffusivity is smaller than that of water while for that with the smaller partial charges

diffusivity is larger. It is interesting, however, that this does not appear to affect the

residence times on the surface of the protein since both models give similar results.

In all cases water and peroxide diffuse slower when close to the protein. This is

consistent with previous observations [84, 75].

Another very interesting finding from our simulations is that regardless of the

model, hydrogen peroxide has a concentration enhancement on the surface of the

protein. This can be seen from Figure 3.7. Since the volume element must be taken

into account in order to compute a density, and since the volume element is difficult

to define for a system with rough surfaces; in Figure 3.7 we plot the ratio of the

number (or of the densities) of peroxide molecules to water molecules nwat
nper

= nwat/V
nper/V

.

This quantity is a measure of the relative concentration of the two species. A water

molecule or a peroxide molecule is considered to be in a given volume shell, Vd, if

its center of mass is within a distance “d” from the protein. It is clear that at

long distances away from the protein, the ratio of concentrations is that expected in

the bulk while at short distances (around the first hydration shell) there is a clear

enhancement of the concentration of peroxide at the expense of a depletion in the case

of water. We also notice a slight depletion in the peroxide concentration at around

4.5Å.
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We have also studied the distribution of water and hydrogen peroxide in the

intervening space between two PRDX5 proteins (System C). Figures 3.8(a) and 3.8(b)

show that independent of the model used for hydrogen peroxide there is an enhance-

ment of water concentration at the center of the intervening space while there is a

depletion of peroxide in the center and an enhancement in contact with the protein.

The results for one protein and two proteins are consistent and imply that hydrogen

peroxide not only resides longer on the surface of the protein but also is more likely

to non-specifically bind to proteins when compared to water. It is worth mentioning

that in this simulation the active site of PRDX5 is not contained in the volume ele-

ment depicted in Figure 3.8(c). This indicates that the results are not due to peroxide

being trapped at the active site.

3.4 Conclusion

We have compared the structure and dynamics of hydrogen peroxide and water

on the surface a single protein and in the intervening space between two proteins.

Regardless of the model used for hydrogen peroxide, it appears that H2O2 has higher

affinity than water for the protein. The distribution of passage times shows that

peroxide molecules stay longer on the surface of the protein and there is a density

enhancement of peroxide on the surface at the expense of a depletion in water.

Theoretical analysis and simulation results show that the cumulative proba-

bility distribution of first passage times has less statistical error than other method-

ologies previously used to study residence times of molecules on different surfaces.
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This is due to the better treatment of molecules with long times of residence for

which simulations can not provide good statistics. Our approach presents a better

way to estimate the times of residence of a molecule on a rough molecular surface

and we present a clear analytical link between this formulation and previously derived

survival time correlation functions.
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Figure 3.6: Mean square displacement for water and hydrogen peroxide in hydration
shells of different size in system B.
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Figure 3.8: Normalized distribution of water molecules, peroxide molecules and cor-
responding number density ratios in the intervening space between two PRDX5 pro-
teins. In order to construct this system, two overlapping proteins were displaced along
the X direction in such a way that the surfaces are approximately 17 Å apart. The
X axis simply corresponds to the X coordinate in the system. Figure 3.8(c) shows a
schematic diagram of the system. Water and peroxide molecules are only counted if
they fall within a cylindrical volume of diameter d = 29Å.
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CHAPTER 4
THE BEHAVIOR OF WATER ON THE SURFACE OF

OLIGOSACCHARIDES

In this chapter we characterize the behavior of water on the surface of a diverse

group of carbohydrates and attempt to determine the role of saccharide size, linkage

and branching as well as secondary structure on the dynamics and structure of water

at the surface. In order to better understand the similarities and differences in the

behavior of the solvent on the carbohydrate surface we explore residence times, rota-

tional correlation function, local solvent occupancy numbers and diffusivities. We find

that due to the differences in secondary structure water residence times are longer and

translational and rotational dynamics are retarded when in contact with wide helices

and branched sugars. In the case of extended helices and smaller oligosaccharides,

water dynamics is faster and less hindered. This indicates that branching, the type

of linkage between monomers and the anomeric configuration all play a major role in

determining the structure and dynamics of water on the surface of carbohydrates.

4.1 Introduction

Carbohydrates are an important class of biomolecules that can be found free in

the cytoplasm, decorating the surface of proteins and as parts of glycolipids. They are

involved in cell adhesion, immune responses, protein trafficking and signal process-

ing. Understanding the structure and function of oligosaccharides is very important

because these molecules are exquisite biological recognition agents. This unique-
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ness stems from the large number of chiral centers, the presence of branching and

their conformational variability. As an example, in diseased states, glycans are ex-

pressed differently and act as biomarkers in cancer, AIDS and rheumatoid arthritis

[120, 10, 41, 40].

Dashnau et al. showed that the orientation of hydroxyl groups in axial and/or

equatorial positions in aldohexopyranoses affects the water structuring in the first hy-

dration shell. Aldohexopyranoses such as β-glucose, β-mannose and β-galactose have

hydrophobic and hydrophilic hydration sites that play a role in aromatic interaction

during carbohydrate-protein recognition [35, 112]. Resonance two photon ionization

and ultraviolet and infrared ion-dip spectroscopy of hydrated mono- and disaccha-

rides have shown that water on the surface of carbohydrates helps these biomolecules

achieve the conformations that are recognized by proteins i.e., water is not a mute

spectator but it actively participates in molecular recognition events (see reference

[109] and citations therein). In contrast with the large amount of information avail-

able for the role of water in contact with proteins and nucleic acids, no comprehensive

study of the role of water on the surface of glycans is available. This is perhaps because

of the topological complexity of sugars. It is therefore of crucial interest [115, 116] to

shed light on the water structure patterns and the diffusive dynamics on the surface of

carbohydrates as a function of the key elements present in carbohydrates but absent

in proteins such as branching, linkage pattern and anomeric configuration [56, 39, 2].

