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[. Introduction
I.1. General concepts of hydrogen bonding

The first references to the hydrogen bond interaction appeared at the beginning ofteentixy.
Although the concept of hydrogen bonding had been already used in some publications, it was
Pauling who finally introduced the concept in a chapter of a Bbbk1943 Huggins proposed the
existence of hydrogen bonding interactions in polipeptidic chains forming helices and®heets.
Since then a large amount of reports on this type of interaction in proteins as well as in many other
systems increased substantially. Of remarkable importance was the Watson-Crick report on the
DNA structure®®! During the last decade of the XXentury the research on hydrogen bonding has
experienced large progress due to the development of experimental techniques and computational
studies.

d
a)  D——H---oemeos A
d A
b b—HI
4 A
d _-A
-d
©)  D—Hi----R-A
d3~ A

Figure 1. Hydrogen bonds a) bicentrate, b) bifurcate donor, c) trifurcate donor.

Along the time the definition of the hydrogen bond has been continuously changing, as its nature is
even nowadays not completely characterized. The most up-to-date definition is the following: when

a hydrogen atom is between two more electronegative atoms, D-H---A, the interaction is identified
as hydrogen bond if there is evidence of a local bond between the D-H specie and the A specie,
acting D-H as a proton donor and A as an acceptor. The interaction could be seen as an incipient
proton transfer, as a H---A bond is established while the covalent bond D-H is weakened. H---A
distance varies depending on D and A nature and can reach the 4A. The angle can have a value
between 90° and 180°, being this latter case the most favourable. Due to the long-range nature of the
interaction the D-H group is able to interact with more than one acceptor (see Figure 1) and
viceversa.

I.1.1. Classification of hydrogen bonds

Hydrogen bonds use to be classified in weak, intermediate and strong hydrogen bonds depending on
certain properties (see Table 1). Obviously this classification serves only as guide, as the limits
between these categories are diffuse. Many hydrogen bonds have properties in between.
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Table 1. Properties of the Strong, Intermediate and Weak hydrogen bonds (D-H---A).

Strong Intermediate Weak

Type of interaction  Strongly covalent ~ Very electrostatic  Electrostatic/Dispersion

Bonding distance D-H~H---A D-H<H---A D-H<< H---A
H---A(A) 1.2-15 1.5-2.2 2.2-3.2
D---A(A) 2.2-2.5 2.5-3.2 3.2-4.0
Angle D-H---A(°) 175-180 130-180 90-150
Bonding
energy(kcal-mat) 1440 4-15 <4
Relative
displacement 25% 10-25% <10%
IR(cm™)
Chemical
displacement M 14-22 <14
(ppm)
-Dimers in gas “Acids.
9 -Alcohols. -Dimers in gas phase of

phase of strong henol K acids with K

acids with strong -Phenols. weak acids with wea
Examples b -Most of the HB bases.

ases. P
: existing in -C-H---O/N
-Acid salts. : A
biological -O/N-H- &t
-HF complexes
molecules.

Some hydrogen bonds are catalogued as non-conveffticaslfor instance the weak interaction of
C-H---A type, the interaction with delocalizedystems D-H«-and the dihidrogen bonds such as
BeH, --- HCN, LiH --- HF, Alkl--- HO.

Beddes the always existing changes in the D---A and the H--A distances, and the D-H-A angle, an
elongation of the distance of the covalent bond D-H can also take place depending on th€ system.
®'In very special cases the covalent angle Y-D-H is altered depending on the coordinatiéf angle.
In certain cases, for very strong hydrogen bonds, the covalent geometry of the molecular backbone
no directly bound to the H atom is influenced by the hydrogen bond.

I.1.2. Methods for the study of hydrogen bonds

The experimental methods used in the study of hydrogen bonds are spectroscopy (Infrared (IR),
Raman, Microwave and Nuclear Magnetic Resonance), diffraction (X-ray, neutron) and
thermochemical methods.
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Vibrational spectroscopy is the usual method for the study of hydrogen bonds in condensed phases.
The method is based in establishing a relationship between the vibrational parameters obtained and
the structuré® Also a relationship between vibrational parameters and bonding energy can be
egablished® However the main problem of vibrational spectroscopy is that it is notably more
difficult to establish this kind of relationships in the case of weak hydrogen bonds. Microwave
spectroscopy provides a measure of rotational constants, centrifugal distortion constants, nuclear
quadrupoles and nuclear spin couplffy.From these values one can deduce the molecular
geometry, the bonding energy, the force constants, the electric dipolar moments, the electric charge
distribution and the electric quadrupole moment.

X-ray crystallography and neutron diffraction are very important and complementary in the
determination of structures with hydrogen bofiti$? X-ray determines the position of the centroid

of the electron density, which is not the position of the nucleus but it is located closer to the more
electronegative atom. Neutron diffraction does determine the position of the nucleus. There are four
important crystallographic databases where the information about the analyzed structures is
registered: CSB®(Cambridge Structural Database), PHBProtein Data Bank), NDB!(Nucleic

Acids Data Bank) and ICS®(Inorganic Crystal Structure Database).

Thermochemical methods are based on calorimetric measurements or in the determination of
equilibrium constants by means of a property sensitive to the formation of the hydrogen bond. By
measuring the variations of the constant of formation of the hydrogen bond with the temperature,
one can obtain the enthalpyH°) and the entropy\S°) of the systef}”

At the theoretical level, deformation density studiégo(= o(r) —Zpi (r)) allow determining

hydrogen bonding beyond mere geometry. The theory of “atoms in molecules” (AIM) can be used
to characterise hydrogen bonding from the topology of the total charge density of a'¥}stam.
electron densityp(r) defines a scalar field which topology can be characterized by its number of
critical points (points where the first derivative has a value of zero). As a consequence of the
attractive capacity of the nucleugy) presents local maxima at these positions. As the distance
from the nucleus is larger, the electron density decreases exponentially and goes to zero. If there is a
bond between two atoms the electron density tends to accumulate in the internuclear region forming
a maximum electron density path. Along this path there is a point in which the density presents its
lowest value. This is a second order saddle point called “bond critical point”. The presence of such a
critical point gives evidence of the existence of a chemical bond and its position allows identifying
the nature of the bonding.

Concerning the study of the energy parameters, several theoretical schemes have been reported to
better rationalize the properties of hydrogen bonding. These methods partition the total interaction
energy in contributions of diverse nature. The contributions considered by Morokuma’s $&heme

are electrostatic energy, polarization energy, exchange repulsion energy, charge transfer and
dispersion. All of them are attractive except the exchange repulsion. The larger or slighter influence
of each term depends on the donor, the acceptor, the geometry and the environment.

The application of density functional methodologies to hydrogen bonded systems can provide

reference values for interaction energy excluding the effects of the solvent or the solid state.

Moreover it permits to study not only the ground state systems but other geometries on the potential
surface. It is also possible to study interconversion between different geometries and to observe the
electron redistribution. Further analysis on the use of computational methods to study hydrogen

bonds is made in Chapter I, in particular for the systems concerning the present thesis.
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I.1.3. Chemical influence of the hydrogen bond

The presence of hydrogen bonds affects the physical properties of gases, liquids and solids. For
example, in organic compounds it tends to reduce the molar volume due to the larger strength of the
hydrogen bonds compared to other intermolecular interactions. The melting points and boiling
points change the tendency when hydrogen bonds are present.

In some systems the existence of hydrogen bonds originates cooperativity effects, which affects
thermodynamical properties as the formation enthalpy. The effect is due to the formation of chains
of the type D-H---D-H---A. In this case the strength is not additive but both of the hydrogen bonds
turn into stronger due to the existence of larger polarization in comparison with the D-H---A case.
The charge flows through the bonds D-H. Cooperativity can lead to long chains, clusters and
complicated networks. As an example, a system composed of a chain of 4-p¥itibassbeen
studied recently by DFT methods. The interaction enthalpy for a 4-pyridone dimer is of -
9.9kcal-mof. The interaction enthalpies for the hydrogen bonds rise as there are more 4-pyridones
forming the chain, being the largest interaction energy that of the molecule in the centre of the chain
(-22.2kcal-mot). This illustrates how the coupling of a NH group with the C=0O of an amide
through arn-polarizable system can produce extraordinarily strong hydrogen bonds between neutral
molecules. The polarization effect can be intra- or intermolecular.

I.2.  The hydrogen bond in Nature

Non-covalent molecular interactions are key in Biochemistry, playing essential roles in the

formation and folding of fundamental supramolecules such as proteins, nucleic acids and other
numerous complexes with functions of vital importance in organisms. Furthermore, they are
involved in processes such as the replication of DNA, changes in the three-dimensional
conformations of proteins, specific recognition of substrates by enzymes and detection of molecular
signals.

Indeed the structure of proteins plays a fundamental role in their capability to carry out biological
functions. After the polypeptidic chains are formed from the information carried by the DNA, they
fold into specific three-dimensional conformations which confer them their functionality. In
numerous times the folded polypeptide needs to bind to other polypeptidic chains adapting its
conformation to the final complex which is that able to perform certain functions. In the processes
of folding, non-covalent interactions such as hydrogen bonding, ionic interactions, Van der Waals
forces and hydrophobic packing are of crucial importance.

H
4.0 Lo
Ho W H coy%C
‘C‘(\:,N\C* N R,
N . H
N R, R,
H

54A

Figure 2. a-helix has 3.6 amino acids per turn of the helix, which places the C=0 group of
aminoacid 1 exactly directed towards the NH group of aminoacid 5.

6
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The general three-dimensional form of local segments of a protein, or secondary structure, is
determined by the possibility of establishing hydrogen bonds between backbone amide groups. A
common motif in the secondary structure of proteins isathelix, a right-handed helix in which

every C=0 group in the backbone establishes a hydrogen bond with a N-H group in the backbone of
an amino acid 4 residues next (see Figure 2). The also very cofasheet consists of polypeptidic
chains connected laterally also by —NH---O=C- hydrogen bonds. The binding results in a
conformation in a slightly twisted, pleated sheet (see Figure 3).

