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DIPLOMOVÁ PRÁCE
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Abstrakt: Pomoćı molekulárńı dynamiky jsme systematicky studovali chováńı kladně

nabitých aminokyselin – argininu, lysinu a histidinu v slaných roztoćıch. S̊ul byla

vždy tvořena draselným kationem a aniontem ze skupiny halogenid̊u. Byly studovány

jak jednoduché soli, tak i jejich binárńı směsi. V prvńı řadě jsme určili relativńı mı́ru

interakce aniont̊u a aminokyselin, dále jsme definovali interakčńı centra a jejich pod́ıl

na souhrnné interakci. Mı́ra interakce byla kvantifikována pomoćı hustotńıch map,

množstv́ı kontakt̊u a kumulativńıch sum aniont̊u vzhledem k jednotlivým částem

aminokyseliny. Všechny výpočty byly provedeny jak bez polarizovatelnosti atomů,

tak i s jej́ım zahrnut́ım. Ve všech př́ıpadech byl pozorován významný rozd́ıl v chováńı

fluoridového aniontu proti ostatńım halid̊um. Fluorid interagoval se silnou prefe-

renćı s kladně nabitou část́ı aminokyselin, zat́ımco interakce ostatńıch halid̊u byla

rozprostřena přes celý povrch aminokyseliny.

Kĺıčová slova: MD, Hofmeistrova řada, halogenidy, aminokyseliny, polarizovatelnost.
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Abstract: By means of molecular dynamics simulations we have systematically in-

vestigated the behavior of positively charged amino acids – arginine, lysine, and

histidine in salt solutions. Salt always contained potassium cation and anions from

the halide group. Both simple salts and binary salt solutions were investigated. Pri-

marily, we have quantified the level of interaction of anions with amino acids. Also,

the interaction sites were defined together with their role in cumulative interactions.

The interaction was quantified by means of density maps, contacts, and cumula-

tive sums with respect to individual parts of the amino acid. All simulations were

done both with nonpolarizable and polarizable force fields. A significant difference

in behavior between fluoride and other halides was observed in all cases. Fluoride

preferentially interacted with the charged part of amino acids, while interactions of

other halides were spread over the whole amino acid.

Keywords: MD, Hofmeister series, halogenides, amino acids, polarizability.



Chapter 1

Introduction

Our story begins in Prague in 1850. In that year, Franz Hofmeister was born into

the family of the first doctor in the city, who performed chloroform anesthesia [1]. He

studied first medicine at the Charles-Ferdinand University of Prague, then he came

under the influence of H. Huppert, who was invited to Prague in 1872 to establish

a laboratory of physiological chemistry. In 1879 Hofmeister obtained his doctoral

degree based on analysis of peptones. The following year his name was proposed for

the position of the Head of the Institute of experimental pharmacology. By 1885,

he had advanced to the status of full professor, and later he became Dean of the

Faculty.

His research revealed pure applied chemical information concerning lactic acid,

glycogen, lipids, proteins, and porphyrins. However, the experiments for which the

name Hofmeister is most remembered are comprised of a rather compact segment of

his research from his early years in Prague. Franz Hofmeister and two of his students,

S. Lewith and R. Limbeck, published a connected sequence of six papers under the

general title, ”On the Mode of Action of Salts” [2]. They proposed correlations

between precipitating action, dissolving action, and lyotropic swelling of proteins

along with diarrhetic action, diuretic action, water binding, osmotic pressure, and

other physical-chemical phenomena. His work was systematic in the sense that one

cation was always fixed and anions were varied or vice versa. This facilitated the

formulation of the lyotrophic (also called Hofmeister) series of ions, as depicted in

Figure 1.1 [3]. For more than a century, it served well for biologists, biochemists, and

other researchers without scientists having a deeper understanding of the underlying

mechanisms and processes. Even nowadays biochemistry is more descriptive than

mechanistic in a molecular sense.

Biochemists and biologists use salt solutions when they want to obtain enzymes
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Figure 1.1. Hofmeister series in the form, how it is understood and presented now.

in their native form from the live cell, to crystallize enzymes for X-ray diffraction

measurements, and to elucidate their structure. This process of salt-induced protein

association is called salting out effect. Protein crystallization is a very hard job, and

it often takes months or even more to reach the goal. Hofmeister series tells us which

salt should be tried if a particular salt does not exhibit the expected effect. The

situation is even more complicated because salts cause also other effects at the same

time, like denaturation or destabilization. In the case of preparing native protein

crystals for X-ray measurements, these effects are inconvenient and usually have to

be overcome by trial and error approach.

Another example concerns enzymatic activity measurements. An enzyme reacts

with a substrate and produces a product; the number of substrates which the enzyme

transforms in one second defines its activity. For example, the enzyme ptyalin which

is in human saliva degrades starch to monosaccharide glucose. These processes are

studied at constant pH. In that case we are in a buffered solution (i.e., salt solution),

with a mixture of protein and substrate. The following question then arises – does

enzymatic activity depend on the choice of salt buffer? The bottom line is, that a

deeper understanding of the mechanism at an atomistic level would be extremely use-

ful for both theoreticians and experimentalists. Molecular dynamics (MD) is a well

suited method for this purpose. It provides an atomistic resolution of a studied sys-

tem and in principle we can study both macroscopic generic effects and microscopic

interaction mechanisms.

Early attempts of performing simulations of biomolecules were limited by low

computational efficiency. At that time the implicit solvent (continuum description,

with cavity calculation for solute molecule) was mainly employed. The most inter-

esting species – proteins, peptides etc., were still too large to be simulated at full

atomic resolution, and so coarse-grained models were studied, where groups of atoms

were substituted by spheres (or other convex bodies) with some effective properties.

In these cases, the whole protein was effectively described, but the solvent was in-
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troduced only as a continuum with a dielectric constant. A limitation of all these

continuum solvent simulations is, that water properties are very strongly influenced

by the fact, that it can make oriented hydrogen bonds on both ends, as a hydrogen

bond donor, and also acceptor. In atomistic molecular dynamics, the partial charges

on hydrogen and oxygen atoms together with van der Waals parameters include this

typical water behavior.

In our research group, we gained experience with studying the ion specificity

among alkali cations in the sense of interactions with intra- and inter-cellular pro-

teins, as well as with model systems of negatively charged amino acids (namely

glutamic and aspartic acids) [4]. Present results show that there is a preference for

sodium over potassium, and that the main part of this preference comes from direct

electrostatic charge-charge interactions between alkali cations and negatively charged

regions on the protein surface.

Papers concerning Hofmeister series show, that the salting out effect is more

strongly influenced by varying anions than cations. This led us to investigate the

halide group of anions. This choice has a very similar reason as the choice of alkali

metals in the previous study [4]. In both cases, these groups represent the most simple

ions without internal degrees of freedom, and at the same time we are investigating

real, naturally occurring object. There is also a numerical/practical point of view.

The simpler the object we study, the more likely its description will be accurate.

1.1 Main goals of the diploma thesis

The aim of the present study is to perform MD simulations of basic amino acids

in potassium halide solutions with the following goals:

1. To obtain the ordering of attraction of halide anions (F−, Cl−, Br−, and I−)

to basic amino acids – lysine, arginine, and histidine.