Several experimental and theoretical studies have reported on the behavior of

water at the interface with carbohydrates. Because of the complexity of these systems,
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most of these studies have been carried out on monosaccharides, disaccharides or small

model oligosaccharides. Kirchner and Woods have performed high level quantum and

molecular dynamics simulations and have shown that the conformational preferences

for the 1→6 linkage are correctly reproduced only in the presence of water [62].

In exploring the role of water in the vicinity of simple monosaccharides such as α-

d-glucopyranose and α-d-xylopyranose, Leroux et al. observed that the hydroxyl

groups of the monosaccharide units align in such a way that they form hydrogen

bonds with water instead of intra-molecular hydrogen bonds [68]. Consistent with

these computational predictions, recent depolarized Rayleigh scattering (DRS) and

low-frequency Raman Spectroscopy experiments performed on an aqueous glucose

solution by Paolantioni et al. showed that a solute with the ability to have multiple

hydrogen bonds disrupts the tetrahedral geometry of water in its first hydration shell.

The loss of hydrogen bonding between water molecules is compensated by sugar-water

hydrogen bonds leading to the denser water environment around the sugar [89].

Lee et al. have shown that disaccharides such as sucrose and trehalose not only

disrupt the tetrahedral geometry of water in their vicinity but also its translational

and rotational dynamics. Dynamics on the surface of these dissaccharides is much

slower than that on the surface of glucose [67]. Liu et al. have shown that α,α-

trehalose imposes a strong anisotropic structuring of solvent that extends up to three

solvation shells away from the sugar due to the formation of water mediated H-

bonds. In computational studies the self-diffusion coefficient of water in 87 µM α, α-

trehalose solution was found to be 20% smaller than that in neat water simulations
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[70]. Englesen et al. studied disaccharides maltose, sucrose and trehalose in dilute

aqueous solutions. The H-bonding pattern, the solvent residence times and the solvent

density around these disaccharides were observed in simulation to be different. Water

surrounding trehalose displayed the longest residence times and was clearly more

structured than in the vicinity of maltose and sucrose [42, 43].

Almond et al. have elucidated the role of water on the surface of small oligosac-

charides composed of α- and β-linkages of glucose and mannose. In the case of α-

linkages, weak intramolecular hydrogen bond interactions along contiguous residues

and many water mediated hydrogen bonds were observed contrary to the situation

when β-linkages are present. In the case of β-linkages water mediated hydrogen bonds

appeared not to be favored; instead strong direct hydrogen bonds with water were

observed [6, 7].

Although the above studies are very important, as far as we know there have

been no systemic and comprehensive analysis of the water structure and dynamics

on the surface of moderate to large oligosaccharides consisting of various linkages

and monosaccharide compositions. Several outstanding questions arise; how do water

structure and dynamics differ around a linear homopolymer of glucose or mannose

and across 1→2, 1→3 and 1→4 linkages? How does the anomeric configuration of

the different monosaccharides affect surrounding water dynamics? How do branched

oligosaccharides differ from linear oligosaccharides with the same monosaccharide

composition in their ability to affect water structure and dynamics?

In order to address the effect of branching on a given type of oligosaccharides,
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we have studied several variations of the Man9 sugar. In order to address issues

related to the anomeric configuration, linkage point and monosaccharide identity, we

have studied homopolymers of 9 monomeric units of 1→2, 1→3, and 1→4 linkages

of α and β glucose and mannose sugars (Fig. 1 and Table 1). The effect of polymer

length is addressed by comparing the results for nonamers with two selected twenty-

mers.

We have recently written several articles [130, 128, 129, 76, 122] addressing

the problem of sugar conformational variability in solution. This chapter does not

attempt to address this issue but instead is written from the point of view of the

solvent around well defined sugar structures. In subsequent sections we will show

that water structure and dynamics on the surface of sugars depends on the overall

structure of the biomolecule, its anomeric configuration and types of linkages. We will

also show that some simple rules of thumb can be derived by systematically analyzing

the results derived from our simulations.

4.2 Materials and Methods

The models chosen for this study are categorized into 4 groups. Homopolysac-

charides of glucose, mannose, branched sugars and a trisaccharide. Within the ho-

mopolysaccharides we have studied 6 glucose and 6 mannose nonamers and 2 mannose

twenty-mers. For easy reference, the branched structures and the glucose homo non-

amers as well as the trimer are depicted in Figure 4.1. Common names for some of

these molecules can be found in Table 4.1.
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Figure 4.1: Some of the various oligosaccharide models used in the study. The Man9

oligosaccharide was manipulated to generate the different variants Man91, Man92 and
Man9 dimer
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Common Name residue linkage

Amylose Glucose α1→4

Cellulose Glucose β1→4

Crown Gall Glucose β1→2

Laminaran Glucose β1→3

Mannan Mannose β1→4

Table 4.1: Common names of some of
the sugars chosen for this study [96]

All oligosaccharide models were built using the xleap module in AMBER 9.0

The choice of the initial conformations was based on previous experimental informa-

tion [86, 105, 106, 132, 8, 91]. We used the GLYCAM [62, 127] force field for all

our calculations. The total number of atoms in the system ranged from 5000-14000

depending on the model studied. All the oligosaccharides were solvated using SPC

[58] water in truncated octahedron boxes. Long range electrostatic interactions were

treated using the Particle Mesh Ewald summation [34]. Molecules were energy mini-

mized using the steepest descent method followed by the conjugate gradient method.