\N/C\C/N\C/C\N/C\C/N\C/C\ ::>

parallel

\N/C\C/N\C/C\I‘\J/C\C/N\C/C\ —
antiparallel

O N O g N B &=

Figure 3. R-sheets formed by establishment of hydrogen bonds between the NH groups in the
backbone of a strand and the C=0 groups in the backbone of the adjacent strand.

A clear example of the importance of protein structure concerning functionality is the partial or total
loss of activity detected in some proteins with punctual mutations of one amino acid. The change of
one residue for another can affect the secondary, the tertiary and the quaternary structures leading to
a complex with different properties from the original one.

An example of mutation affecting protein functionality as a consequence of changes in the
secondary structure is V382P mutation in the Serotonin transpOr{&ERT). The SERT is
responsible for the removal of serotonin from the synapse to the interior of the cell. It is composed
of 12 transmembrane helices connected by intracellular and extracellular loops. A change of the Val
382 to a Proline in the"a-helix causes a disruption of the helix around this region due to the
Proline being unable to form the typicalhelix hydrogen bonds due to steric hindering caused by
the disposition of its sidechain. The helix distortion leads to loss of transport activity.

p53 transcription factor, formed by the union of 4 equal protein chains by means of hydrogen bonds
and hydrophobic interactions, loses its activity as tumour suppressor under certain conditions if the
residue Arg337, in the tetramerization domain, is mutated for &Hihe mutant protein is unable

to establish intermolecular hydrogen bonds and hydrophobic interactions involving this particular
residue. Although the rest of interactions remain untouched, they are not able to maintain the four
chains bound with the same tertiary structure as in the wild type protein. Therefore the mutation
affects p53 abilities and favours the appearance of tumours. This particular case will be described in
detail in Chapter V and Chapter VI.

The secondary structure of nucleic acids is also determined by hydrogen bonds between the
nitrogenated bases composing the strands. Not only this happens in double-stranded polynucleotides
but also in those single stranded. For example, the stem-loop structure formed by bending of one
part of an RNA strand to find a second part of the strand by forming hydrogen bonds is very

7
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common. Furthermore this motif is a building block of larger structural RNA secondary structures
as for instance the transfer RNA structure. Most of the biological processes in which DNA takes
part involve hydrogen bonds between complementary nitrogenated bases (reffilcation
transcriptio®* 2° translatio”, etc) or between nitrogenated bases and other groups (DNA-
protein/ligand interactions).

There are some examples of enzymes which mediate catalysis by means of hydrogen bonds, such as
cholinesterases. Cholinesterases catalyse the hydrolysis of acetylcholine. They use a Glu-His-Ser
triad to enhance the nucleophilicity of the catalytic serine, carrying a reaction like the schematized

in Figure 4.

Transport of essential nutrients is also mediated in many cases by proteins which bind them by
means of hydrogen bonding. As an example, phosphate-binding %FE@IBP) consists of a

single polypeptide chain with one phosphate-binding site which holds the substrate tightly in place

by establishing 12 strong hydrogen bonds between NH and OH groups of different residues with the
phosphate oxygens. The receptor is highly specific. Indeed hydrogen bonds enable the protein to
distinguish between phosphate and sulphate, this latter showing ineffective as a substrate or

inhibitor.
His His Ser
Glu %/\ /I/—\ o % >
~ 9 ><CH
--H— N H Qe HmN()N H
Cl) CH3 K.1 At
R R
Resting Enzyme + Substrate Tetrahedral Intermediate
Ka]( CH;COOH Kzl\ ROH
His ?er @ His Ser
Glu_ 0O %,\ 9 Glu 9
o e e -
Ot NGNH-- CHy < O -H- N N:H .\<CH3
| V) \
H
@
Tetrahedral Intermediate R=(CH3)3sNCH,CH,- Acetylenzyme

Figure 4. Scheme of action of acetylcholinesterase. Reproduced from F&

I.3.  The hydrogen bond in Supramolecular Chemistry
[.3.1. Introduction

Supramolecular Chemistf37’ mimics the cooperative non-covalent forces leading to highly specific
molecular recognition processes in numerous natural phenomena, to construct large architectures by
assembling smaller molecules (building blocks). It is possible to achieve complexes of hanometric
dimensions without forming covalent bonds. The use of weak interactions permits the existence of
certain reversibility thus leading to a dynamic assembling process: when wrong connexions take
place, they can be broken and new different connexions can be established until the structure with
lowest energy is reached. Moreover the final product is easily obtained as the formation of non-
covalent interactions is fast. The protocol is highly convergent and has few steps comparing to a
lineal synthesis. The final product is the thermodynamically favoured but it is still in equilibrium

8
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with its building blocks. The reversibility of the interactions makes possible that small changes in
the environment cause large effects in the multiple equilibrium existing in solution. The associations
constructed can also be regulated in order to create intermolecular movement. This dynamic nature
of the complexes is fundamental in Nanotechnology and for this reason Supramolecular Chemistry
has become a fundamental basis in the development of Nanoscience.

1.3.2.  Examples of supramolecular self-assembling

Same examples of complexes formed in Supramolecular Chemistry are briefly commented as
follows.

Cyclical associations

In the cases in which the building blocks are able to form linear and cyclic aggregations it is crucial
to take into account the enthalpic and the entropic contributions. The formation of cyclic complexes
is entropically disfavoured but enthalpically favoured if a large number of hydrogen bonds is
formed. In other cases the cyclic structures are preferred due to steric factors intervening although
the number of hydrogen bonds formed is the same in both linear and cyclic complexes (see Figure
5).

0. O-
N
CmHmO\@)I\O,H“"N “H OJ\@/OCWOHN
S0 [e3gne]

e 5
2oy o
050 0.0
O-| -O.

CioHO 7 H., S OC1oHa4
Q. o o) L0
o § L
H-o o

OC1oHz1

Figure 5. A slight modification in the isophthalic acid leads from a linear supramolecular
structure to a cyclic structure. Reproduced from ref %,

Infinite bidimensional associations

The synthesis of infinite bidimensional associations can be directed by means of steric control.

Figure 6 shows two different products both obtained by self-assembling of the barbituric acid and
melamine derivative. In a) the melamine has a fluor atom as substituent in para position and in b) it
has an etil ester as substituent in the same position.
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0,CH,CH;
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Figure 6. Complexes formed by a) barbituric acid (reproduced from ref)) and b) melamine
derivatives (reproduced from ref ).

Cylindrical associations

These kinds of associations are used as ion carriers or molecular carriers. Figure 7 shows one of the
earliest examples of a self-assembling ion chafiét.is composed of two structures formed by a
cydodextrin and four lipophilic arms. Embedded in a membrane, the structure is able to transport
Co?* trough the channels formed.

O @)
v @)
o e G |
L o

Figure 7. Supramolecular structure embedded in a membrane allowing Gbtransport.

Helical associations

The DNA double helix has inspired the design of this type of structures. In this case hydrophobic
interactions and metallic ions are needed in addition to hydrogen bonds in order to support the
complexes. Figure 8 shows building blocks based on tartaric acid that self-assemble in helicoidal
complexes. When the building blocks are of the L form a left-handed helix is formed while when
they are of the D form a right-handed helix is formed instead.

10
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Figure 8. Helicoidal self-assembling of structures based on tartaric acid. Reproduced from ref
[34]

Recgeptors

The so-called receptors form a cavity in which other molecules can be trapped (see Figure 9). These
structures are used as sensors, as containers-catalysts in certain reactions or as molecular electronic
devices. The major applications pursued for the future are related to drug transport through
membranes and catalysis with prevention of the inhibition of the product.

Figure 9. Cavity formed by two calixarenes. The complex is shown schematically with arrows
representing ureas hydrogen-bonded in a head to tail topology. Reproduced from ré&f!.

In this thesis a new capsule which is able to trap fullerenes inside will be described in Chapter IV.
The capsule is formed by the self-assembly of two molecules composed, each of them, of a
cyclotriveratrylene moiety and three ureidopyrimidinone units. The structure is supported by 12

hydrogen bonds.

I.4.  Importance of theoretical approaches for a correct treatment of
hydrogen bonds

As previously mentioned, hydrogen bonds are present in many biological and synthetic
macromolecular complexes of interest. At the experimental level it is not obvious to understand the

11
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nature of the interaction. Therefore the development and application of theoretical approaches to
this kind of systems becomes necessary for their fair simulation and good understanding in
combination with information obtained from experiment. Quantum Mechanics based methods
provide a quite adequate treatment of hydrogen bonding. However, the correct choice of a method
depends on the size and nature of the structures treated. For large macromolecules the application of
any Quantum Mechanics methods becomes excessively time-spending to be feasible and Molecular
Mechanics have to be applied. Comparison of available experimental results with theoretical results
is always recommended. In the present thesis different methods were used for the study of diverse
hydrogen-bonded systems, pursuing agreement with experimental evidences.

I.5.  Thesis plan and objectives

The results presented in this thesis describe computational studies on various systems where
hydrogen bonding is of critical importance. The diversity of the systems studied here was thought to

be of importance to probe the accuracy of the methods, and the results were constantly compared
with the experimental data that were procured by the group of Prof. Javier de Mendoza, in the

context of a close collaboration within the ICIQ centre. In some cases the theoretical results were

useful to explain experimental evidences and in other cases, to make predictions.

In Chapter Il, a summary of the general concepts of Density Functional Theory and Molecular
Mechanics is presented, mainly focused on the methods used in this work. The common problems
observed when treating hydrogen bonds by traditional quantum chemistry methods and DFT
methods are described, and the approaches available to overcome these problems are discussed.

Chapter Il presents a study on the tautomeric equilibrium established from 2-ureidopyrimidinone
(UPy). In this equilibrium four species coexist, two of them able to form dimers by self-assembly.
The dimers are formed by arrays of four hydrogen bonds of the Donor-Donor-Acceptor-Acceptor
and Acceptor-Donor-Acceptor-Donor types. The two dimers are compared in strength in the
hypothetical case they were isolated and also in the case they were forming part of the entire
tautomeric equilibrium. The effect of two different substituents @Hd Ck) in a particular

paosition of the pyrimidone ring is studied to explain the equilibrium shifts caused by them, towards
one dimer or the other. Some particular DFT methods are tested for the treatment of this kind of
systems and the methods of choice are applied to obtain dimerization energies and thermodynamic
parameters.