2. To unravel the molecular origin of the ordering of halide anions in the Hofmeis-

ter series.

3. To find out if there is any anionic specificity in terms of binding sites.

4. To analyze the results as discrete dependences on the nature of anions.

5. To investigate the dependence of the results on the chosen force field parame-

ters.



Chapter 2

Computational methodology

2.1 System preparation

The systems under investigation were prepared from scratch using the molecular

dynamics software package Amber8 [5] in the modeling environment Leap. This mod-

eling environment has a database with structures of all standard amino acid residues.

First, a charged amino acid was acetylated at the N-terminus and methylated at the

C-terminus, as it is standard in biochemical practice. Such a capped amino acid was

surrounded by water molecules forming a system in a cubic box. Cations and anions

were then added by one-to-one substitution of randomly chosen water molecules.

By applying periodic boundary condition to this unit cell, an infinite system was

prepared, as depicted in Figure 2.1.

2.2 Simulation protocol

A trajectory can be used for sampling purposes only if the system is in ther-

modynamic equilibrium. To have such a system for propagation, the following steps

were taken. The potential energy of the prepared system was minimized using 1000

steps of a steepest descent minimizer. This prevents molecular overlaps, which would

cause too high forces in the beginning of the dynamical simulation, possibly lead-

ing to an error in the simulation. With this minimized system, we can in principle

run dynamics. In our case, random velocities have been generated according to the

Maxwell-Boltzmann velocity distribution for a given temperature of T=10K. By

introducing the Berendsen thermostat [6] the temperature was increased during a

heating phase to T=200K. In the next step, an isotropic pressure was applied to the

box (while temperature was increasing to T=300K) to decrease the volume, and
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Figure 2.1. The prepared unit cell (center) with application of periodic boundary

conditions (surrounding cells).

to obtain a realistically dense liquid. This system satisfies our requirements on the

number of particles N, pressure p, and temperature T. This N, p, T ensemble was

then equilibrated for 500 ps. Finally, the propagation of such a system, in thermo-

dynamic equilibrium, can serve for sampling of the phase space. The time step was

1 fs, the coordination output was made every 1 ps, and the usual propagation time

was about 50 ns, which provided about 50 000 frames for analyzing purposes. Such

a length of simulation was sufficient to provide convergence of averaged quantities,

as well as of standard deviations.

2.3 Statistical mechanics and thermodynamics

Statistical mechanics and phenomenological thermodynamics are classical disci-

plines, which are built on a few general assumptions. The goal of statistical disciplines

is to provide links connecting properties of microsystems with measurable quantities.

For these purposes, a suitable ensemble is defined and through realizations of the

system under the particular ensemble conditions measurable quantities can be ob-

tained [7]. Such quantities are, e.g., the Helmholtz free energy, Gibbs energy, internal

energy, entropy, second virial coefficient, and many others. For biological and chem-
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ical systems, which are typically studied under constant pressure and temperature

(isobaric-isothermal ensemble), the most important quantity is the Gibbs energy.

The statistical thermodynamics system which is well suited for constant pressure

and temperature condition is the canonical N, p, T ensemble. This can be directly

compared with experiment from a macroscopic point of view.

2.3.1 Interaction potential

In all computer simulations, the most important task is the choice of a sufficiently

good model which defines parameters appearing in the ruling equations. The results

cannot be better than the underlying model. In the case of MD simulations, the choice

of the N, p, T ensemble is clear. The time propagation of the N, p, T ensemble consists

of the numerical, step-by-step solution of Newton’s equations of motion, which may

be written as:

mir̈i = f i, f i = −∂U(rN)

∂ri

. (2.1)

For this purpose we need to be able to calculate the forces f i acting on the atoms.

These are derived from the interaction potential U(rN), where rN = (r1, r2, . . . rN)

represents the complete set of 3N atomic coordinates. The more problematic issue

is the choice of parameters for the interaction potential U(rN). The form of the

interaction potential is generally given as:

U = Estretch + Eangle + Edihe︸ ︷︷ ︸
intramolecular

+ Evdw + ECoulomb + Epolar
i︸ ︷︷ ︸

intermolecular

. (2.2)

This expresses the molecular potential energy as a sum of intramolecular energy

terms that describe the distortions of bond lengths, bond angles, and torsion angles

away from equilibrium values, and intermolecular terms for pairs of atoms describing

van der Waals and electrostatic interactions and an effective many-body polarization

term. The set of parameters consisting of equilibrium bond lengths, bond angles,

force constants, van der Waals parameters, partial charge values, and polarizability

constants is called a force field. The intermolecular terms are:
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Figure 2.2. Intermolecular interactions used in this diploma thesis. Van der Waals

interaction, electrostatic interaction, and polarization in electric field.

Figure 2.3. Intramolecular interactions used in this diploma thesis. Two atomic

stretching bonds, three atomic bending and four atomic dihedrals constraints.

Evdw
ij =

Aij

r12
ij

− Bij

r6
ij

(2.3)

ECoulomb
ij =

1

4πε0

qiqj

rij

(2.4)

Epolar
i = µi · E(ri) = αi E(ri) · E(ri) (2.5)

E(ri) =
1

4πε0

[ ∑
j∈charges

qj

r2
ij

rij

rij

+
∑

j∈dipoles

µj · rij

r4
ij

rij

rij

]
. (2.6)

The van der Waals interaction is used in the form of the Lennard-Jones 12-6 po-

tential [8], defined by atom-type-dependent constants Aij and Bij. For short distances

it generates a strong repulsive force caused by overlaying of electronic clouds, while

for larger distances it causes attraction which comes from induced dipole-induced

dipole interactions.

The next term is the Coulomb potential between full (ions) or partial (mole-

cules) atomic charges. The last equation defines the polarizability term which is less

commonly used, as the interaction energy has to be calculated iteratively (a self con-

sistent solution) and that causes extra computational time. But mainly for bigger

anions, this term plays an important role and its effect cannot be simply neglected

without tests calculations. The intramolecular terms are:
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Estretch
i =

ki

2
(li − li,0)

2 (2.7)

Ebend
i =

βi

2
(θi − θi,0)

2 (2.8)

Edihe
i =

Vn

2
[1 + cos(nωi − ωi,0)] . (2.9)

These are harmonic approximations to the energy of bonds, angles, and torsions

as a function of displacement from the optimal bond length li,0, angle θi,0, and dihe-

dral angle ωi,0. The force constants, ki, βi, and Vn determine the strength (rigidity)

of the bond, angle, or dihedral angle. These potentials are usually sufficient for de-

scription of bonds, angles, and dihedrals near their equilibrium values. The values of

all parameters used within this diploma thesis are in Tables B.1–B.6 in the Appendix

A [9].

Once we define the parameters in the above equations, our system is completely

determined. At this point we can in principle choose a direct statistical thermody-

namic integration. This is, however, a difficult task (actually impossible) for a soft

potential and internal degrees of freedom. A better option is to calculate the inte-

grals from Newton equations (2.1) and then by the use of the ergodic theorem employ

statistical integration, yielding the averages of the quantities over time.