After constant pressure and temperature equilibrations for at least 250ps at ambient

conditions, production molecular dynamics simulations in the NVE (constant energy,

volume and number of atoms) ensemble of 5 ns in duration were carried out with

the Sander module of AMBER 9.0. Because of the time scale separation between

solvent dynamics and sugar conformational dynamics 5 ns was enough to converge

all correlation functions. Data was collected every 50 fs for subsequent analysis.

In Chapter 2 we introduced our theoretical methodology and a computational

algorithm that significantly improve on the accuracy and reliability of residence time
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calculations on complex surfaces [30]. Besides, these methods, we also use solvent

occupancy plots to describe the water structure and helical parameters, n and h, to

describe helical structures of oligo-saccharides. One thing we need to mention here

is that in the calculation of residence times, MSDs and rotational autocorrelation

functions, the hydration shell is defined as the region within 4Å from the solute.

3-D solvent occupancy plots were generated on typical 50ps fragments of our

trajectories using the Chimera software from UCSF [92]. Grid cells of 1Å3 appear

colored only when they are occupied by solvent molecules 10% of the time. This

particular value was selected because it allows for optimal discrimination between

our sugar models. At higher values, almost no occupancy can be detected for β1→4

homopolysaccharides.

In order to classify our linear saccharides, helical parameter, n (number of

residues per pitch) and h (advancement per monomer unit) were calculated according

to the definition in the following references [96, 49, 100]. According to Rees’[100]

classification of perfectly periodic helices our studied sugars fall into the ribbon family

n=2-±4 and h=4-6Å (this is what Rao’s book[96] calls extended helices)and the

hollow helix family n=2-±10 and h=0-4Å (this is what Rao’s book[96] calls wide

helices).

4.3 Results and Discussion

Several X-ray and conformational studies have been reported on homopolymers

of 1→2, 1→3 and 1→4 glucose and 1→4 mannose. [86, 106, 105, 132, 8, 91] In
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order to validate our simulation methodology we have computed torsional angles

as a function of time for these sugars and found that both the minimum energy

configurations as well as fluctuations are consistent with previously reported values

[86, 106, 105, 132, 8, 91]. We are therefore confident that sugar conformations are

those experimentally reported and they do not significantly change on the time scale

of our 5 ns simulations.

In order to classify the morphology of our saccharides, we computed helical

parameters n-h along simulation using the method described by French. [50, 49] Re-

sults are presented in Fig. 4.2. Though results are similar, the dispersion in our data

is larger than that in reference [50] because our simulations do not force the saccha-

rides to remain in a perfect helical configuration. According to reference [50] and our

findings (see representative structures in Fig. 4.3), as the homopolysaccharide chain

length is increased, these sugars form either wide helices (helices with large diameter

that have a large number of residues per turn) or extended helices (helices with small

diameter and low number of residues per turn). Based on the definitions in Section

4.2 and Fig. 4.2 we find that linear homopolysaccharides with linkages α1→2, β1→2

α1→4 and β1→3 tend to form wide helices and α1→3 and β1→4 linkages tend to

form extended helices

4.3.1 The Effect of Saccharide Structure on the

Surrounding Solvent Structure and Residence

Time
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Figure 4.2: Helical parameters n (number of residues per pitch) and h (advancement
per monomer unit in Å) from our production runs of α and β glucan homopolysaccha-
rides. From top to bottom, L-R are shown models of α1→2, β1→2, α1→3, β1→3,
α1→4, β1→4-glucans. Negative values of n represent a left-handed helix whereas
positive values represent right-handed helix. These figures can be compared with
French’s work [50] Figures 2-6.
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Figure 4.3: Representative structures from our production runs of α and β glucan
homopolysaccharides. From top to bottom, L-R are shown models of α1→2, β1→2,
α1→3, β1→3, α1→4, β1→4-glucans. Mannose linear homopolymers are not shown
in this figure but they have very similar secondary structures to the glucose analogues.
In general, we find that linear homopolysaccharides with α1→2, β1→2, β1→3 and
α1→4 linkages form wide helices while those with α1→3 and β1→4 linkages tend to
form extended helices in solution.
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The fraction of molecules with first passage time greater than or equal to t

(f̃(≥ t)) is a measure of the behavior of water in contact with a surface and can

be used to compare the nature of different sugar-solvent interfaces. In this study,

we start by attempting to address the effect of linkage, anomeric configuration, sec-

ondary structure, branching, size and monosaccharide identity on f̃(≥ t). Fig. 4.4

shows the logarithm of f̃(≥ t) for a broad set of sugars with widely different structural

characteristics ranging from a trisaccharide to a dimer of Man9 and two structurally

very different linear mannose twenty-mers. Some of these saccharides, are linear, oth-

ers are highly branched and they have different linkage and anomeric configurations.

For clarity this figure also shows typical conformations in solution for each of these

molecules and surrounding solvent occupancy isosurfaces.

Since Fig. 4.4 is on a logarithmic scale, the slope of these curves correspond to

the inverses of the characteristic water residence times on the surface of the different

saccharides. Table 4.2 shows the value of these inverse slopes between 20 and 30ps.