Chapter IV deals with systems also based in dimers of ureidopyrimidinone. A capsule is described
formed by self-assembly of a molecule composed of one cyclotriveratrylene moiety and three UPys
bound to it, leading to a structure containing three dimers of the Donor-Donor-Acceptor-Acceptor
type. It was experimentally proved that this capsule served as a host for fullerenes, showing higher
affinity for some of them and thus allowing an easy separation of fullerenes of different size. The
theoretical study was devoted to the identification of the most stable configuration and conformation
of the capsule among several possible and to the explanation and prediction of its preferences. The
same DFT methods used in the previous chapter are applied in this case in spite of the much larger
size of the complexes studied. However, additional empirical corrections to fairly take into account
the new van der Waals interactions between the capsule and the fullerene are introduced.

Chapter V presents the study of a punctual mutation in the p53 protein tetramerization domain
(p53TD). The larger size of this system makes its treatment by DFT methods unattainable. The
change of an arginine by a histidine in the position 337 of the protein was experimentally proved to
cause a destabilization of the tetrameric structure under certain conditions, thus preventing its action

12
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as tumour suppressor. The process of disruption caused by the lost of hydrogen bonding and
hydrophobic interactions is studied by means of Molecular Dynamics. Thermal denaturing
conditions are applied to see an evident difference between the wild type protein and the mutant
protein, since at standard conditions the differences are subtle.

In Chapter VI the behaviour of several synthetic ligands binding the wild type and the mutant
p53TD surface is described. A tetraguanidinium, a hexaguanidinium and two different calix[4]arene
ligands are tested in order to see if they are able to stabilize the mutant protein in a conformation
similar to that of the wild type protein. The methods used are the same as in the previous chapter.

Chapter VII describes the dynamic unspecific interaction between the phosphate backbone of a
DNA molecule and an undecaguanidinium ligand, also with a predictive aim. Molecular Dynamics
are applied in this case too.

In Chapter VIII the conclusions of the overall thesis are summarized.

13
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II.  Theoretical treatment of systems with hydrogen bonds

Computational Chemistry has become a very important tool for understanding hydrogen bonding.
For simple molecules containing elements from the first and second row of the periodic table the
most used computational methods are based on ab-initio molecular orbital calculations. Ab-initio
calculations consist of pursuing an approximate solution to the exact solution of the Schrddinger
equation. The closer the result is to the exact solution the more time-consuming the calculations are.
Thus the choice of a particular method compromises the quality of the results and the time spent for
doing the calculation. To simulate molecules containing thousands of atoms, as for instance proteins
or DNA, methods based on classical physics (Molecular Mechanics) are primarily used, as ab-initio
calculations are out of the computational possibilities for such large systems.

The Born-Oppenheimer approximation states that as nuclei have much larger mass than electrons,
so their velocity is much smaller. Thus the nuclei can be considered static and the electrons can be
considered like charge clouds that adapt instantaneously to whatever position of the nuclei. In
Quantum Chemistry, systems are often studied by fixing the position of the nuclei and studying the
electronic structure in these conditions. In Molecular Mechanics the Born-Oppenheimer
approximation is also applied. In this case the motions of the nuclei are studied and the electrons are
not explicitly examined, but are assumed to be optimally distributed around the nuclei.

[I.L1. Quantum Mechanics

Quantum Mechanidd®™3® (QM) is the correct mathematical description of the behaviour of
electrons. In theory, it can predict any property of an individual atom or molecule exactly. However,
QM equations have only been solved in exact form for one electron systems. For multiple electron
systems there are several approaches which approximate the solution. Most of the approaches
pursue the solution of the time-independent Schrédinger equation (Eq. 1). In Hgislthe
Hamiltonian operator for a molecular system consisting of M nuclei and N electrons in the absence
of magnetic and electric fields.

HW (X, %, X, R, R, R )= B (X X, R, R.R
Eqg. 1

II.2. Density Functional Theory

I1.2.1. Principles

The Density Functional Theol§? (DFT) represents an alternative way to the conventional ab-initio
methods of considering a polielectronic system furthermore introducing the effects of the electron
correlation in the solution to the Schrédinger equation. DFT is based on two theorems formulated
by Hohenberg and Kohn.

The first Hohenberg-Kohn theor&fh states the existence of a one-to-one mapping between the

ground state electron densipyand the ground state wave function of a many-particle system. The
seond theorei” proves thap, minimizes the total electronic energy of the system. Thus, DFT
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uses the electron density instead of the wavefunction to obtain the energy. However, the exact
mathematical formula that relates the energy with the electron density is not known so that
approximations are needed.

I1.2.2. The Kohn-Sham approach

The Kohn-Sham approaéft *! allowed bringing the Hohenberg-Kohn theorems to practice. The
appoach consisted in reducing the intractable many-body problem of interacting electrons in a
static external potential to a tractable problem of non-interacting electrons moving in an effective
potential.

Thus, Kohn and Sham defined the functional as shown in Eq. 2, in whighig8je kinetic energy
in a non-interacting system,pJ(is the classical Coulomb interaction ang:Es the exchange-
cormrelation energy, which contains all the unknown terms.

FLoNI =TS AN +I A )] +Ef 4 )]

Eq. 2

Exc, the Exchange-correlation energy, is defined through Eq. 3. The residual part of the true kinetic
enggy Tc, which is not covered by Ts, is simply added to the non-classical electrostatic
contributions. Thus g is the functional that contains everything that is unknown.

Exla=T{Ad+E[A

Eq. 3

11.2.3. Approximations to the Exc term

As follows, the different strategies existing to obtaji[lg] are briefly commented.

Local Density Approximation (LDA)

The central idea of LD “?is a hypothetical uniform electron d&3. In this system the electrons

mowe around a distribution of positive charges that make the system electrically neutral. The
number of electrons N and the volume V of the gas are considered to approach infinity, while the
electron density N/V remains finite at every point in space. The éBergy is expressed as a
functional of the density, considering the exchange-correlation effects as local, i.e., only dependent
on the electron density value in each point in space (Eq. 4).

Ex[o(N] = [ o(r) ex AN)dr

Eq. 4
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exc is usually divided into the exchange contributieg) @nd the correlation contributioncj. The

ex term representing the exchange energy of one electron in a uniform electron gas at one particular
density, is known. For the correlation term there is no known analytic expression but very
acarrate Monte-Carlo numerical simulatitis exist over this ideal system. Based on these
simulations several authors presented approximate expressions. One of the most popular is the one
developed by Vosko, Wilk and Nusair, also known as V.

Generalized Gradient Approximation (GGA)

The GGA methods introduce the density gradient as well as the electron density at each point in
space. The corrections from the gradient are added to the local definition of exchange and
correlation by redefining . The expression for this approach is shown in Eq. 5.

Exo(n] = [ A exdr

Exe = F(p,0p)
Eqg. 5

Again the exchange and correlation terms can be considered as independent and this gives rise to
the different exchange and correlation functionals.

Nowadays one of the most successful combinations of GGA functionals is the BP86 functional,
applied herein in Chapter 11l and Chapter IV. It is composed by the Becke88 exchange fuftttional
andPerdew86 correlation functionfal: *”’ The exchange functional introduces a parameter that was
deermined in order to reproduce the exchange energies of the noble gases, which are known. The
correlation functional proposed by Perdew introduces an empirical parameter fitted to reproduce the
correlation energy of the Ne atom and is a correction of the VWN functional.

Hybrid functionals

The hybrid functionals were formulaté®¥ because the principal error of the LDA and GGA
functionals is the exchange description. Trying to solve this problem hybrid functionals incorporate
a part of the Hartree-Fock (HF) exact energy of exchange. Depending on the quantity of exact
exchange introduced, on the introduction of empiric parameters, on the correlation functional and on
the exchange functional there are around 20 different hybrid functionals in use at present (see
below).

11.3. Hydrogen bonds and the dispersion energy problem

In hydrogen bonding interactions the donor group A-H and the acceptor group B are generally
closed-shell and in their electronic ground state. Thus it is not obvious how the hydrogen atom
could be involved in more than one bond with its single 1s valence orbital. Many difficulties exist
even at the experimental level to understand the nature of the interaction. The development of
energy partitioning schemes, as the scheme of Mordkdnmovides theoretical means to
understand the peculiarities of hydrogen bonding. In Morokuma’s scheme the contributions
considered for the total interaction energy are: an electrostatic component, a polarization
component, a exchange-repulsion component, a charge-transfer component and a dispersion term. A
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theoretical method to treat hydrogen bonds would be that providing an appropriate description of all
these contributions.

The most important problem when treating hydrogen bonds with HF theory is that attractive
dispersion interaction is not considered as it is a pure correlation effect. Moreover the use of highly
flexible basis sets is needed including diffuse functions. In correlated calculations very large basis
sets are needed in order to avoid an underestimation of the interaction energy due to the correlation
effects being larger in the interacting complex than in the fragments.

In the context of the traditional quantum chemistry based on the wavefunction a large variety of
methods has been developed in order to take the electron correlation into account. Second (MP2)
and fourth (MP4) order Moller Plesset Perturbation tHédmre used in calculating small systems.
Higher level MP calculations are rarely used because of their computational cost. Other popular
methods are based on the Configuration Interaction (Cl), on the Quadratic Configuration
Interactio®® (QCI) and on the Coupled Clustér (CC) approximations. DFT methods represent
much cheaper methodology to treat hydrogen bonding and therefore make possible the study of
larger systems. With DFT, thermodynamical, structural and vibrational properties of a large variety
of systems containing hydrogen bonds can be reasonably described with gradient-corrected and
hybrid density functionals.