Letting A be a macroscopic quantity of the system and A be its independent

realizations during evolution of the system, the average quantity 〈A〉 is defined as:

〈A〉 = lim
t→∞

1

τ

∫ τ

0

A [rN(t), pN(t)] dt . (2.10)

If system is ergodic, then A = 〈A〉.
The most suitable information about our system comes from one dimensional

relations, which can be easily understood and visualized. Such quantities are radial

distribution functions, cumulative sums, and numbers of contacts as defined in Sec-

tion 2.3.2. For more detail but almost exclusively visual analysis we employ three

dimensional density distributions ρ(r12). In theory, there are derived from generic

distribution functions of second order ρ2(r1, r2). If one set of atoms is rigid enough,

it can be fixed and dependence remains only on the intermolecular position r12:

ρ2(r1, r2) =
N (N − 1)

ZN

∫
R3N−6

e−UN/kT dr3 . . . drN (2.11)

ρ(r12) =

∫
R3

ρ2(r12, r1)dr1 . (2.12)
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MD simulations give us a strong tool using the ergodic theorem. It says, that un-

der the assumption that we are studying ergodic systems, the average over ensemble

equals to the average over trajectory. The other use of MD is the trajectory itself

as an ”exact” solution of multidimensional system of ordinary differential equations.

Then one has to keep in mind that this is only one of many possible trajectories,

and not to overestimate the visual results. Finally we have to take into account, that

many effects can be influenced by the choice of interaction potential.

2.3.2 Numerical analysis of results

The ergodic theorem allows us to perform statistical averaging along the trajec-

tory. In this way, we can obtain numbers of contacts, cumulative sums, and density

maps. In this section, we describe how we obtain these functions from the MD tra-

jectory.

The most detail analysis is provided by density plots. This is done in two steps.

First, the positively charged group was taken and three atoms were used. The three

atoms define a plane and their order defines the orientation of the perpendicular

vector product. According to this new coordination system the whole analyzed tra-

jectory was reoriented. From such a trajectory, the density maps were created by

plotting (dotting) out the positions of halides in every frame, where a large box

with a size of 15 Å around the positively charged group was divided into 85 x 85 x

85 boxes. To go from the number of contacts to densities, we divided the resulting

contacts in each of the boxes by the total number of contacts inside the big box.

Finally, to visualize results of this analysis, maps for three chosen isodensity values

were plotted. In our cases we have always taken the following isodensity levels:

1. A level, where only the highest densities are visible.

2. A level, where the regions of attraction are well defined and noise is still minor.

3. A level, where noise starts to dominate.

The cumulative sums can be directly calculated from the trajectory. We define

two sets; the first is the center around which the occurrence of the other one is

calculated. Let A and B be finite sets. The distance d(A,B) is defined as

d(A, B) = min
∀a∈A,∀b∈B

d(a, b) .
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Table 2.1. Definition of the vicinity of amino acids for halides, varying in size, as

it is used in this diploma thesis. Defined distances were obtained by differentiation

of cumulative sum, described in the text.

Name distance (Å)

Fluoride 3.2

Chloride 3.6

Bromide 3.8

Iodide 4.1

The cumulative sum is then defined as:

NX(R) =
1

n

n∑
i=0

Nions∑
j=1

χIR
(Xj, i) (2.13)

χIR
(Xj, i) = 1 |RXj

(i)| ∈ IR = [0; R] (2.14)

χIR
(Xj, i) = 0 |RXj

(i)| /∈ IR = [0; R] , (2.15)

where χIR
are characteristic functions of intervals [0; R], which serve as a bins

for sorting anions positions according to their distances. The step of resolution of

this method was taken as ∆R=0.1 Å. This cumulative sum is differentiated. This

provides the radial distribution function, where we are not normalizing the derivative

according to the volume by the use of factor 1
4πR2 . We are then interested in the

position of the first minimum, which is used for defining the vicinity of the amino

acid.

The number of contacts in percent of simulation time, which is presented in the

form of a table, is obtained as the value of the cumulative sum at the distance where

the derivative of the cumulative sum goes to zero. This is a useful definition of the

vicinity of the amino acid for anions which are varying in size. In Table 2.1 we

present distances, which were taken as the definitions of vicinity of amino acids for

the purpose of this diploma thesis.



Chapter 3

Results

Amino acids and halides

In nature there are 20 essential L-α-amino acids which are basic building blocks

of proteins, peptides, and enzymes, on proper function of which our life depends.

For these high molecular weight species theory recognizes four orders of structure

[11]. The primary structure is defined as a sequence of amino acids in the molecular

string. The secondary structure describes the mutual orientation of parts of string

being in neighborhood or at short distances. We recognize two important and most

common structures, α-helix and β-sheet. The main force, which rules the secondary

conformation is creating as many stabilizing hydrogen bonds as possible. The tertiary

structure tells us, similarly to the secondary structure, about the mutual orientation

of parts of the string, but in this case these parts are further away from each other or

they are even different strings of one molecule. Often, these interactions are mediated

by disulfide bonds. The quaternary structure is characterized by spatial arrangement

of individual subunits (with their own tertiary structure) into a protein complex. The

primary structure determines the function, the secondary and tertiary structures

together underlie the specificity of proteins, while the quaternary structure enables

intramolecular regulation of biological activity.

The peptide molecule folds into its lowest energy conformations in a given envi-

ronment. This minimal energy conformation is strongly dependent on the molecular

behavior of both peptide and environment. It should be noted here that more than a

single low energy conformation is important at finite temperatures (typically 300K),

as temperature according to Boltzmann distribution enables existence of various low

energy conformations. This becomes particularly important for large proteins or en-

zyme molecules with thousands of atoms, where there are many shallow minima on
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Figure 3.1. Basic amino acids and detail of their charged groups. (A) – arginine,

guanidinium (B) – lysine, amonium (C) – histidine, imidazolium, and (D) – depro-

tonated histidine, imidazole.

Figure 3.2. Halide anions (fluoride, chloride, bromide, and iodide), potassium

cation, and water molecule shown at their relative sizes.

the potential energy surface.

Halogens are strongly electronegative particles, well known for their high reactiv-

ity, creating strong hydrogen acids and wide spectra of soluble salts. Many features of

halides can be explained by their position in the periodic table and the fact that they

all carry seven valence electrons. Similarly to other groups (alkali metals, chalcogens,

etc.) the lightest atom – fluorine, differs from the others, as its electrons can not oc-

cupy d-orbitals and it has a significantly smaller atomic diameter [10]. The main

chemical-physical properties of basic amino acids and halide anions are summarized

in Tables 3.1 and 3.2.

An important issue in the molecular dynamics simulation with nonpolarizable

force field is that we are studying four cases with just a single varying parameter,

namely the size of the anion. The depth of the van der Waals potential is negligible

if it is compared to the Coulomb interaction. To be more precise about electrosta-

tic interaction, the charge density which differs for individual halides is important.

Thus our nonpolarizable simulations have a single parameter, charge density, which

connects them from a mathematical point of view. Note that there are many other

intermediate charge densities for which molecular dynamics simulations could be
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Table 3.1. Basic chemical-physical properties of basic amino acids.