In broad terms, it is clear from Fig. 4.4 and Table 4.2 that branched or in general

crowded sugars as well as sugars forming wide helices have longer solvent residence

times. The residence time on the surface of extended helices is in general much

shorter. Secondary structure plays a crucial role in defining the residence time of

water on the sugar surface. Size appears to be less of a factor since for example

Man20β1→4 and a β1→4 nonamer have almost identical residence times.



53

M
o
d

el
S

ec
on

d
ar

y
S

tr
u

ct
u

re
τ

(p
s)

M
S

D
(Å
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Heyden et al. have studied solvation dynamics of water surrounding saccha-

rides of different size using terahertz spectroscopy. In a comparison of a monosaccha-

ride with two disaccharides the authors observed that water hydrogen bond dynamics

in the first solvation shell of the sugar was significantly less affected in the case of

the monosaccharide [53]. Larger oligosaccharides with particular secondary structure

patterns favor water mediated hydrogen bonds. In calculating the residence times

of water in aqueous solution of sucrose, Englesen and Pérez [43]found that the pres-

ence of water mediated hydrogen bonds results in longer water residence times on the

sugar surface. In particular, they observed that two water mediated hydrogen bonds,

namely O-2g...Ow...O-3f and O-2g...Ow...O-lf were present in their simulations for

more than 40% of time. More recently, Veluraja and Margulis found the same type

of behavior in Sialyl LewisX containing oligosaccharides [122].

Among all the homopolysaccharide models selected for this study, the residence

times of β1→2-m and β1→4-g or mannose constitute two extremes. Based on our

distributions of first passage times, we are able to determine that residence times

in the case of β1→2-mannose (wide helix) is largest while those for β1→4-glucose

and mannose (extended helices) are shortest. The residence times for the solvent

around all other nonamer homopolysaccharides fall in between these two limits. The

distinction between wide and extended helices also explains the results in the case

of our mannose twenty-mers in Fig. 4.4. The twenty-mer forming a wide helix has

longer water residence time.

The effect of branching can be gauged by analyzing a group of different
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Figure 4.4: Logarithm of the fraction of molecules with first passage time greater or
equal to t as a function of t. The slopes of these plots correspond to the residence
times.
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oligosaccharides belonging to the Man9 family. The function of f̃(≥ t) for all of

these is fairly similar and the τ values are similar to that for Man9 in Table 4.2.

Most of our findings regarding residence times on the surface of homopolysac-

charides of glucose and mannose can be explained in terms of their secondary struc-

ture and the extent to which they are able to trap water on their surface[70, 42, 6,

33]. As previously discussed, the α1→2-, β1→2-glucose/mannose, β1→3-[19] glu-

cose/mannose and α1→4-glucose/mannose tend to form wide helices while α1→3-

glucose and mannose and β1→4-glucose [98] and mannose tend to form extended

helices. Our analysis of local water occupancies appear to indicate that in wide heli-

cal conformations, the orientation of the pyranose rings is such that small pockets of

water can get trapped giving rise to loci of high local density. On the contrary, in the

case of extended helical conformation, solvent residence times are shorter, and for the

most part solvent occupancies do not show appreciable water trapping though some

interesting exceptions exist.

In Fig. 4.5 we show five characteristic examples of water occupancy isosurfaces

in contact with saccharides of different sequence, linkages and secondary structure.

The top two saccharides α1→2-glucose, and a modified Man9 correspond to a wide

helix and a branched oligosaccharide respectively. In both cases significant water

trapping and slow down occurs on the surface. From top to bottom, the following

two structures, α1→3-glucose and β1→4-glucose are extended helices; for these the

residence time of water on the surface is shorter and water dynamics is faster. There

are clear differences between the two extended sugars. In the case of α1→3-glucose
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(see Fig. 4.5) some water trapping can clearly be observed due to the particular

structural pattern that facilitates the formation of water mediated hydrogen bonds

between O6-O2-O4 in three consecutive residues. In the case of β1→4-glucose almost

no water trapping can be observed at the same iso-solvent occupancy contour level.

A very interesting exception to the wide/extended rule appears to be α1→3-mannose

(bottom of Fig. 4.5). Table 4.2 clearly shows that α1→3m has one of the largest

τ values. This is due to a combination of secondary structure similar to that in

α1→3-glucose and an epimeric effect that favors water trapping (see Figure 4.6).

4.3.2 Solvent Rotational and Translational Motion at

the Saccharide Surface

While the distribution of first passage times and corresponding residence times

provide information about how long a typical solvent molecule will remain in contact

with the saccharide surface, it does not provide detailed information regarding its

mobility. The calculation of mean square displacements and rotational correlation

functions for water molecules on the saccharide surface convey information regard-

ing the degree to which solvent motion is hindered and enables us to obtain deeper

understanding of the similarities and differences between saccharide surfaces.

Figure 4.7 shows rotational correlation functions for water molecules in the

first solvation shell around selected saccharides of different characteristics. Consistent

with our previous analysis, the fastest relaxation occurs in the case of β1→4-mannose

twenty-mer followed by β1→4-glucose nonamer. Fig. 4.7 clearly shows that these two
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Figure 4.5: Water density around saccharides with varied sequence, branching, linkage
and secondary structure. From left to right top to bottom the saccharides are: α1→2-
glucose, modified Man9, α1→3-glucose, β1→4-glucose and α1→3-mannose
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Figure 4.6: Comparison of typical snapshots along simulation for α1→3-glucose (left)
and α1→3-mannose (right) showing the loci of enhanced water trapping. The dashed
lines indicate the distance between O6.....O2 and O2.....O4, showing the epimeric
effect. In case of mannose the O2 is axial which makes the water molecule trapped
in comparison to glucose. The epimeric difference between Man and Glu results in
tighter solvent configurations in contact with the surface in the case of Mannose.
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Figure 4.7: Water rotational correlation functions in the first solvation shell on the
saccharide surface. Inset shows the complete decay of this function in the range from
0 to 10ps.
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are extended helices with modest ability for water trapping. Similarly fast decay

of correlation is observed in the case of the trisaccharide. Intermediate behavior is

observed in the case of α1→3-glucose an extended helix that shows moderate ability

to trap water as demonstrated by solvent isosurfaces as well as residence time. The

decay of correlation is slowest in the case of wide helices and complex branched

oligosaccharides such as Man9dimer and the α1→4-mannose twenty-mer.