Dispersion forces (or London forces) are long-range attractive forces. They are the weakest
intermolecular forces, caused by the formation of temporary dipoles in two adjacent atoms because
of the electrons being unsymmetrically distributed around the nucleus. The formation of an induced
dipole in an atom induces in turn the formation of a dipole in a nearby atom. Dispersion forces are
present between all molecules, polar or non-polar. In the asymptotic limit this induced dipole-
induced dipole attraction decays with the inverse sixth power of the intermolecular distance. The
effect is exclusively due to electron correlation so, as commented, the Hartree-Fock model does not
take it into account.

Some new hybrid functionals were fitted to reproduce properties of H-bonded complexes and
stacking interactions. B3LYP' ! X3LYPPY, BH&HP® %8, MPWB1KP” and MO&® are some of
them, giving results comparable to those obtained with MP2. However they still have some
difficulties, more or less evident depending on the properties of the system treated.

The functional B3LYP is comprised of Becke’s three-parameter exchange furltficarad the
Lee-Yang-Parr correlation functiodd. It seems to be able to succeed in predicting geometries and
in describing the electrostatic, exchange and induction components of the hydrogen bonding
interactions. However, it still fails for some systems in giving accurate interaction energies due to
the neglecting of dispersion foré8s X3LYP is an extended hybrid functional combined with Lee-
Yang-Parr correlation functional. Firstly it was introduced as a functional to improve accuracy for
H-bonds and van der Waals compléXésut later was found not to be as good for the latter
interactions when studying stacked complexes of nucleic acid bas&%pa@is far, the most
promising results for such-stacking interactions have been obtained with the BH&H funcff8nal

>l which contains an equal mixture of the exact Hartree-Fock exchange and local-density
appoximation for the description of exchange energy, coupled with Lee, Yang and Parr’ s
expression for the correlation energy.

Anyway as the suitability of the different methods depends on the system under study it is always
essential to carry out some previous calculations on that particular system or similar that can be
contrasted to available results obtained experimentally or by means of high-level calculations.

The particular systems studied in the present work are systems with arrays of quadruple hydrogen
bonds of the same nature as those present in the acid base pairs adenine-thymine and guanine-
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cytosine (see Figure 10a and Figure 10b), with two and three H-bonds respectively. For the latter A-
T and G-C systems, geometries and bond type enthalpies are obtained in excellent agreement with
experiment when using BP86 functional, especially in combination with TZ2P basis set but also
with DZP. Thus, in principle, BP86/DZP, BP86/TZP or BP86/TZ2P should be good choices for
some of the systems studied in the present work, with arrays of quadruple H-bonds as the shown in
Figure 10c. Concretely BP86/TZP was the choice but also B3LYP with 6-311G** basis set, in
principle equivalent to TZP, was applied giving results in nice agreement with the former method.
However for complexes as the presented Chapter IV (Figure 10d) these methods would not be
accurate enough. In this case, besides the existence of hydrogen bonds, there exist van der Waals
interactions established between large host and guest. In such a big system the dispersion interaction
is considerable and not well reproduced by any of the methods mentioned above.

c) Rz
Qe H-N
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Rq | N H-N H
a) H N= =N
H N N—H: e C{ CHs H N=Herreers N>jR1
— — O:( /\
HN v NeH=NC )—H N—H:mmn o}
N N Rz
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Figure 10. Systems with multiple H-bonds. a) Adenine-Thymine; b) Guanine-Cytosine; c)
UPy dimer; d) Supramolecular complex with three UPy dimers (12 H-bonds) and van der
Waals host-guest interactions.

The most practical and successful approaches that take dispersion forces into account are not based
in hybrid functionals empirically fitted, but by adding an empirical correction term.

In 2004 Grimm&? reported on an empirical method to account for van der Waals interactions in
DFT calculations using BLYP and PBE functionals. Eq. 6 shows the description used for the
J
6

dispersive energfqisy It is expressed as a sum of diatonpicontributions. —= is the classical

i
London-type term which allows to correct the long-range behaviour of the functityiglg.is a
damping function needed to switch off the interaction at short distances (see Figure 11), since the
functionals work well in this case.
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Edisp = _ZZ fd(Rj)x%

Eq. 6

£R) ARIR®

Figure 11. Shape of the damping function {R) (left) and of damped R® (right). Figure
reproduced from ref ®4,

Grimme used globaCs scaling factors for some DFT functionals. The method was tested for a
variety of 29 complexes and, for stacked aromatic systems and base pairs, and it seemed to be even
superior to standard MP2. In 2007 Grimme et al. reported on a study about onion-like structures of
fullerene&®, in which they compared the computed interaction energy between two sheets with
experimental values. All-electron GGA density functional methods together with the empirical
correction for dispersion forces (DFT-D) gave very accurate results. The methods uncorrected gave
reliable results concerning exchange-repulsion, electrostatic and induction contributions. However,
only when the dispersion correction was added, attractive interaction energy between fullerenes was
obtained.

More recently Cavall8” reported on a method which followed Grimme’s approach but which
introduced new parameters in the damping function in order to gain versatility. Thus, the expression
adopted for the damping function was the one in Eq. 7.

C

1+expta® - bR))

fd(Rj) =
Eq. 7

R is the sum of the Bondii's raffffl of atoms andj. The parameters added with respect to Grimme
approach werb andc. Whereas Grimme derived the radii from HF calculations, Cavallo scaled the
values by an additional parameter to allow the use of any kind of caslia parameter to be fitted
depending on the specific functional and basis set wsésl.the steepness of the function. The
parameter values are determined empirically. The correction for the BSSE is includegjnto E

The Cs parameters were obtained using the approximation shown in Eq. 8, whé&ethe
polarizability of moleculd. The polarizabilities proposed by Mill&} were used.

i i
i = 2C,Ca,a,
S
Csa; +Cia,
Eqg. 8
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Cavallo and co-workers parametrized a set of damping functions to correct the treatment of
dispersion interactions of the Perdew-Burke-Ernzéth6% (PBE), the Becke-PerdéW*” (BP86)

and the Becke-Lee-Yang-Pé&ft *® ° ®I(BLYP) functionals. They worked, among others, on the
ADF7 implementation of the BP86 functional in connection with the TZP basis set. Then
BP/TZP method is thus suitable for treating complexes such as the shown in Figure 10d by adding
the calculated terntgs, to the energy. The approach was tested to reproduce the interaction
erergies of the JSCH-2005 benchmiafkand CCSD(T) complete basis set limit stacking energy
betveen some nucleic base pairs reported by Sponel@t al.

[1.4. Molecular Mechanics

I1.4.1. Introduction

Molecular mechani€§ ™, also known as Force Field methods, is based on the following principles:

1- Nuclei and electrons are grouped into atom-like particles.

2- Atom-like particles are spherical and have a net charge obtained from theory. The radii are
obtained from measurements or theory.

3- Interactions are based on springs and classical potentials.

4- Interactions must be pre-assigned to the specific sets of atoms.

5- Interactions determine the spatial distribution of atom-like particles and their energies.

The advantage of Molecular Mechanics is that it allows modelling of huge mol&8uléghe
disadvantage is that there are many chemical properties that cannot be studied, as for example
electronic excited states or the evolution of a reaction, in which chemical bonds can not be broken.

The mathematics of spring deformation is used to describe ability of bonds to stretch, bend, and
twist. The total energy associated to a given conformation of a molecule is calculated by summing
different energy terms: stretching energy, bending energy, torsion energy and non-bonded
interaction energy (see Figure 12). Non-bonded interactions consist of van der Waals attraction,
steric repulsion and electrostatic attraction/repulsion.

Torsion

Bond
stretching

Angle
Bending

N~

Non-bonded interactions

Figure 12. Energy terms contributing to the total energy associated to a given conformation of
a molecule.
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A specific Force Field is composed of particular equations to calculate the different energy terms
and particular parameters used to describe the behaviour of the different kinds of atomtypes and
bonds. In order to get parameters transferable from one molecule to another Force Fields use atom
types. For instance a%parbon is described by different parameters thamaon. In some force

fields, the united atoms approach simplifies the complexity of the calculations by omitting most of
the hydrogen atoms. They do not have parameters to describe the backbone atoms alone but
together with the corresponding attached hydrogens. For example; & @ekcribed as a whole

group instead of a carbon bound to two hydrogen atoms.

The equations to calculate the independent energy terms slightly differ for each Force Field. As
follows, those in AMBERY force field, which is the all-atom used in the present thesis, are
de<ribed. AMBER is the acronym for “Assisted Model Building with Energy Refinement”.
Parameters for this force field were extensively optimized with particular emphasis on the treatment
of proteins.

The functional form for the potential energy in AMBER is the shown in Eq. 9.

E(r" )—Z K, (I =1,)? +Z I b (0=6)+ D 2V[l+cos(na) )]

bonds angles torsions
12 6
S5 lan|[ %] %] |99
]
j=li=j+1 nj nj 477[% m

Eq. 9

The potential energy is a function of the position of the atojsf (N particles.

I1.4.2. The partial atomic charges

For some types of molecules experimental data can be poor or non-existing. Quantum mechanics
are increasingly used in this sense providing parameter values otherwise unavailable. The
parameters composing the force field influence each other so that strategies for gradually refine
them in an iterative procedure are essential to get a good fit with experimental data.

The partial atomic charge is not an experimentally observable quantity and cannot be definitely
established from the wave function. That is why force fields use charges determined by so different
methods. For Amber this is done using the Restrained Electrostatic Potential Method¥RESP
The protocol consists of, first of all, making out a quantum mechanics calculation at level HF/6-31G
(d) to obtain a grid of multiple point charges from calculated electrostatic potential (ESP) fit. Once
the grid obtained, restraints are applied to redistribute the multiple point charges to few points that
correspond to the atoms, taking into account the symmetry of the molecule.

Like van der Waals terms, electrostatic terms are long range so that they are computed for non-
bonded atoms in a 1-4 relationship or further apart. Thus they dominate the computation time. The
number of non-bonded interactions grows quadratically with molecule size. The computation time

can be reduced by cutting off the interactions after a certain distance. In the present work a 10A
cutoff was chosen for van der Waals interactions. The value is small enough to not consider the
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interaction of a particle with its own image and sufficiently large to take into account all the relevant
interactions. This approximation is suitable because van der Waals terms die off relatively fast (with
r®). However, the electrostatic terms die off slow&) &nd therefore are difficult to fairly treat with
cutoffs. Using this method, interactions are underestimated, especially when charged groups are
present. One possible solution would be to increase the size of the simulation cell but this would
also mean a large increase of simulation time. Multiple methods have been developed in order to
solve the problem.