Name 3-Letter 1-Letter Sidechain pKa constant1 Functional group

Arginine Arg R 12.10 guanidinium

Lysine Lys K 10.67 amonium

Histidine His H 6.04 imidazolium

1
source [11]

Table 3.2. Basic chemical-physical properties of halide anions.

Name Symbol Electronegativity1 Hydration energy2∆Gf [kJ/mol]

Fluoride F− 3.98 -278.8

Chloride Cl− 3.16 -131.2

Bromide Br− 2.96 -104.0

Iodide I− 2.66 -51.6

1
of the corresponding halogen atom, values from [10]

2
values from [12]

performed. However, only these presented here have chemical sense, since they are

describing existing spherical monovalent anions.

Computer experiments presented here give us a description on an atomistic level.

Despite the fact that we study only a one dimensional functional dependence – or-

dering halides according to charge density, the phase space has too many degrees of

freedom to enable direct integrations. System evolution gives us the opportunity to

sample this phase space well in the most probable region. After checks about conver-

gences and retention times, we can evaluate radial distribution functions, cumulative

sums, contacts, and density distributions. Afterward, a qualitative analysis of halide

anions ordering can be performed.

3.1 Arginine

3.1.1 Simulations without polarizability term

The most detailed information is provided by the three dimensional density plots

shown in Figure 3.3. They tell us where halides can be found with high probabil-

ity. Three isolevels for fluoride, chloride, bromide, and iodide were taken. Fluoride

distribution shows high peaks. As we are moving to bigger halides, peaks are lower
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and broader, which is also mirrored by the choice of isolevels. For the purpose of our

discussion, the density map of water oxygens in nonpolarizable water model (SPCE)

[13] is also presented in Figure 3.4. It shows that even the solvent exhibits preferential

interactions toward the charged part of the amino acid.

The information provided in density maps is nice for interpretation, but as a

three dimensional object it is hard to deal with quantitatively. We can reduce the

information to one dimension, namely the radial distance. Then we work with cu-

mulative sums. These are presented in Figure 3.5 together with their derivatives for

individual salt solution. On the first graph, there is the cumulative sum with respect

to the whole amino acid. Then arginine was divided into two parts, which were inves-

tigated separately. First was the guanidinium group, presented as the second graph

of Figure 3.5 and the second was the remainder of the amino acid, shown on the

third graph of Figure 3.5. The graphs show that the interaction with fluoride, in the

sense of cumulative sum, is more than twice as strong as for other halides and the

dominant part of fluoride interaction comes from its interaction with the positively

charged guanidinium group.

Reducing information we can make one more step and characterize interactions

in the sense of numbers of contacts, shown in Table 3.3. There we present numbers

of contacts of halide anions with the whole arginine. This is defined as the fraction

of simulation time, which the anion spent in the vicinity of arginine. Because of the

varying sizes of halides, the vicinity of arginine was defined individually for each

anion in Table 2.1.

Table 3.3. Arginine, nonpolarizable case: Absolute number of contacts in the vicinity

of (whole) arginine or the guanidinium group is presented. The distances are taken

from Table 2.1.

Anion Amino acid [%] Guanidinium [%]

Fluoride 34 34

Chloride 10 9

Bromide 7 6

Iodide 10 6

An example of binary mixtures of salts is represented by the simulation of arginine

in three mixtures consisting of KF and KCl, KF and KBr, KF and KI, so that the

fluoride anion occurs in all the three simulations. The behavior of fluoride in the

presence of different halide anions is quantified by the means of cumulative sums
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Figure 3.3. Density distribution of fluoride (black), chloride (gold), bromide (red),

and iodide (violet) anions around the guanidinium group. The cubic box for the

density map has a side of 15 Å. The number in the left corner of each picture expresses

the value of plotted isodensity.
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Figure 3.4. Density distribution of water oxygens around the guanidinium group.

The cubic box for the density map has a side of 15 Å. The number in the left corner

of each picture expresses the value of plotted isodensity.

Figure 3.5. Cumulative sums for halide anions and their derivatives (distributional

functions) for the whole amino acid, positive guanidinium group, and the remainder

of amino acid.
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Figure 3.6. Same symbols as in Figure 3.5. The resulting cumulative sums for

fluoride anion in binary mixtures of salts.

in Figure 3.6. The results clearly show the independence of the fluoride attraction

to the amino acid on the other ions present, at least for the studied concentrations.

3.1.2 Simulations with polarizability term

In this part the polarizability of every atom was taken into account. In this

case halide anions differ in two parameters. At hydrophobic interfaces, Coulomb and

polarization interactions tend to act against each other as it was described in [14],

[15] and [16].

The most detailed information is provided in three dimensional density plots in

Figure 3.7. It tells us where halides can be found with high probability. As in the

previous nonpolarizable case, three isolevels for fluoride, representing strong inter-

action, and iodide, representing weak interaction, with positive guanidinium group

were taken. Fluoride distribution shows high peaks, however the values of highest

isolevels are significantly lower than in nonpolarizable case. When comparing fluo-

ride and iodide anions, peaks are lower and broader for iodide, which is also mirrored

by the choice of isolevels. For purpose of our discussion the density map of water

oxygens in polarizable water model (POL3) [17] is also presented in Figure 3.8.
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Figure 3.7. Density distribution of fluoride (black) and iodide (violet) anions around

the guanidinium group. The cubic box for the density map has a side of 15 Å. The

number in the left corner of each picture expresses the value of plotted isodensity.

Figure 3.8. Density distribution of water oxygens around the guanidinium group.

The cubic box for the density map has a side of 15 Å. The number in the left corner

of each picture expresses the value of plotted isodensity.
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Figure 3.9. Cumulative sums for halide anions and their derivatives (distributional

functions) for the whole amino acid, positive guanidinium group, and the remainder.

We can reduce the information to one dimension, namely the radial distance.

Then we work with cumulative sums. These are presented in Figure 3.9 together

with their derivatives for individual salt solution. On the first graph, there is the

cumulative sum with respect to the whole amino acid. Then arginine was divided

into two parts, which were investigated separately. First was the guanidinium group,

presented as the second graph of Figure 3.9 and the second was the remainder of the

amino acid, shown on the third graph of Figure 3.9. Graphs show, that the interaction

with fluoride, in the sense of cumulative sum, is more than twice as strong as for

other halides and the dominant part of fluoride interaction comes from its interaction

with the positively charged guanidinium group.

Reducing information we can make one more step and characterize interactions

in the sense of numbers of contacts, as shown in Table 3.4. There we present numbers

of contacts of halide anions with the whole arginine. This is defined as the fraction

of simulation time, which the anion spent in the vicinity of arginine. Because of the

varying sizes of halides, the vicinity of arginine was defined individually for each

anion in Table 2.1.
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Table 3.4. Arginine, polarizable case: Absolute number of contacts in the vicinity

of (whole) arginine or the guanidinium group is presented. The distances are taken

from Table 2.1.