A more detailed analysis of the rotational behavior of water surrounding ho-

mopolysaccharides can be obtained from Figure 4.8. Figure 4.8(A) and (B) compare

the rotational behavior of glucose and mannose nonamers. The first notable difference

between epimers can be seen in the case of α1→3 and α1→4 linkages. In the case of

glucose, the water rotational autocorrelation functions at the surface of α1→3-glucan

decays at an intermediate rate, faster than a typical wide helix such as β1→2-glucose

and slower than an extended helix such as β1→4-glucose. In the case of mannose

the water rotational correlation functions on the surface of α1→3-mannose shows un-

commonly slow decay while that of α1→4-mannose displays a fast decay. The case of

α1→3-m and α1→3-g are specially interesting because of the particular arrangement

of atoms O6-O2-O4 in three consecutive rings that make water residence time on

the surface unusually large compared to the case on the surface of other extended

helices. The epimeric configuration at O2 in mannose makes this effect even more

pronounced. The epimeric configuration of these two sugars can be clearly seen in

Fig. 4.6 while the different local 3D solvent occupancies are shown in Fig. 4.5. The

configuration of O2 in the case of mannose facilitates the formation of a significantly
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rigid water structure that promotes water mediated hydrogen bonds between O6 and

O4.

The case of α1→4-linkage is peculiar since it is known that amylose (α1→4-

glucan) attains a wide range of helical conformations. [91] This may explain why

water rotational correlation functions have dissimilar decays for glucose and mannose

homopolymers. It is clear that 5ns is enough to study water structure and dynamics on

systems with well defined helicity, however when the separation of time scales between

water dynamics and saccharide conformational dynamics is smaller our results may

reflect a combination of the water dynamics on two different saccharide secondary

patterns.

Figures 4.8 (C) (D) and (E) compare the rotational correlation functions of

water on the surface of α and β homopolymers at different linkage positions. It is

clear as we have discussed in previous paragraphs that α1→3-m is special in the slow

decay of water rotational correlation as can be appreciated from Figures 4.8 (C). The

rest of the 1→3 homopolymers have water rotational correlation functions on their

surface that decays at faster rates. In general, we find that regardless of whether they

are α or β the 1→2 (Figures 4.8 (D))homopolymers have water rotational correlation

functions that decay slowly. This is because they all tend to form wide helices with

many locations suitable for tight water mediated hydrogen bonds. Figures 4.8 (E) can

also be easily understood. Except for α1→4-g which is in the wide helix configuration

during simulation all other homopolymers form extended structures that are less

suitable for water trapping.
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The relationship between the ability of a sugar to form water mediated hy-

drogen bonds and the decay of surrounding solvent rotational correlation functions

has been observed before. It has been shown earlier for the pentasaccharides of cellu-

lose (β1→4-glucose) and maltose (α1→4-mannose) that solvent rotational correlation

functions are slow decaying when compared to bulk water and also when compared

to the decay on the surface of disaccharides [117].

The translationally diffusive behavior of water on the surface of saccharides

can be studied using equation 2.29. We can get an accurate picture of the similarities

and differences in the behavior of water on the surface of wide or extended helices

as well as complex branched and small oligosaccharides by analyzing Fig. 4.9. The

conclusions that can be derived from this plot are very similar to those obtained

while studying rotational diffusion. In general complex branched sugars and wide

helices which as we have demonstrated can trap significant amounts of water on their

surface due to water mediated hydrogen bonds, show both the slowest decay of solvent

rotational correlation and smallest solvent mean square displacements.

A detailed comparison of epimeric differences between mannose and glucose

still show that α1→3-mannose has uncommonly slow water surface diffusion on its

surface due to the particular arrangement of atoms displayed in Fig.4.6. In general,

just as we found in the case of the rotational correlation functions, the MSD of

water on the surface of nonasaccharides with 1→4 linkages appear to be largest. In

particular β1→4-mannose and glucose appear to be less able to slow down the motion

of water in contact with their surface.
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Figure 4.9: The mean square displacement of water around selected saccharide models
chosen for this study.
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4.4 Conclusions

As we have shown in previous subsections, geometric effects dramatically af-

fect the behavior of water on the surface of sugars. Branched sugars are particularly

well suited to trap water and so are wide helices. In general we find that α1→3 and

β1→4 homopolysaccharides of glucose and mannose form extended helices and it is

likely that other homopolysaccharides with the same linkage and anomeric config-

uration as well as O4 of the second residue in equatorial position will form similar

secondary patterns. Though we were not able to find in the literature the structure

of homopolysaccharides of allose and altrose, these should form similar patterns to

those found in mannose and glucose and based on Table 4.2 we predict that they will

have low or intermediate ability to trap water on their surface.