The idea of Ewald Summation MetH&d®¥ is to transform the calculation of the sum of all the
possible electrostatic interactions in two other terms of faster convergence.

EeI = Eqjir + E%c + %
Eq. 10

Eey;, refers to thalirect spaceEe.. to thereciprocal spaceand Eq is a constant. The short-range
interactions (direct space) are calculated by means of Coulombic potential modified whereas the rest
are calculated via vector summation. In the calculation of the direct space gaussian distributions are
used to represent the original charges in order to get a faster convergence. These distributions are
afterwards compensated by applying gaussian distributions of opposite charge in the reciprocal
space. The Particle Mesh EWAH(PME) is a modified version of the Ewald summation, in which

the calculation in the reciprocal space is optimized by means of the use of Fourier transforms.

11.4.3. Water models

Many hypothetical models for water have been developed in order to reproduce the physical
properties of liquid water (see http://www.Isbu.ac.uk/water/models.html as reference). Each model
is developed to fit well some particular physical parameter (for example the density, the radial
distribution function or the critical parameters). The more fitting parameters are required by the
model, the better the fit.

In the present thesis Simple Point Charge mdéf (SPC) has been used to simulate explicit
water. SPC water is rigid and has three centres of concentrated charge: two positive charges on the
H atoms and a negative charge on the O atom.

The van der Waals interaction between two water molecules is calculated using a Lennard-Jones
function. The interaction is measured considering two points, each of them centred on an O atom.

Because of the use of point charges the value for the permanent dipole moment when the canonical
geometry is used, does not agree with the experimental value. Thus, in order to obtain the correct
value the angle is changed to 109.42° instead of the experimentally established 104.45°.

I1.4.4. Classical Molecular Dynamics

Molecular dynamid& 798 &lrefers to techniques that enable simulating the behaviour of a system
along the time. Being impossible to identify all the minima and saddle points on the potential
surface of a large molecule, Molecular dynamics (MD) aims to obtain the information reachable
from a determined starting point to apply statistics, as the possible energy levels and conformations.
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Although nowadays some quantum molecular dynamics methods are available (i. e. car-Parrinello)
the size of the molecules studied here forces us to use cheap energy evaluation methods such as
force fields. The evolution of the classical MD as described in Grdiflasshe following:

1-Input initial conditions
The initial conditions are defined: potential interaction V, positions r of all atoms in the
system and velocities of all atoms in the system.

2-Compute forces
The force of any atom is computed by calculating the force between non-bonded atom pairs

plus the forces due to bonded interactions, plus restraining and/or external forces.
The potential and kinetic energies and the pressure tensor are computed.

3-Update configuration
The movement of the atoms is simulated by numerically solving Newton's equation of
motion.

4- If required: output step
Positions, velocities, energies, temperature, pressure, etc. are written.

Stages from 2 to 4 are repeated while necessary. Finally the trajectory is analyzed in order to obtain
information about the system.

Periodic boundary conditions

Molecular dynamics requires a correct treatment of the boundaries in order to get valid macroscopic
properties avoiding the use of a huge number of particles. If for instance a protein is embedded in a
box of waters, atoms near the limit of the box have a smaller number of neighbours and, as a
consequence, a smaller number of interactions than the rest of the atoms. The situation is not
realistic.

The solution is to use periodic boundary conditions i.e. to replicate the cubic box in all directions to
give a periodic array. So the box studied is surrounded by 26 neighbour boxes. If one particle leaves
the box by one side, its image enters from the opposite one. Thus the number of particles remains
constant.

Ensembles
In the theory of Thermodynamics several idealized situations, ensembles, are defined which are
particular important or easy to calculate. Thus, demanding some environmental constraints

particular statistics can be applied in order to take values out for the desired properties.

Microcanonical ensemble (NVE)

In the NVE ensemble the number of particles (N), volume (V) and energy (E) remains constant
along the simulation. It corresponds to an adiabatic process with no heat exchange. The trajectory
represents an exchange of potential and kinetic energy, with total energy being conserved. Just
solving Newton'’s equations with a fixed volume cell will fix NVE.

26



UNIVERSITAT ROVIRA I VIRGILI
COMPUTATIONAL STUDIES ON SUPRAMOLECULAR HYDROGEN-BONDED STRUCTURES:
FROM NANOCAPSULES TO PROTEINS

Eva Santos Garcia . .
ISBN:978-84-691-8850-7/DL:T-1276-2008 Theoretical treatment of systems with hydrogen bonds

Canonical ensemble (NVT)

In the NVT ensemble the number of particles (N), volume (V) and temperature (T) are fixed. In
NVT, the energy of endothermic and exothermic processes is exchanged with a thermostat. Thus
thermostats make possible to modify the Newtonian MD so that experimental conditions can be
reproduced. Moreover they permit to study processes that depend on temperature: thermal
coefficients, conformational changes, etc. and to improve the efficiency in the space exploration
(MD at high temperatur€$°%, Simulated Annealidd"). This is the ensemble used in the present
work with Berendsen temperature coupling algortfimwhich mimics coupling to an external bath

with a temperatur&,. The algorithm slowly corrects the deviations of the system temperature from
To. The change in temperature between successive time steps is the shown in Eq. 11. The time
constantr determines how tightly the bath and the system are coupled together.

aT =21, - T(9)

Eq. 11

The heat flow into or out of the system is carried out by scaling the velocities of each particle every
step with a time-dependent faciipras shown in Eq. 12.

1
2
At T,
A=|l+——20— AL
TT-=
(t-2)
Eq. 12
The parameter; is related ta according to Eq. 13.
r=2C,1; I N4k
Eq. 13

C, is the total heat capacity of the systdnis Boltzmann’s constant ard; is the total number of
degrees of freedomr andz; are not exactly equal because the kinetic energy change caused by
scding the velocities is partly distributed between kinetic and potential energy so that the change in
temperature is less than the scaling energy.

Isothermal-Isobaric (NPT) ensemble

In the NPT ensemble particles (N), pressure (P) and temperature (T) are conserved. In addition to a
thermostat a barostat is needed. There are several algorithms for the pressure coupling. The one
used in the present work to carry out equilibrations was Berendsen pressure Eduplingn
arelogous way to the Berendsen temperature coupling algorithm the effect is of a first-order kinetic
relaxation of the pressure towards a given reference preBsurbe algorithm rescales the volume

of the box every step by scaling coordinates and box vectors.
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Equilibration phase

The equilibration phase is aimed at leading the initial system to an equilibrium state in which
macroscopic properties as energy, temperature or pressure, slightly fluctuate around an average
value without changing substantially. This step allows water molecules to find more natural
positions with respect to one another and to the solutes, like proteins. The MD is initiated
afterwards, from the system obtained in the equilibration phase. The equilibration protocol used in
this thesis was three-stage: 100ps NVT, 100ps NPT and 100ps NVT.

Thermal denaturation method

Even for not very large proteins the experimental time scale of protein unfolding is in the order of
microseconds to milliseconds. Therefore a computational simulation of the process by molecular
dynamics would take many months or even years. One way of overcoming this problem is to utilize
the thermal denaturation methd® at high temperature such as 400K or greater to promote the
folding/unfolding processes. This technique could cause a distorted free energy landscape due to the
larger entropic contributions at higher temperatures. However, it permits to study in a
straightforward way the mechanism behind the protein stability and misfolding. Thus molecular
dynamics complements experimental results, as detailed experimental structure characterization of
folding intermediates has some limitations.

In 1998, it was reported on interesting series of small peptide in methanol simulated as a function of
temperature. It was found that the pathways of folding and unfolding were independent of
temperature® In 2006, molecular dynamics simulations at 400K-500K on wild-type and mutant
lysozyme (TRP62GLY) aided to understand the mechanism behind amyloid formation triggered by
a single residue mutatidti! The results were consistent with urea denaturing experifients.
Moreover, the results were reproducible with two different force fields (CHARMM and OPLSAA).

In the present thesis the technique is used in Chapter V to study the loss of stability caused by a
punctual mutation in the tetramerization domain of p53 protein.

Besides MD at high temperature, folding/unfolding procé$8ekave also been studied by other
appoximations or simplifications in protein models. Only small peptitfésind proteind®? are

fully tractable by classical MD. In case of larger proteins pseudo-atoms representing groups of
atoms can be defined and statistical potential (Monte Carlo) can be applied to reproduce the folding
pathwayg!%?!

Analysis
The different trajectory analysis used in Chapter V and Chapter VI are described as follows.

Root mean square deviations in structure

The root mean square deviation (RMSD) of certain atoms in a molecule with respect to a reference
structure is measured by least-square fitting the structure to this reference structure and
subsequently calculating the RMSD (Eq. 14).

N

RMSIO( 1, E)z{ﬁz m[ (1)~ |r(tz)|r}2

i=1
Eq. 14
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N
In the equationM = Zm and r(t) is the position of atom i at time t. Proteins are usually fitted

i=1
on the backbone atoms (N,aCC) but the RMSD can be computed for the backbone or for the
whole protein. When calculating RMSD along the whole trajectory graphs like those in Figure 13
are obtained where RMSD is represented versus time. In the present work this kind of measure was
carried out with thg_rmstool in Gromac$§”

W p53TD, 300K
W p53TD, 400K
® R337H p53TD, 300K

W R337H p53TD, 400K

Figure 13. Example of representation of RMSD of the backbone versus time in 4 different
trajectories.

Minimum distance

For the study of hydrogen bond interactions and hydrophobic interactions the Gromacs tool
g_mindistwas used to compute the minimum distance between one group of atoms and another. In
the case of the hydrogen bonds the measure was carried out between the groups of atoms directly
involved in the interaction. In the case of hydrophobic interactions it was carried out between the
sidechains of the residues intervening.