Anion Amino acid [%] Guanidinium [%]

Fluoride 17 16

Chloride 8 6

Bromide 8 7

Iodide 8 5

3.2 Lysine

3.2.1 Simulations without polarizability term

As in the section about arginine, this subsection is opened by 3D density maps

unveiling the regions with high probability to find halides. Three isolevels for fluoride

and iodide are shown in Figure 3.10. These plots illustrate the difference between

small halide (fluoride), for which the distribution shows three high equivalent peaks,

and bigger halides with many mild peaks.

For the same reason as in the previous section we reduce the information to be

dependent just on the radial distance. Thus obtained cumulative sums are presented

in Figure 3.11 together with their derivatives for individual salt solution. Like in the

case of arginine, the first graph describes the cumulative sums with the respect to

the whole amino acid, and the other two graphs deal separately with ammonium and

the remainder of lysine. The interaction with fluoride is again more than twice as

strong as for other halides and the major part of fluoride interaction originates from

its interaction with the charged ammonium group.

The characterization of interactions by numbers of contacts is depicted in Ta-

ble 3.5. These are numbers of contacts of halide anions with the whole lysine and

ammonium group evaluated.

We have also investigated the dependence of the results on the choice of equations,

which are ruling the temperature control during the simulation. This is given by the

choice of the particular thermostat (see Table 3.6). We found the results to be robust

with respect to the choice of thermostat.

An inappropriate choice of a cutoff distance can seriously influence the results.

From the numerical point of view the longer cutoff we choose the more demanding the
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Figure 3.10. Density distribution of fluoride (black) and iodide (violet) anions

around the ammonium group. The cubic box for the density map has a side of 15 Å.

The number in the left corner of each picture expresses the value of plotted isodensity.

Figure 3.11. Cumulative sums for halide anions and their derivatives (distributional

functions) for the whole amino acid, positive ammonium group, and the remainder.
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Table 3.5. Lysine, nonpolarizable case: Absolute number of contacts in the vicinity

of (whole) lysine or the ammonium group is presented. The distances are taken from

Table 2.1.

Anion Amino acid [%] Ammonium [%]

Fluoride 17 17

Chloride 10 8

Bromide 8 6

Iodide 13 7

Table 3.6. Simulation of KF salt solution with 4 fluoride anions, with cutoff equal to

7.5 Å. Absolute number of contacts in the vicinity of (whole) lysine or the ammonium

group is presented. The distance for fluoride equal to 3.2 Å is taken from Table 2.1.

Thermostat Amino acid [%] Ammonium [%]

Berendsen1 17 17

Andersen2 15 14

Langevin3 16 16

1
for details of implementation see [6]

2
for details of implementation see [19]

3
for details of implementation see [20]
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Table 3.7. Simulation of KF salt solution with 4 fluoride anions, with various cutoffs.

Absolute number of contacts in the vicinity of (whole) lysine or the ammonium group

is presented. The distance for fluoride equal to 3.2 Å is taken from Table 2.1.

cutoff [Å] Amino acid [%] Ammonium [%]

Nonpolarizable

7.5 17 17

9 15 15

10 14 14

Polarizable

7.5 8 6

10 7 7

simulations are. To have this dependence under control a series of simulations with

increasing cutoff distance was investigated for both fluoride and iodide (as extremes

in the sense of strength of interaction) and for both polarizable and nonpolarizable

cases. Results are shown in Tables 3.7 and 3.8. Results of these simulations are

independent on the choice of cutoff distance. From this point of view, cutoff 7.5 Å

is sufficient for our simulations.

3.2.2 Simulations with polarizability term

Three dimensional density plots, presented in Figure 3.12, exhibit the same struc-

tural arrangement for fluoride and iodide as in the nonpolarizable case, however, the

value of highest isolevel is decreased by fifty per cent for fluoride. The interaction of

iodide is as non-specific as in the nonpolarizable situation albeit somewhat stronger.

The other features do not differ from the analogous figures above.

In Figure 3.13 we see the cumulative sums with their derivatives for individual

salt solution. The structure of information and its ordering is exactly the same as in

the previous sections. In this case the interaction of fluoride is again higher than for

the other halides, but it is significantly lower than in nonpolarizable case. However

from Table 3.9 with numbers of contacts the number of ions seems to be opposite to

Figure 3.13. This is due to the attraction of heavier halides to non-polar regions of

the amino acid (see Discussion).
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Table 3.8. Simulation of KI salt solution with 4 iodide anions, with various cutoffs.

Absolute number of contacts in the vicinity of (whole) lysine or the ammonium group

is presented. The distance for iodide equal to 4.1 Å is taken from Table 2.1.

cutoff [Å] Amino acid [%] Ammonium [%]

Nonpolarizable

7.5 13 7

10 12 6

Polarizable

7.5 11 5

10 11 5

Figure 3.12. Density distribution of fluoride (black) and iodide (violet) anions

around the ammonium group. The cubic box for the density map has a side of 15 Å.

The number in the left corner of each picture expresses the value of plotted isodensity.
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Figure 3.13. Cumulative sums for halide anions and their derivatives (distributional

functions) for the whole amino acid, positive ammonium group, and the remainder.

Table 3.9. Lysine, polarizable case: Absolute number of contacts in the vicinity of

(whole) lysine or the ammonium group is presented. The distances are taken from

Table 2.1.

Anion Amino acid [%] Ammonium [%]

Fluoride 8 6

Chloride 7 5

Bromide 8 5

Iodide 11 5
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Figure 3.14. Density distribution of fluoride (black) and iodide (violet) anions

around the imidazolium group. The cubic box for the density map has a side of

15 Å. The number in the left corner of each picture expresses the value of plotted

isodensity.

3.3 Protonated histidine

3.3.1 Simulations without polarizability term

Histidine is an interesting amino acid due to its pKa value of 6. Therefore, at

normal conditions we can distinguish two forms, protonated (this section) and de-

protonated (next section) histidine. Both of them are present at the same time in

human body (physiological environment).

3D density maps are presented in Figure 3.14. Because of the geometry of imi-

dazolium, the size of which and position of interaction sites resemble guanidinium,

the situation is similar to arginine.

The cumulative sums together with their derivatives for individual salt solution

are pictured in Figure 3.15. Like in the case of arginine, the fluoride anion inter-

acts twice more strongly than other halides. The numbers of contacts are shown in

Table 3.10.

The concentration dependencies have been also studied for the concentration

range of KF varying from 0.1M to 1M. The numbers of contacts for simulated

concentrations are presented in Table 3.11. The average amount of time, which a

fluoride anion spends in the vicinity of imidazolium group, is shown in Figure 3.16.
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Figure 3.15. Cumulative sums for halide anions and their derivatives (distributional

functions) for the whole amino acid, positive imidazolium group, and the remainder.

Table 3.10. Protonated histidine, nonpolarizable case: Absolute number of con-

tacts in the vicinity of (whole) histidine or the imidazolium group is presented. The

distances are taken from Table 2.1.

Anion Amino acid [%] Imidazolium [%]

Fluoride 24 23

Chloride 7 5

Bromide 6 3

Iodide 11 4



3.3 Protonated histidine 34

Table 3.11. Absolute number of contacts in the vicinity of (whole) histidine or

the imidazolium group is presented for systems, where the concentration of KF salt

solution was varying from 0.1 M to 1M. The distance for fluoride is by definition

3.2 Å taken from Table 2.1.