Glucose and mannose are epimers at O2; it is clear that all α1→2 and β1→2

homopolysaccharides studied form wide helices which are able to trap water for long

periods of time and slow down its rotational and translational diffusion. Therefore it

appears that both α1→2 and β1→2 configurations irrespective of whether the second

residue is axial or equatorial will form such structures. We therefore predict that

all aldohexoses that have a 1→2 linkage will form compact helices that are likely to

strongly associate with water and slow down its dynamics.

Based on our studies, the 1→3 linkages are interesting since both extremes

of very low and very high water trapping and slowing can be observed. While the

β1→3 version of mannose and glucose homopolysaccharides form wide helical struc-

tures in solution with intermediate water trapping and slowing abilities the α1→3
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homopolysaccharides form well defined extended structures. Since mannose and glu-

cose have equatorial O3 configurations, we expect α1→3 galactose and talose to also

form well defined extended helices. Interestingly α1→3-g has moderate ability to

trap and slow down surface water dynamics while α1→3-m is as highly effective as

the branched sugars at modifying the behavior of water on its surface. This is be-

cause of the unique arrangement of O6, O2 and O4 in consecutive residues depicted

in Fig. 4.6 which is only present in the case of mannose. It would be interesting to

study the case of talose, which is an epimer of mannose in O4. Unfortunately this

is an uncommon sugar for which a α1→3 homopolysaccharide has not been studied.

In the case of linear saccharides we find that beyond certain number of residues size

does not significantly effect residence times as well as other properties.



69

CHAPTER 5
STRUCTURAL ANALYSIS OF CRYOPROTECTANT SUGAR

AQUEOUS SOLUTIONS

5.1 Introduction

Cryoprotectant, as a synonym of antifreeze, is a substance preventing ice for-

mation to protect biological components from freezing damage. Cryoprotection is

often noncolligative. Many cryoprotectant proteins, polyols and sugars such as glyc-

erol are naturally used in animals and plants to prevent freezing damage [93, 111].

The mechanism often involves the prevention of crystallization by inducing glassy

behavior, or vitrification [32]. For example in the case of stem cells trehalose was

studied as a possible replacement for DMSO because of its lower toxicity [23]. An-

tifreeze glycoproteins are also an important family of bio-relevant cryoprotectants

where disaccharides attached to repeating Thr groups appear to play a significant

role [119]. The link between cryoprotectant activity and polyols conformation has

been previously studied [79, 14], however to the best of my knowledge little is known

about the relation between cryoprotection, and saccharide conformations during the

process of crystallization.

Three mechanisms of cryoprotection have been proposed in the past. These

involve either adsorption inhibition [114, 97, 63], nucleation inhibition [131, 48, 126] or

recrystallization inhibition [55]. All of these mechanism are potentially concurrently

active. Our studies in the following subsections will attempt to shed light on possible

antifreeze mechanisms at very low saccharide concentrations. It is worth mentioning
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that most biological systems and medical applications use fairly large concentrations

of cryoprotectant agents. Because of this we also explore the effect of inclusion of

several saccharides on the structure of water during freezing simulations. This is in

line with what we have already presented in Chapter 3 regarding diffusion in crowded

environments. The main point of this chapter is to study these systems upon freezing

and to compare the situation in the liquid and ice thermodynamic phases.

5.1.1 Previous Simulation Studies

The first successful simulation of homogenous nucleation of ice was first re-

ported in 2002 [80]. Simulation studies dealing with the crystallization of aqueous

sodium chloride have also been reported [25, 61]. Debenedetti provided structural

analysis of water surrounding trehalose in aqueous liquid phase at 30 and 0 degrees

Celsius [67]. Kim reported simulations on the effect of short peptides on the growth

of ice crystals [60]. However, to the best of my knowledge, no one has explored the

behavior of disaccharides on the growth of ice crystals computationally.

5.2 Force Field and Simulations

Compared to other liquids, many properties of water are abnormal. These

include density, specific heat, isothermal compressibility, and thermal expansion [66,

36, 37, 82, 81, 9]. In simulations of water-ice phase changes, it is an important

issue to decide which water model to use because all of the available force fields of

water perform well only for certain properties. For example, TIP4P/Ice model was

specifically designed to account for the properties of the solid amorphous water phases.
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TIP4P/2005 has the best fit with real density and thermal expansion coefficients at

1 bar as temperature varies [121].

In this study, we use the TIP5P model for water, which has been shown to

provide a reasonable description of the properties of water near its freezing point.

This model gives a freezing point of 274 K for ice Ih, which is much closer to the

experimental value 273.15 K than other popular water models such as the TIP4P

model, which has a freezing point of 232 K, or the SPC/E model, which has a freezing

point of 215 K [47, 1, 61].

Our systems were composed of an infinite ice-slab and a body of liquid water

with 0, 1, or 4 disaccharides dissolved in it. The body of liquid water was placed be-

tween the ice-slab and its periodically replicated image. Configurations of hexagonal

ice (with 2048 water molecules) and liquid water (with 10248-10305 water molecules)

were prepared separately by using a GROMACS library. Disaccharides were placed

in the liquid phase at a distance between 14 and 16 Å away from ice in the x-direction

(the normal direction to the original ice-water interface). Overlapping water molecules

were removed. In all cases, at the end of the preparation stage, we checked that the

shortest distance between the ice-lab and any sugar was in the range between 10

and 12 Å. This way, we ensured that at least at the beginning of our production

run, disaccharides were almost free from interactions with the ice slab and the small

temperature difference between the ice slab and the water had little effect on the

structure and dynamics of the disaccharides. We emphasize that the dissaccharides

were not only far from the original slab but also its periodic image.
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Systems were equilibrated in two stages: First a 150 ps simulation in the NPT

ensemble was run under anisotropic compressibility. Second a 100 ps NPT simulation

was run under isotropic compressibility. During the anisotropic-compressing run, the

system is only compressible along the normal direction to the ice-slab (x-axis). This

guarantees that the liquid achieves proper density in contact with the ice slab without

perturbing the ice density. To prevent ice melting during the preparation stage, the

temperature of ice was kept at 250 K and liquid water was kept at 260 K.