X-CSCORE

The program X-Scof®Y computes the binding score between a protein and a ligand from the
structures of the molecules. It has its major applications to structure-based drug design studies. It
has been demonstrated that this binding score correlates well to experimental binding constants. The
program includes three empirical scoring functions (see Eq. 15, Eqg. 16 and Eq. 17).

HPSCOREE G+ (,%( VDW

+Cpp, X (H —bond)

+C,,, x(HydrophobicPaiy

+Cqr, *(RotO)

Eqg. 15
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HMSCORE= G,+ Gow.X( VDW
+Cyg, X(H —bond
+C,,, ¥ (HydrophobicMatch

+Cpr , X (RotoI)
Eq. 16
HSSCORE ¢+ Guws*( VDW
+C, 55X (H —bond
+C,s X (HydrophobicSurfage
+Cpr 3 X (RotoI)
Eq. 17

Co1, G2 Co3 Cus Cups Cum, Cus and Crr are coefficients adjusted empiricaliyDW is the van

der Waals interaction energy, calculated by considering all the atom pairs between the ligand and
the protein,H-bond is the sum of all hydrogen bonding interactions between protein and ligand,
Rotor gives an idea of the loss of flexibility in the protein and the ligand upon binding. This term
acquires different values depending on the number of atoms involved in rotatable bonds.
HydrophobicPair takes into account hydrophobic interactions by summing up the hydrophobic
atom pairs formed between the ligand and the protéydrophobicMatch takes into account
hydrophobic interactions by assigning a value to the different atoms of the ligand depending on their
binding environmentdydrophobicSurfaceaccounts for the hydrophobic interactions assuming that
they are proportional to the buried part of the ligand.

These three scoring functions give absolute values of dissociation constants for the protein-ligand
complex in negative logarithm (RK Except for the hydrophobic effect term, all the other terms in
these three scoring functions are calculated using identical algorithms. The scoring functions were
calibrated through multivariate regression analysis of a set of 200 protein-ligand coffblees

they reproduced the binding free energies of the entire training set with standard deviations of 2.2
kcal-mot*, 2.1 kcal-mot and 2.0 kcal-mdi respectively. The final result, X-CSCORE (Eq. 18), is
anaverage value between these three.

X -CSCORE( HPSCORE HMSCORE HSSCORE
Eq. 18

The results reported in 2085 showed that this scoring function improves the docking accuracy
corsiderably when compared to conventional force fields used for molecular docking. In 2007, new
results were obtained that state the suitability of X-Score to estimate the binding free energy of
seven protein-peptide complexes with biological relevéfite.
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Time-evolution of the secondary structure

The Timeline plugin in the analysis software VM permits to observe the structural changes
suffered by each residue along the time. A 2D graph of the secondary structure vs. time is displayed
as a colour-coded map. The horizontal axis is time and the vertical axis is residue number. Thus
each residue at each time is represented by a colour which indicates its secondary structure. The
assignment of colours is pink farhelix, yellow for extended conformatiofi-6heets), green for

turns and white for undefined secondary structure.

Figure 14 shows an example of 10ns Time-evolution plot for a particular chain of aminoacids with a
first part, from the residue 326 to the residue 333, having secondary strudtusbests (coloured
yellow) and a second part, from the residue 335 to the 356, having secondary struethediof
(coloured pink). The two regions are linked by a residue, 334, with no defined secondary structure
(coloured white).

Residues
E326 e
R335 : L
G356 Wepito 151y ‘ i I '
0 5 10 ns
time

Figure 14. Example of Time-evolution plot in VMD.

Clusterizing structures

The structures obtained from trajectories can be grouped into classes of similar structures. Distances
between two structures obtained at different times are determined by measuring RMSD between
them after fitting. Each structure is added to a specific cluster when its distance to any element of
the cluster is less than a determined value (cutoff). Each cluster can be represented by an average
structure. In the present work the analysis was carried out with thg tdlokterin Gromacg®™

Cortact maps

Contact maps plugin in VMB” provides a 2D plot of the residue-residue contacts between two
set of selected atoms from molecules loaded in VMD. The contact distances are displayed as a
colour-coded matrix where darker colours indicate residues which are close to each other and lighter
colours indicate residue pairs which are distant from each other. In the present work the aminoacids
sequence of a given protein was represented in the horizontal axis as well as in the vertical axis.
This is a distinctive signature of its folded structure so that it is used to describe the similarity
between protein secondary and tertiary structures. Figure 15 shows an example of contact map for a
protein composed of four chains A, B, C and D bound.
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Figure 15. Example of contact map.

DFE

The radial distribution function (or RDF) is an example of a pair correlation function, which
describes how, on average, the atoms in a system are radially packed around each other. This proves
to be a particularly effective way of describing the average structure of disordered molecular
systems such as liquids. Also in systems like liquids, where there is continual movement of the
atoms and a single snapshot of the system shows only the instantaneous disorder, it is extremely
useful to be able to deal with the average structure.

The RDF is useful in other ways. For example, it is something that can be deduced experimentally
from x-ray or neutron diffraction studies, thus providing a direct comparison between experiment
and simulation. It can also be used in conjunction with the interatomic pair potential function to

calculate the internal energy of the system, usually quite accurately.
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The ureidopyrimidinone dimer

[ll.  The ureidopyrimidinone dimer

[11.1. Introduction

Hydrogen bonds can be used in an efficient way to build large architectures from smaller molecules.
A large number of self-assembled systems are constructed by means of hydrogen bond arrays
composed of twi’® %% thred"% foul 1! or even si®*” donor/acceptor couples. Thus the
coqperative action of the hydrogen bonds leads to larger interaction energy and higher molecular
recognition specificity. In case of 4 and 6 arrays, autocomplementarity is also possible so that the

stability of dimeric forms is strengthened.

Figure 16 shows one of the systems studied in this thesis: it is a molecule composed by urea and
pyrimidone (ureidopyrimidinone) that self-assembles forming a Donor-Donor-Acceptor-Acceptor
(DDAA) array of hydrogen bonding sites in the 4[1H]-pyrimidinone tautomer. Intramolecular
hydrogen bonds are also present in this particular case, which pre-organize the monomer for the
interaction. This pre-organization reduces the entropic cost due to the formation of a rigid dimer
with both monomers lying on the same plane. The function fulfilled by intramolecular hydrogen
bonds combined with hetero-cycles in the monomers, can be achieved with hetero-bicyclic moieties
instead. However, the synthesis is then substantially more complicated.

Ra
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R1 /NmumH—N ﬁ
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Figure 16. Quadruple hydrogen bonding array based on ureidopyrimidinone (UPYy).

The association energy of the ureidopyrimidinones (UPys) is high enough to use the monomers as
building blocks to construct larger structures. However, there is a particular complexity in dealing
with such systems. This kind of hetero-bicyclic systems with acidic protons often exist in solution
as a mixture of tautomeric states in dynamic equilibfdfhThe shift of the equilibrium towards

the non-desired tautomers can reduce considerably the association constant of the supramolecular
system aimed to be constructed. Furthermore the displacement is difficult to predict as it depends on
multiple factors. It can be influenced by temperature, by substituent effects, by solvent properties
and especially by the possibility of formation of intra- and inter-molecular hydrogen bonds, since
the enthalpy generated by the formation of such interactions is large.

The ureidopyrimidinone was studied for the first time as an auto-complementary unit by Felix
Beijer et al. It was experimentally proved that it strongly dimerize and as a consequence it began to

be used in Supramolecular Chemistty*??

For the ureidopyrimidinone in solution a tautomeric equilibrium is estabféfleih which four
moromeric species coexist : two forms of the 6[1H]-pyrimidinahar{d4 in Figure 17), the 4[1H]-
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pyrimidinone @ in Figure 17) and its corresponding alcohol pyrimidin-43Iin( Figure 17). The

two latter have the capability to dimerize by self-assembling, leading to two different kinds of
arrays of hydrogen bonds: Donor-Donor-Acceptor-Acceptor (DDAA) and Acceptor-Donor-
Acceptor-Donor (ADAD) (se® and6, respectively, in Figure 17).

Re
A OummH=N
4
Kdim1 Vi =0
A R1 /N||||||||H—N 4H
- N yN
D H N=HunnmN / R4
o< /
D N—=-HummmnQ
R,

5

O-HmmnuQ R,

Kdim2 = BN
R1 \ /NIIIIIIIIH—N H

- N—4 N

D
A
o s
H‘ N—H||||||||N>_>—R1
N \ —
N N4

Rs OumnnH-0

4 3 6
Figure 17. Tautomeric equilibrium established from ureidopyrimidinone.

Both dimers have four similar primary interactions (hydrogen bonds). However, in arrays like these,
secondary electrostatic contributions between adjacent donors/acéEptéthave to be taken into
account too. Figure 18 shows a scheme of all the interactions present in dimers of the DDAA type
and of the ADAD type. Primary interactions are coloured blue, attractive secondary interactions are
coloured green and repulsive secondary interactions are coloured red. It can be observed that in a
dimer like 5 (Figure 18a) there are four favourable and two unfavourable secondary interactions,
whereas in a dimer liké (Figure 18b) there are six unfavourable secondary interactions. Therefore,

at first sight dimeb would be expected to be stronger than dier

a) b)

[0 > O >

> o » O]

|>>DD|

[0 o > »]

Figure 18. Scheme of the interactions present in dimers of the a) DDAA and b) ADAD type.
Attractive and repulsive secondary interactions marked in green and red respectively.

It was experimentally proved that the tautomeric equilibrium in Figure 17 depends on the solvent
and the substituents at Rnd R positions. In general, the forn®&sand 5 in Figure 17 are very
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favoured in chloroform, supposedly due to the high energy of dimerization between DDAA motifs.
When working in THF or toluene the equilibrium is displaced towards the sp®eird6. The

reason is attributed to the respective polar and aromatic nature of the solvents (In this later case
stacking interactions intervef@' ). Tautomerl is favoured when there is not the possibility of
establishing intermolecular hydrogen bonds. It is only predominant when working in DMSO, which

is a very polar solvent. These general tendencies are modified by the nature of the substituent in
position R.*?2 When R is electronegative, as for instance a g#up, the form& and 6 are more
favoured. When it is a weak donor, as{_the displacement takes place towards sp&cad 5. A

good understanding of the influence of the different parameters that govern the equilibrium is
necessary to exploit UPy as a fundamental entity for the rational design of larger complexes.