Number of F− c [M] Amino acid [%] Imidazolium [%]

1 0.13 11 10

2 0.25 14 14

4 0.5 24 23

6 0.75 36 35

8 1.0 43 43

Figure 3.16. Relative number of contacts for positive imidazolium group, as a

function of bulk concentration of F−.

This number slightly decreases with concentration indicating a certain degree of a

saturation effect.

3.3.2 Simulations with polarizability term

Three dimensional density plots for simulations with the polarizability term are

recorded in Figure 3.17, the cumulative sums together with their derivatives for in-

dividual salt solution are presented in Figure 3.18, and the numbers of contacts of

halide anions with the whole histidine are shown in Table 3.12. We can state that

these simulations bring qualitatively similar results to the non-polarizable simula-

tions.
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Figure 3.17. Density distribution of fluoride (black) and iodide (violet) anions

around the imidazolium group. The cubic box for the density map has a side of

15 Å. The number in the left corner of each picture expresses the value of plotted

isodensity.

Figure 3.18. Cumulative sums for halide anions and their derivatives (distributional

functions) for the whole amino acid, positive imidazolium group, and the remainder.
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Table 3.12. Protonated histidine, polarizable case: Absolute number of contacts in

the vicinity of (whole) histidine or the imidazolium group is presented. The distances

are taken from Table 2.1.

Anion Amino acid [%] Imidazolium [%]

Fluoride 11 8

Chloride 8 6

Bromide 6 4

Iodide 10 3

Table 3.13. Deprotonated histidine, nonpolarizable case: Absolute number of con-

tacts in the vicinity of (whole) histidine or the imidazole group is presented. The

distances are taken from Table 2.1.

Anion Amino acid [%] Imidazole [%]

Fluoride 2 2

Chloride 3 1

Bromide 5 2

Iodide 8 3

3.4 Deprotonated histidine

3.4.1 Simulations without polarizability term

Unlike the previous simulated amino acids, the total charge of deprotonated his-

tidine is zero. This is the reason why it behaves in a completely different way in

comparison with charged amino acids. There arises a question how does deproto-

nated histidine differ from protonated histidine – this will be analysed later in the

Discussion.

To provide insight into deprotonated histidine there are 3D density maps in

Figure 3.19, the cumulative sums together with their derivatives for individual salt

in Figure 3.20 and the numbers of contacts in Table 3.13. Fluoride distribution

shows a peak in the vicinity of partially charged hydrogen, however, it is an order of

magnitude lower than in the case of protonated histidine. Graphs do not show any

significant differences among halide anions.
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Figure 3.19. Density distribution of fluoride (black) and iodide (violet) anions

around the imidazole group. The cubic box for the density map has a side of 15 Å.

The number in the left corner of each picture expresses the value of plotted isodensity.

Figure 3.20. Cumulative sums for halide anions and their derivatives (distributional

functions) for the whole amino acid, imidazole group, and the remainder.



3.4 Deprotonated histidine 38

Figure 3.21. Density distribution of fluoride (black) and iodide (violet) anions

around the imidazole group. The cubic box for the density map has a side of 15 Å.

The number in the left corner of each picture expresses the value of plotted isodensity.

3.4.2 Simulations with polarizability term

We present 3D density maps in Figure 3.21, the cumulative sums together with

thee derivatives for individual salt in Figure 3.22 and the numbers of contacts in

Table 3.14. Including the polarizability term into simulations does not affect the

results nor qualitatively neither quantitatively.

Table 3.14. Deprotonated histidine, polarizable case: Absolute number of contacts

in the vicinity of (whole) histidine or the imidazole group is presented. The distances

are taken from Table 2.1.

Anion Amino acid [%] Imidazole [%]

Fluoride 5 2

Chloride 3 2

Bromide 5 2

Iodide 7 2
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Figure 3.22. Cumulative sums for halide anions and their derivatives (distributional

functions) for the whole amino acid, imidazole group, and the remainder.
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Discussion

Basic amino acid molecules have two positively charged sites which interact elec-

trostatically with anions. Firstly, it is the +1 charged functional group – guanidinium,

ammonium, or imidazolium, where the positive charge is distributed in a way de-

scribed in Tables B.3, B.4, B.5 (red colorized). From these tables it is emerging, that

in the case of arginine four hydrogens from two NH2 groups on guanidinium are equiv-

alent in the sense of their partial charges, while the fifth hydrogen is less positively

charged. For lysine all ammonium hydrogens are equivalent. In protonated histidine

the partial charges of two geometrically nonequivalent hydrogens differ slightly. On

the other hand in deprotonated histidine, there is only one acidic hydrogen in the

imidazolium group and its charge is comparable to its value in protonated histidine.

The second interaction site is the amide hydrogen on the backbone, as we can see in

Tables B.3, B.4, B.5 (blue colorized). The partial charge here is significantly smaller

than for hydrogens on positively charged groups. There are also hydrophobic regions

represented by methyl groups on C- and N-termini, which are of a great interest.

The reason for expecting their interaction with bigger halide anions comes from

their affinity for the air/water interface [16].

The behavior of amino acid molecules and halide anions differs quantitatively, but

not qualitatively, when polarizable and nonpolarizable simulations were performed.

From both cumulative sums and numbers of contacts the higher preference of fluoride

anion over other halides comes out as significant. Fluoride interacts primarily with

positively charged functional groups, and has negligible interaction with the amino

acid remainder. As the anions get bigger, the preference for positively charged groups

is vanishing and the major part of interaction comes from the amino acid remainder,

i.e., the backbone.

The most detailed analysis of ion distribution is provided by 3D density distri-
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butions for various values of isolevels. The pictures for fluoride and iodide anions

are presented in Figures 3.3, 3.10, and 3.14. The difference between the anions is

significant. Fluoride interacts directly with the positively charged functional group,

while iodide is spread over the whole amino acid. Note that this information is not

directly available from one dimensional cumulative sums.

Water structuring around charged residue is also of interest, as the difference

between sites for water and anion could help us to understand the difference in

behavior of fluoride as a hard anion, and other softer (polarizable) anions from

the halide group. Density maps of water oxygens are presented in Figure 3.3 for

nonpolarizable and in Figure 3.7 for polarizable simulations of arginine. From both

plots at three different isolevels, we can see that there is a strong preference to create

hydrogen bonds between partially negatively charged water oxygens and positively

charged hydrogens on guanidinium. This interaction is preferably in the plane of the

guanidinium. Finally, we can say the interaction of water oxygen with guanidinium

is qualitatively similar (but weaker) to that of fluoride in the sense of site specificity

(compare Figure 3.4 and Figure 3.3).

A very illustrative picture about behavior of strong and specific fluoride vs weakly

interacting iodide which is spread over the whole amino acid is provided by compar-

ison between results for protonated and deprotonated form of histidine. Firstly, we

can compare Tables 3.10 and 3.13, and clearly see that there is an order of magnitude

less contacts with imidazole group in the deprotonated form, while the amount of

contacts between iodide and amino acid are very similar in both systems. Then we

can check the plots with cumulative sums 3.15 and 3.20 from which we can deduce

for fluoride a preference for imidazole group, which is however weak for deproto-

nated histidine. For iodide the biggest part of interaction comes from the remainder

of amino acid in both systems. Finally, the density plots and values of isolevels in

Figures 3.14 and 3.19, explain the origin of the difference between fluoride and other

halides. Fluoride always exhibits a preference for locally specific, charge-charge inter-

action. On the other hand, iodide as a non-specific anion does not really distinguish

between charged and hydrophobic parts of amino acids.