The size of the system in the initial frame was approximately 160 X 61X 60

Å in size. During production runs the system expands only in the x direction which

is the direction of crystallization. This is achieved by running non-equilibrium NPT

runs with anisotropic compressibility in which the volume of the system is allowed to

change only perpendicular to the ice slab.

All of the MD simulations were carried out using GROMACS v4.0.4. The

equations of motion were integrated numerically using a leap-frog algorithm with a

time step of 1 fs. The Nose-Hoover coupling method was used to keep the temperature

at the desired value with coupling constants of 0.1 ps and Parrinello-Rahman coupling

was used for pressure coupling at 1 bar. A cutoff distance of 0.9 nm was used for

the LJ interactions, and the particle-mesh Ewald method was used for the long-range

electrostatic interactions with a real space cutoff distance of 0.9 nm.

The trajectories were recorded every 25 ps in the first 30 ns and every 5 ps

during 30-40 ns.
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5.3 Results and Discussions

Figure 5.1 and Fig. 5.2 are examples of typical configuration at the beginning

and end of our production runs. Though saccharides appear to be close by in these

figures, this is partly because of poor depth perception. For example in Fig. 5.2 the

closest saccharides are separated by three ice layers. Fig. 5.3 shows the potential

energy change of a typical systems as a function of time during a 44 ns run. As it is

clear from this figure, the total potential energy of the system continuously decreases

until about 35 ns when the curve becomes flat. This reflects its almost complete

crystallization.

Figure 5.1: Snapshot of a typical simulation before freezing
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Figure 5.2: Snapshot of a typical simulation after the freezing process is complete

5.3.1 Structural comparison of dimannose and

trehalose dissolved in the liquid and solid water

phases

Figure 5.4(a) shows that in the liquid state dimannose has a bimodal confor-

mation in its ψ distribution. In contrast, the distribution of ψ of trehalose is centered

at a single value. Trehalose is more rigid than di-mannose. This bimodality is ab-

sent in the ice state. When water crystallizes the energy barrier for conformational

exchange is high and dimannose is trapped in a single preferred conformation.



75

-630000

-620000

-610000

-600000

-590000

-580000

-570000

-560000

 0  5000  10000  15000  20000  25000  30000  35000  40000  45000

Potential Energy

Figure 5.3: The potential energy of the system during the crystallization process

5.3.2 The structure of water surrounding disaccharides

in the liquid and solid phases

The spatial distribution of oxygen atoms surrounding sugar oxygen atoms is

defined as follows:

g(r) =
< N(r) >

4πρr2(dr)
(5.1)

where r is the shortest distance from any oxygen atom on the disaccharides(the

origin) to the oxygen atom on a water molecule of interest. 4πr2(dr) is the volume of

a thin shell around a sugar oxygen, and N(r) is the number of water oxygens falling

within the thin shell. ρ is the number density of oxygen atoms in the system.
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Our definition which considers all oxygen atoms within the sugars, differs from

that of Debeneditti [67], who only focused on single hydroxyl oxygens.

In Fig. 5.5 we compare the distribution of water in the neighborhood of di-

mannose and trehalose at different temperatures in the liquid phase. As expected,

the higher the temperature is, the less structured water appears to be around both

saccharides. While water behaves similarly around each of the two studied saccha-

rides, it is clear that both at 260 K and 300 K the height of the first peak is different.

Trehalose is able to more strongly organize water. This can be appreciated from the

higher first peak in g(r) at both studied temperatures.

In the study of Debeneditti and coworkers [67], trehalose is also special with

a high first peak in g(r). It is important to emphasize that Ow − Ow g(r) is more

structured with higher first g(r) peak than Ow −Osugar.

In contrast to previous studies, here we focus on crystallization. Fig. 5.6 illus-

trates radial distribution functions for the two studied disaccharides in the crystalline

state. Here also, trehalose appears to be more structured and this is not only seen

from the first peak of g(r) but also in subsequent second and third solvation shells.

These results are averaged over three simulations containing each four dissacharides

after water had completely frozen around them. It is clear that the small differences

in the liquid state are amplified upon freezing.
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The tetrahedrality of water surrounding a disaccharides can be studied by

using Eq.2.35.

As discussed in section 2.5 < q >= 1 corresponds to a perfect tetrahedral

structure whereas < q >= 0 corresponds to the case of an ideal gas, in which the four

vectors arrange randomly.

Fig. 5.7 shows the average tetrahedrality of the oxygen network as a function of

the shortest distance from a carbohydrate oxygen to the water oxygen corresponding

to the central atom of the tetrahedron. The features in Fig. 5.7 should be understood

as follows; at short distance water molecules surrounding the carbohydrate are orga-

nized by the sugar’s oxygen atoms, at long distances water is organized as in bulk

water. It is the intermediate distance that is most interesting since it corresponds to

the intervening region between two different oxygen networks and therefore is where

disorder and glassy behavior is to be expected. As is to be expected, Fig. 5.7 shows

that in general, tetrahedrality is higher at lower temperature. In the liquid phase (or

supercooled liquid phase) at distances beyond 3.5Åwater surrounding both carbohy-

drates appears to be very similar. It is only in the first solvation shell that differences

between these two carbohydrates are most noticeable. Trehalose is consistently able

to organize water in its immediate surroundings much more strongly that dimannose.