[11.1.1. Examples of applications

By means of a convenient functionalization, the UPy monomers can generate polymeric linear
structures of high viscosfty” **® or helicoidal polymer8?® Using spacers of the appropriate size,
shage and rigidity between UPys, the assembly can be leaded to aggregates with defined structures,
such as rosettes and tufg% 13

In 2006 a ferrocene derivative was desigtédwhich dimerized by self-assembling between two
UPy units with quadruple DDAA hydrogen bonds. The UPys had been modified in order to avoid
the keto-enol tautomerism. The structure (in Figure 19) allowed high electronic communication
between the ferrocene units, separated by a long distance of 10A through the UPy dimer.

Figure 19. Two ferrocene centres connected by an UPy dimer.

Knowledge of the structural moieties that favour electronic delocalization is very important for the
preparation of molecules with potential applications as part of molecular electronic devices. So far
multiple types of unsaturated linkers have been &ikdith this capability. In contrast, metal-

metl bridge&*® and linkage by means of non-covalent bonds as the herein shown were reported in
few occasions. The system in Figure 19 has potential applications in the design of new molecular
electronic devices and gives evidence once more of the strength of the binding between
ureidopyrimidinone monomers.

Different tautomers of the ureidopyrimidinone (with DDAA and ADAD motifs) were used to form
highly stable dimers and polymers of fulleréifés like the system shown in Figure 20.
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Figure 20. G-based polymer constructed by means of UPy dimers.

It was proved for a dimB?* of this kind that there is no mutual interaction in the ground state
betwveen Gq units. In contrast, photophysical differences were appreciated between the monomer
andthe dimer when studying excited states, pointing out a strong electronic coupling between the
fullerenes, mediated through the hydrogen bond edge. This and other examples of molecular
organization of this kind are very promising in the field of molecular materials.

Another illustration of the use of UPys as building blocks, was the reported formation of E&lities
composed of two calix[4]arenes bounded by two UPy dimers. Previous calixarene dimers with urea
substituents had already been reported, able to encapsulate benzene. The use of UPys made possible
the encapsulation of larger molecules.

UPys were also applied in chiral polymeric catalyst engine€riign this case the use of arrays of
hydrogen bonds was combined with the use of coordination metals in order to construct a polymer
in which catalytic centers were immobilized. A scheme of the formation of the polymer is shown in
Figure 21: chiral ligands with UPy substituents were synthesized to reach self-assembly by auto-
complementarity. These structures spontaneously aggregated leading to immobilized catalytic
systems.

chiral ligand unit ," e
& P J hydrogen-bonding unit

solvent { self—recogmtmn'

metal ions \) l self-assembly I

P~ —
J7 /) i ™ "'7 A ¢ , Z o
== = soREENsolle
\( J . ey = 0 07N N N/\
| AN In /P,:’Rh’F'\ H H bW
=N 0 J— o H H ¢ %
catalytic center / N_N._N_.0
YO
o.

N =

[ mmoBILIZED CATALYST | M
n

Figure 21. Scheme of the strategy for the construction of a chiral polymeric catalyst based on
UPy dimers. Reproduced from ref %,
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This polymer allowed asymmetric reactions. It was used as a catalyst in the asymmetric
hydrogenation of de-hydre-aminoacids derivatives and of an enamide, obtaining products with a
91-96% of enantiomeric excess.

In Chapter IV a new molecule will be described composed of 3 UPys and a cyclotriveratrylene
(CTV) moiety, which is able to dimerize by means of 12 hydrogen bonds. The resulting structure is
a capsule able to trap fullerenes of different size and shape inside.

[11.2. Goals

The aim of this chapter was to study some aspects of the tautomeric equilibrium established by
ureidopyrimidinone. The first goal was to establish theoretically whether the dimer ED@ERA

Figure 17) was really stronger than the dimer ADALin Figure 17) due to the influence of
secondary interactions. Secondly, an explanation for the effect of gr@Qlp at position Rwhich

shifted the equilibrium towards speci8sand6, was pursued. Finally, the effect of the chloroform

as solvent was analyzed.

[11.3. Methodology

The different systems intervening in the equilibrium were optimized with, @8 substituent in
postions R, and R and also with R=CF; and R=CH,. The deformation energy of the monomers
was also calculated. Frequency calculations of the optimised geometries were carried out and
thermodynamical parameters for the equilibria were obtained from them.

On the one hand, the calculations were performed in gas phase with ADF pY8gfamhe
numerical integration scheme applied for the calculations was developed by tel'¥efdd.The
geametry optimization procedure was based on the method reported by Versluis and®%gler.
The BP86 functional described as a combination between local VWN exchange-correlation
potential with nonlocal Becke's exchange correéfiband Perdew's correlation correction was
appied*® *™ A triple-£ plus polarization basis set was used. The Basis Set Superposition Error
(BSSE) was calculated for species 2 by the counterpoise (CP) procedure of Boys and B&tnardi.

Onthe other hand, the same calculations were performed with Gaussian pfSgraaLY P> 53
functional and 6-311G** basis set. Analytic vibrational frequencies were comptit&d!

111.3.1. Effect of the method on the structure and interaction energy

The choice of the methodology was driven by its success in reproducing experimental data on
similar systems and also experimental data available for the 8inddso, the computational cost

was carefully taken into account since our goal was to study much larger systems. In particular, a
nanocapsule that is constructed by self-assembling UPy dimers and that is reported in Chapter IV.

We chose a previous stUtff on adenine-thymine (A-T) and guanine-cytosine (G-C) systems as

reference to validate a method. These systems present double and triple arrays of A @mds.
AH were obtained for both systems with several DFT based methods, taking into account the BSSE.
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AH theoretical values were very close to tki¢ experimental values. The calculations were done
using BP86/TZP and B3LYP/6-311G** and showed very similar results to reported data. All these
data are shown in Table 2.

Table 2. AE and AH values (kcal-mot') for the adenine-thymine (A-T) and guanine—cytosine
(G-C) systems. Experimental results, data extracted from literature ( ref**) and results
obtained in this study.

A-T G-C
AE  AE(BSSE) AH AE  AE(BSSE) AH
Experimental -12.1 -21.0
BP86/TZ2p( 11441 -13.0 -12.3 -11.8 -26.1 -25.2 -23.8
B3LYP/6-31G** (ref[144]) -12.3 -10.9 -25.5 -24.0
BP86/TZP -13.2 9.4 -26.1 -21.8
B3LYP/6-311G** -15.1 -11.3 -28.5 -24.2

It was observed thaAE values for the adenine-thymine and guanine-cytosine systems with
BP86/TZP (-13.2 and -26.1 respectively) were almost identical to those previously obtained with
BP86/TZ2P, which corresponded considering BSSEAt¢ of -11.8 and -23.8 kcal-nibl
respectively. In turn, these values were very close to those obtained with B3LYP/6-31G** and to
experimental data. With B3LYP/6-311G** method th®E values were slightly higher but
comparable.

The second reference to validate our methodology was a report on geometric parameters of the
dimer5 (with R;= CH; and R= CH;) obtained by means of experimental data and calculdtfShs.
Experimental data were obtained from X4f&}} and from solid-state NMR techniques, capable of
providing proton-nitrogen distances of up to about 2.5A with an accuracy level of + 0.01-0.05A. On
the quantum chemical side, the equilibrium geometry for the dinfexd been determined using
second-order Mller-Plesset perturbation thedt (MP2) and density functional theory (BL¥P

* functional) in combination with a polarised split-valéfite(SVP) and a polarised triple zeta-
valencé"*! (TZVP) basis sets. As mentioned in Chapter 1l, MP2 method takes into account the
electron correlation so that it is the most reliable method to treat hydrogen bonds. However, it is
excessively computationally expensive.

Table 3shows these data together with new results obtained from optimization of the UPy dimer
with the following methods: LDA/DZP, BP86/DZP, BP86/TZP, BP86/TZ2P and B3LYP/6-
311G**. In general, for all the parameters, the LDA/DZP was the method that gave values most far
away from the most reliable fully experimental data and X-ray combined with MP2/SVP data.

Distances H3-N1' and H3-N3 obtained with the BP86 and B3LYP functionals were very similar to
those obtained by NMR and to those obtained with BLYP/TZVP and MP2/SVP in combination or
not with X-ray data. These parameters correspond to a diagonal distance between the UPy
monomers and a diagonal distance between two atoms of an ureido group. The fact that they were
well reproduced with the computational methods indicated that, in the obtained geometry, the
conformation of the monomers as well as their relative disposition in the plane defined by the dimer
was correct. H1-N2 values, which depended on a correct treatment of the intramolecular hydrogen
bonds, were also very close to the experimental and theoretical results of reference.

The proper description of the intermolecular hydrogen bonds was also guaranteed, as values for H2-

N3, N4-O1’, N3-N1’, H3-O1’ and H2-N1’ distances were well reproduced except in the LDA/DZP
case. H2-N1’ was the distance that showed a slightly larger difference. In comparison with the bond
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length obtained by NMR, the distances were underestimated in a 15% by LDA/DZP, in a 6-7% by
BP86 functional with DZP, TZP and TZ2P basis sets and in a 4% by B3LYP/6-311G**.

Note also fronTrable 3that the interaction energy calculated with PB86/TZP and B3LYP/6-311G**
was very similar (around -46.0kcal-mbl Adding a second polarization function (BP86/TZ2P)
changed only very slightly the interaction energy. However, the smallest basis set used, DZP,
produced results that deviated a lot. The BSSE was rather small, -1.6 kéalisioyy BP86/TZP
andeven smaller with the TZ2P basis set.