The results for mixed solutions of two anions clearly show, that cumulative sums

as well as their derivatives are very close to those obtained in pure solutions. As an

example of this behavior, mixtures of F− anion with other halide anions are shown

in Figure 3.6. This implies that the effect of different salts is roughly additive at

present concentrations.

The concentration dependencies of the observed ion-amino acid interactions were

also studied. We run five simulations with the number of fluoride anions in the sim-
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ulation box varying from one to eight particles (corresponding to the concentration

range from 0.1M to 1M). Because of the fact that there is just one cationic group

in the amino acid, with the concentration increase we observe that the number of

contacts per one anion decreases. This is due to saturation of the interaction site

(see Figure 3.16 and Table 3.11 for the case of nonpolarizable histidine).

An early work of Kim Collins [21] divided anions and cations according to their

sizes. From this point of view it later explained ion pairing interaction and also

preferences in the Hofmeister series [22]. However, current studies show that in case

of molecular ions or charged groups the size criteria is not the only one, and the

situation is more complex.

To prevent artificial numerical effects caused by an inappropriate cutoff we per-

formed 30 ns test simulations for longer cutoff distances of 9 Å and 10 Å with lysine

in 0.5M KF solution and in 0.5M KI solution. Both nonpolarizable and polarizable

simulations were performed for these solutions. Results presented in Tables 3.7 and

3.8 show that all employed cutoffs provide the same results. For the same reason

we have studied also the effect of thermostat. In Amber8 package, there are three

possible schemas available; Berendsen [6], Andersen [19], and Langevin thermostat

[20]. As can be seen in Table 3.6, despite of the fact that the schema differs, the

results are identical.

As mentioned in the beginning of the Results, the understanding of amino acid

behavior is first step toward obtaining a deeper insight into more complex species

like proteins and enzymes. Similarly, halide anions as well as alkali metal cations can

serve as the simplest models for structurally and functionally more complex ions like

guanidinium cation [23, 24], tetra alkyl ammonium salts [15], choline cation [18], or

citrate anion. These extensions are subjects of our future investigation.

For example, salting out effects can be explained by neutralizing the charged

groups of proteins which leads to lower solubility. This neutralization can be under-

stood by the way of long retention times of oppositely charged ions in the vicinity of

the protein. The coarse-grained models seem to be adequate for description of these

systems with more protein molecules [25]. The atomically resolved MD can serve as

a source of effective potentials for these models.
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Summary

Within the present diploma thesis we addressed the following issues by means of

molecular dynamics simulations:

1. Halide anions were ordered in terms of their preference for positively charged

amino acids arginine, lysine and histidine.

2. Preference for fluoride over heavier halides for all three amino acids was estab-

lished.

3. The effect of polarizability in the simulation was found to be only quantitative.

Both employed force fields gave the same qualitative results.

4. The implications of the observed specific anion-basic amino acid interactions

for ionic effects on protein behavior were discussed and future research was

outlined.



Appendix A

List of Abbreviations

MD molecular dynamics

vdW van der Waals

LJ Lennard-Jones

SPCE single point charge water model extended

POL3 polarizable water model 3rd generation

c molar concentration

α polarizability



Appendix B

Force field parameters used for

calculation of intermolecular

interactions

Here we provide tables of parameters for halide anions, potassium cation, water

models, and amino acids.

Table B.1. MD parameters for halide anions and potassium cation are adopted

from the publication [14].

Name Atomic weight rm [Å] ε [kcal·mol−1] α [Å3]

Fluoride 19 1.758 0.20 0.974

Chloride 35.45 2.435 0.10 3.690

Bromide 79.90 2.638 0.10 4.530

Iodide 127.45 2.89 0.10 6.90

Potassium 39.10 1.771 0.10 0.83
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Table B.2. MD parameters for water models – SPCE1 and POL32.

Name Atomic weight Partial charge [e] rm [Å] ε [kcal·mol−1] α [Å3]

SPCE1model

Oxygen 16 -0.8476 1.7766 0.1554 0

Hydrogen 1 0.4238 0 0 0

POL32model

Oxygen 16 -0.73 1.798 0.156 0.528

Hydrogen 1 0.365 0 0 0.170

1
from publication [13]

2
from publication [17]

Figure B.1. Picture showing the names of atoms of arginine amino acid for better

understanding of the Table B.3 with MD parameters.
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Table B.3. MD parameters used for describing amino acid arginine [9]. Atom names

are corresponding to those in Figure B.1. (blue – backbone H, red – guanidinium H)

Atom Atom type Charge [e] rm [Å] ε [kcal] α [Å3]

HH31 HC 0.1123 1.4870 0.0157 0.1350

CH3 CT -0.3662 1.9080 0.1094 0.8780

HH32 HC 0.1123 1.4870 0.0157 0.1350

HH33 HC 0.1123 1.4870 0.0157 0.1350

C C 0.5972 1.9080 0.0860 0.6160

O O -0.5679 1.6612 0.2100 0.4340

N N -0.3479 1.8240 0.1700 0.5300

H H 0.2747 0.6000 0.0157 0.1610

CA CT -0.2637 1.9080 0.1094 0.8780

HA H1 0.1560 1.3870 0.0157 0.1350

CB CT -0.0007 1.9080 0.1094 0.8780

HB2 HC 0.0327 1.4870 0.0157 0.1350

HB3 HC 0.0327 1.4870 0.0157 0.1350

CG CT 0.0390 1.9080 0.1094 0.8780

HG2 HC 0.0285 1.4870 0.0157 0.1350

HG3 HC 0.0285 1.4870 0.0157 0.1350

CD CT 0.0486 1.9080 0.1094 0.8780

HD2 H1 0.0687 1.3870 0.0157 0.1350

HD3 H1 0.0687 1.3870 0.0157 0.1350

NE N2 -0.5295 1.8240 0.1700 0.5300

HE H 0.3456 0.6000 0.0157 0.1610

CZ CA 0.8076 1.9080 0.0860 0.3600

NH1 N2 -0.8627 1.8240 0.1700 0.5300

HH11 H 0.4478 0.6000 0.0157 0.1610

HH12 H 0.4478 0.6000 0.0157 0.1610

NH2 N2 -0.8627 1.8240 0.1700 0.5300

HH21 H 0.4478 0.6000 0.0157 0.1610

HH22 H 0.4478 0.6000 0.0157 0.1610

C C 0.7341 1.9080 0.0860 0.6160

O O -0.5894 1.6612 0.2100 0.4340

N N -0.4157 1.8240 0.1700 0.5300

H H 0.2719 0.6000 0.0157 0.1610

CH3 CT -0.1490 1.9080 0.1094 0.8780

HH31 H1 0.0976 1.3870 0.0157 0.1350

HH32 H1 0.0976 1.3870 0.0157 0.1350

HH33 H1 0.0976 1.3870 0.0157 0.1350
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Figure B.2. Picture showing the names of atoms of lysine amino acid for better

understanding of the Table B.4 with MD parameters.