It should be pointed out that the distance values in Fig. 5.7 are somewhat misleading

since they correspond to the distance from a vertex to the center of a tetrahedron,

but the organization is for the whole tetrahedron structure. This means that the or-

ganization ability of trehalose may extend somewhat beyond the first solvation layer.
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The long distance behavior of the tetrahedrality parameter reflects the intrinsic order

of bulk water at the two studied temperatures. It is clear that at least at higher tem-

peratures, tetrahedrality is higher than in the bulk when adjacent to trehalose and

also beyond the boundaries of the intervening region in the case of both saccharides.

Furthermore, Fig. 5.7 shows that at lower temperatures the intervening region shifts

closer towards the saccharides.

Fig. 5.8 shows perhaps the most interesting results in this section. We see

from this figure that when these two different carbohydrates are trapped in ice the

average of the tetrahedrality parameter q is significantly different in the case of the

two carbohydrates. For the most part, beyond the immediately adjacent water layer

trehalose appears to disrupt ice even at significantly large distances corresponding to

several water layers. It is not surprising then that trehalose is experimentally known

to be a good cryoprotectant. It is interesting that while dimannose appears to be

worse at properly fitting within the tetrahedral structure of ice at close contact, the

effect is quickly diminished when compared to the case of trehalose.

Compared to di-mannose, in our simulations trehalose shows a more disruptive

effect on ice growth in the range 4.4-8 Å. This supports the adsorption inhibition

mechanism. Finally, we show in Fig. 5.9 that when the distance between the surfaces

of different disaccharides is shorter than about 8 Å, water between these appears to

be amorphous even within ice. It is therefore not surprising that at experimental

concentrations ( much higher than in our studies, sometimes between 40% and 60%

wt) water is in a glassy state.
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5.4 Conclusion

In this chapter, we investigated structural properties of water and ice adjacent

to individual disaccharides or a group of disaccharides corresponding to solutions of

1% by wt. Whereas in the liquid phase trehalose appears to more strongly organize

water in its surroundings, in the ice phase it appears to disrupt the crystal phase the

most. Water adjacent to these saccharides is glassy and this glassy structure extends

further away in the case of trehalose. When the sugar concentration is larger, the

intervening space between different sugars is not crystalline even if this distance is on

the order of a nanometer.
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Figure 5.4: In the liquid phase the psi distribution in the case of dimannose is bimodal
and is unimodal in the case of trehalose. Upon freezing both distributions become
unimodal.
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Figure 5.9: Even within ice, if saccharides are separated by distances that are smaller
than 1nm the intervening space will likely look like a glass and not a crystal. We
highlight this with a yellow ellipsoid.
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CHAPTER 6
CONCLUSION AND FUTURE WORK

The non-trivial structural and dynamical bio-relevance of water has recently

attracted considerable attention across scientific communities. In this thesis, I have

investigated water structure and dynamics within the context of different biomolecules

in the liquid, glassy and crystalline phases. In addition, and to accomplish these goals

we have developed new theoretical methods and computational algorithms to better

understand diffusivity patterns and residence times in complex environments where

inherent simulation statistics are by nature poor.

Our results indicate that the cumulative probability distribution of first pas-

sage times is less error prone than other methodologies previously used to study

residence times of molecules on different surfaces. This is due to the better treatment

of molecules with long times of residence for which MD studies do not provide good

statistics. Our proposed algorithm presents a better way to estimate the times of

residence of a molecule on a rough molecular surface and is supported by a clear an-

alytical link between the current formulation and previously proposed survival time

correlation functions.

In the study of water behavior in the vicinity of oligosaccharides, we find the

secondary structures, sizes, branching and other geometric factors strongly affect the

behavior of water in contact with carbohydrates. Branched sugars and carbohydrates

with wide helices are the most prone to water trapping. Longer water residence times

as well as slower rotational and translational diffusion are observed when in contact
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with wide helices and branched sugars. In contrast, water in contact with extended

helices and smaller oligosaccharides, appears to display faster and less hindered dy-

namics. Clearly branching, the type of linkage between monomers and the anomeric

configuration are all key elements that determine the structural and dynamical fea-

tures of water in the immediate vicinity of oligosaccharides.

When studying the structure of water and dissacharides upon freezing we find

that trehalose can act as an organizing center in the liquid phase and a strongly

disorganizing object in the ice phase. A saccharide concentration increase leads to

glassy water in the intervening space between them surrounded by ice. This glassy

layer is not small and distortion of the ice lattice is observed even when the separation

between saccharides is on the nm scale. This project is ongoing and we expect to

be able to discuss not only initial (liquid) and final (ice) states but also structural

changes during the process of freezing in a future publication.

Because of the enormous computational expense of running large freezing sim-

ulations, we have not yet investigated the case of other relevant sugars. A more

thorough comparison across concentrations and antifreeze species should be part of

future directions. For example sucrose is also known to be a good anti-freeze molecule

and the comparison between this molecule and trehalose is of potential interest. It

is possible that the rigidity of the dihedral angle in disaccharides may play a role in

determining its antifreezing ability. In my simulations trehalose apears to be more

rigid than dimannose. This observation should be explored before further conclusions

can be made and could also be part of the future directions of this project. It is worth
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mentioning that experimentally, there is nearly no difference in the antifreezing abili-

ties of trehalose, sucrose, and glucose at very low concentrations. Differences are only

observed at higher concentrations when glassy structure and dynamics is likely to be

prevalent.
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