Figure B.3. Picture showing names of atoms of protonated histidine amino acid for

better understanding of the Table B.5 with MD parameters.
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Table B.4. MD parameters used for describing amino acid lysine [9]. Atom names

are corresponding with that in Figure B.2. (blue – backbone H, red – ammonium H)

Atom Atom type Charge [e] rm [Å] ε [kcal] α [Å3]

HH31 HC 0.1123 1.4870 0.0157 0.1350

CH3 CT -0.3662 1.9080 0.1094 0.8780

HH32 HC 0.1123 1.4870 0.0157 0.1350

HH33 HC 0.1123 1.4870 0.0157 0.1350

C C 0.5972 1.9080 0.0860 0.6160

O O -0.5679 1.6612 0.2100 0.4340

N N -0.3479 1.8240 0.1700 0.5300

H H 0.2747 0.6000 0.0157 0.1610

CA CT -0.2400 1.9080 0.1094 0.8780

HA H1 0.1426 1.3870 0.0157 0.1350

CB CT -0.0094 1.9080 0.1094 0.8780

HB2 HC 0.0362 1.4870 0.0157 0.1350

HB3 HC 0.0362 1.4870 0.0157 0.1350

CG CT 0.0187 1.9080 0.1094 0.8780

HG2 HC 0.0103 1.4870 0.0157 0.1350

HG3 HC 0.0103 1.4870 0.0157 0.1350

CD CT -0.0479 1.9080 0.1094 0.8780

HD2 HC 0.0621 1.4870 0.0157 0.1350

HD3 HC 0.0621 1.4870 0.0157 0.1350

CE CT -0.0143 1.9080 0.1094 0.8780

HE2 HP 0.1135 1.1000 0.0157 0.1350

HE3 HP 0.1135 1.1000 0.0157 0.1350

NZ N3 -0.3854 1.8240 0.1700 0.5300

HZ1 H 0.3400 0.6000 0.0157 0.1610

HZ2 H 0.3400 0.6000 0.0157 0.1610

HZ3 H 0.3400 0.6000 0.0157 0.1610

C C 0.7341 1.9080 0.0860 0.6160

O O -0.5894 1.6612 0.2100 0.4340

N N -0.4157 1.8240 0.1700 0.5300

H H 0.2719 0.6000 0.0157 0.1610

CH3 CT -0.1490 1.9080 0.1094 0.8780

HH31 H1 0.0976 1.3870 0.0157 0.1350

HH32 H1 0.0976 1.3870 0.0157 0.1350

HH33 H1 0.0976 1.3870 0.0157 0.1350
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Table B.5. MD parameters used for describing protonated histidine [9]. Atom names

are corresponding with that in Figure B.3. (blue – backbone H, red – imidazolium H)

Atom Atom type Charge [e] rm [Å] ε [kcal] α [Å3]

HH31 HC 0.1123 1.4870 0.0157 0.1350

CH3 CT -0.3662 1.9080 0.1094 0.8780

HH32 HC 0.1123 1.4870 0.0157 0.1350

HH33 HC 0.1123 1.4870 0.0157 0.1350

C C 0.5972 1.9080 0.0860 0.6160

O O -0.5679 1.6612 0.2100 0.4340

N N -0.3479 1.8240 0.1700 0.5300

H H 0.2747 0.6000 0.0157 0.1610

CA CT -0.1354 1.9080 0.1094 0.8780

HA H1 0.1212 1.3870 0.0157 0.1350

CB CT -0.0414 1.9080 0.1094 0.8780

HB2 HC 0.0810 1.4870 0.0157 0.1350

HB3 HC 0.0810 1.4870 0.0157 0.1350

CG CC -0.0012 1.9080 0.0860 0.3600

ND1 NA -0.1513 1.8240 0.1700 0.5300

HD1 H 0.3866 0.6000 0.0157 0.1610

CE1 CR -0.0170 1.9080 0.0860 0.3600

HE1 H5 0.2681 1.3590 0.0150 0.1670

NE2 NA -0.1718 1.8240 0.1700 0.5300

HE2 H 0.3911 0.6000 0.0157 0.1610

CD2 CW -0.1141 1.9080 0.0860 0.3600

HD2 H4 0.2317 1.4090 0.0150 0.1670

C C 0.7341 1.9080 0.0860 0.6160

O O -0.5894 1.6612 0.2100 0.4340

N N -0.4157 1.8240 0.1700 0.5300

H H 0.2719 0.6000 0.0157 0.1610

CH3 CT -0.1490 1.9080 0.1094 0.8780

HH31 H1 0.0976 1.3870 0.0157 0.1350

HH32 H1 0.0976 1.3870 0.0157 0.1350

HH33 H1 0.0976 1.3870 0.0157 0.1350
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Table B.6. MD parameters used for describing deprotonated histidine [9]. Atom

names are corresponding with that in Figure B.4. (blue – backbone H, red – imida-

zole H)

Atom Atom type Charge [e] rm [Å] ε [kcal] α [Å3]

HH31 HC 0.1123 1.4870 0.0157 0.1350

CH3 CT -0.3662 1.9080 0.1094 0.8780

HH32 HC 0.1123 1.4870 0.0157 0.1350

HH33 HC 0.1123 1.4870 0.0157 0.1350

C C 0.5972 1.9080 0.0860 0.6160

O O -0.5679 1.6612 0.2100 0.4340

N N -0.4157 1.8240 0.1700 0.5300

H H 0.2719 0.6000 0.0157 0.1610

CA CT 0.0188 1.9080 0.1094 0.8780

HA H1 0.0881 1.3870 0.0157 0.1350

CB CT -0.0462 1.9080 0.1094 0.8780

HB2 HC 0.0402 1.4870 0.0157 0.1350

HB3 HC 0.0402 1.4870 0.0157 0.1350

CG CC -0.0266 1.9080 0.0860 0.3600

ND1 NA -0.3811 1.8240 0.1700 0.5300

HD1 H 0.3649 0.6000 0.0157 0.1610

CE1 CR 0.2057 1.9080 0.0860 0.3600

HE1 H5 0.1392 1.3590 0.0150 0.1670

NE2 NB -0.5727 1.8240 0.1700 0.5300

CD2 CV 0.1292 1.9080 0.0860 0.3600

HD2 H4 0.1147 1.4090 0.0150 0.1670

C C 0.5973 1.9080 0.0860 0.6160

O O -0.5679 1.6612 0.2100 0.4340

N N -0.4157 1.8240 0.1700 0.5300

H H 0.2719 0.6000 0.0157 0.1610

CH3 CT -0.1490 1.9080 0.1094 0.8780

HH31 H1 0.0976 1.3870 0.0157 0.1350

HH32 H1 0.0976 1.3870 0.0157 0.1350

HH33 H1 0.0976 1.3870 0.0157 0.1350
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Figure B.4. Picture showing names of atoms of deprotonated histidine amino acid

for better understanding of the Table B.6 with MD parameters.
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