Therefore, BP86/TZP and B3LYP/6-311G** gave geometric and energetic results close to
experimental data for the DDAA dim6y as well as for the nitrogenised bases discussed previously.
So, these were the methods chosen for the study of the tautomeric equilibrium as a balance of the
accuracy and the computational cost. It must be borne in mind that future studies on similar but
much larger systems were to be performed further on.

Actually, the original idea was to carry out the study using the method BP86/TZP with ADF
program due to is efficiency and good parallel scaling. However, the vibrational frequency
calculations for some of the entities involved in the equilibrium could not be performed. In the ADF
version used (ADF 2005), the force constants are computed firstly and, from them, the normal
vibration modes and harmonic frequencies. The force constants are calculated numerically, ie., by
evaluating the differences in gradient obtained when producing small displacements of the atomic
coordinates. This method presented problems to converge the SCF due to the fact that the
displacements of the hydrogen atoms bounded to the heterocycles took them out of the plane formed
by the ring, and this originated a very large change in energy. For that reason frequency calculations
were carried out analytically by using the Gaussian program, B3LYP functional and 6-311G** basis
set. It was checked that in the cases in which ADF calculations converged, the list of frequencies
and the thermodynamical parameters obtained were very similar to those obtained with Gaussian.
The comparison was possible with spe@€R,=CF;), 3 (R;=CH; and R=CF;) and4 (R,=CH; and

R1=CF3).

41



UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL STUDIES ON SUPRAMOLECULAR HYDROGEN-BONDED STRUCTURES:

FROM NANOCAPSULES TO PROTEINS

Eva Santos Garcia

1sBN: 978-84 CGhaptesdl7/pn:1-1276-2008

2Tl loTl ol I8zl 3SS9

8'91- V'Si- 0'9v- 8'61- 'S/~ uig 0

0'08T 6'6.T 6'6.T 6'6.T 6'6.T w_mc<@

Z¢6'¢ 16°¢C 68°¢ 68'¢C Gl'¢ 16'¢C A._”Z-mZvU

€6'T ¢6'T ¢6'T /6'T 88'T 98'T 78'T €8'T 99'T 6007102 (IN-Z2H)P

€L¢ €L'¢ €L'¢ clLe 29'¢ 9L'¢ (TO-YN)P

0L'T 69T 89'T /9T GG'T A._HO-mIv_u

lv'C 8v'¢ 8v'¢ 0S¢ VA4 6v'¢ 6v'¢ 8v'¢ 8v'¢ ST'0+0¥'¢ AmZ-mIvU

08¢ 6.°¢C 98¢ €6'¢C /8¢ G8'¢ €8¢ €8¢ 0L¢ 02'0+08°¢ AHZ-MIVU

0T DT 0T 0T 0T DT DT DT 60T TO0+0°T ANZ-._”IVU

Y0'T 0’1 v0'T v0'T v0'T SO0'T SO0'T 90T 60'T T0'0+/0T AmZ-NIv_u

dAS  dAZL dAS  dAZL  «9TTE9 dezzL dz1 dza dza AerxXy — HAN @

2dNg  dATge ZdNg  dATHq dATeg 98dd 98dd 9849 val
Aed-X,) [SPON )

‘poylaw aslodiaiunod ayy Huimojjos paindwod 3ss9g (8) ‘siswouow
yasiwndo Apreseda) jo ABisua snuiw Jawip pasiwndo ayl jo ABiau3 (2) ‘Jswouow yodea Jo swore O pue gN Bupul saul ayl
19am1aq 3|buy (9) ‘i, SUONEINJED SnoldId (G) ‘pgaziwndo aiaym suomsod swole usbolpAy aiaym ainonis Ael-x () ‘ased yoea
J1 payesipul poyaw syl Buisn ainonis paziwndo Ajing (g) ,prep Ael-x (2) ‘sanbiuyod) , HINN padueApe WOl S3oUBISIP H-N
aaibap ul sajbue pue swonsbue ul saduelsiq (Yvaaq) Jawip Adn ayl o) salbiaua uonoeialul pue sislawered JL18W099) € a|gel

zo YHazn YH

TN €N L0

eH? ZH! M

vH LH 20

42



UNIVERSITAT ROVIRA I VIRGILI
COMPUTATIONAL STUDIES ON SUPRAMOLECULAR HYDROGEN-BONDED STRUCTURES:
FROM NANOCAPSULES TO PROTEINS

Eva Santos Garcia . L .
ISBN:978-84-691-8850-7/DL:T-1276-2008 The ureidopyrimidinone dimer

I11.4. Results

As follows, Figure 22 and Figure 23 present the geometries obtained from the optimisations at
BP86/TZP level for monometfs 2, 3 and4, and for dimer$ and6, for R.=CH; and Ck. The most
relevant differences were found in the intra- and inter-molecular hydrogen bond distances.

If we compare the monomér to the dimer5 the intramolecular hydrogen bond shortened from
1.836A to 1.647 A when RCHj. This variation was larger than the produced from the mon8mer
to the dimer, in which case the respective values were of 1.880 A and 1.829 A. WhER.Rhe
intramolecular hydrogen bond shortened mor@ than in3, respect to the same monomers with
R;=CHs. In dimer5 the distance was also shorter whegr® than when R=CHj; but in dimer6

the opposite happened.

In the case RCH; the intramolecular hydrogen bond distance of the monoinamnd 4 was always
larger than in the rest of the species, with values 1.918 A and 1.904 A. In the,s8%% R
ocaurred the same with the mononierwith the only exception of the monom@mwhich had a
larger distance.

Concerning the intermolecular hydrogen bonds, the substitution @fb§HCF; at position R
cawsed an elongation of all the distances in the dBnétose of the N-H---N type as well as those of
the N-H---O type. In the dim& the N-H---N distances became longer but, in contrast, O-H---O
distances became shorter. N-H---N distances showed always larger in thé tfiamem the dimer

5, with Ri=CH,; and with R=CF.

In all the cases the distances of N-H, O-H and C=0 covalent bonds containing atoms involved in
intermolecular hydrogen bonds, showed longer in the dimers than in the monomers.

All the hydrogen bonds were characterised by the presence of bond critical points in the electronic
charge density function. Also, the corresponding ring critical points were found. No large
differences were found in the valuepgf) at the bond critical points when®CH; was changed by
R1=CF3.
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Figure 22. Optimised geometries with R=CHs.
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Figure 23. Optimised geometries with R=CF.
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Table 4. Dimerization energy (kcal-mof) from 2 to 5 and from 3 to 6 in the two cases & CHs

and R:= CF..
BP86/TZP B3LYP/6-311G**
WEintSp  @Edeform  ®Edim ®Edim
2-5
R:;=CHj -55.3 4.7 -45.9 -46.8
R=CF, -527 4.8 -43.1 -43.9
3-6
R=CH; -405 5.6 293 -31.2
R=CF, -429 5.9 311 -32.4

(1) Energy of the dimer minus energy of the two monomers in the geometry of the dimer.

(2) Energy involved in the deformation of each monomer to form the dimer.

(3) Dimerization energy calculated as the energy of the optimized dimer minus the
energy of the optimized monomers.

Table 4 shows the interaction energy values obtained in the 2-to-5 and 3-to-6 dimerization
processes, together with the energy necessary for the deformation of the respective monomers. The
termEintSp accounts for the establishment of four hydrogen bonds between monomers in the final
geometry. It was calculated as the energy of the dimer minus the energy of the two monomers in the
geometry of the complexedim in Table 4 is the dimerization energy taking into account the
deformation suffered by the monomers to form the dimers. It was calculated as the energy of the
dimer minus the energy of the two monomers in their optimized geoniedgform was the
difference between the two terms and accounted for the deformation energy per monomer.

Larger EintSp values in the 2-to-5 cases were due to the more favourable secondary interactions.
However, it is remarkable that the interaction whesrQ@H; was larger than when RCF. In

contrast, the opposite effect was observed in the 3-t0-6 cases. The 2-to-5 cases were not only
favoured in terms of th&intSp value, but also in terms of monomer deformati&dim trends

were the same d&intSp tendencies but the difference between the different dimers was stressed.

Thus, the presence of the £group slightly destabilized the 2-to5 process and slightly stabilized
the 3-to-6 process. However, cooperativity resulted in major dimerization energy of the DDAA type
in all cases. This indicated that an extra contribution of the electronic effect pbrCkhe
stabilization of the dimeré must be due to further influence in the tautomeric equilibrium.
Therefore, thermodynamic parameters for all the equilibria involved were investigated. Free energy
(AG), enthalpy AH) and entropy AS) were calculated. Table 5 collects these results, graphically
represented in Figure 24, Figure 25 and Figure 26 with the enetgplédn as reference.
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Table 5. Thermodynamic values for the equilibria between the different species in gas phase.

BP86/TZP B3LYP/6-311G**
AE AH AS AG AE AH AG
1-to-2
Ri=CH; 6.3 6.8 -0.6 6.9 7.4 7.8 8.0
Ri=CF; 8.6 8.6 2.8 7.8 9.4 9.4 8.6
2-to-5
R,=CH; -46.0 -41.8 -48.7 -27.3 -46.8 -42.6 -28.1
R,=CF; -429 -39.9 -60.9 -21.8 -43.9 -40.8 -22.6
1-to-3
R,=CH; -18 -0.7 -3.3 0.3 -1.0 0.1 1.0
R,=CF; -0.3 0.7 0.7 0.5 0.2 1.3 1.1
3-to-6
R,=CH; -29.4 -259 -445 -12.6 -31.2 -27.8 -145
R,=CF; -30.9 -27.9 -47.2 -13.8 -32.4 -29.3 -15.2
2-t0-3
R=CH; -81 -69 -27 -6.1 -84 -71 -6.3
R=CF; -89 -73 -2.1 -6.7 -91 -76 -6.9
1-to-4
R,=CH; 0.1 0.8 -2.7 1.6 0.7 1.4 2.2

AE, AH and AG in kcal-mof?. AS in cal-mol'*K 1. AH and AS calculated with B3LYP/6-311G**.
AE calculated with two methods (BP/TZP and B3LYP/6-311G**).

Figure 24 and Figure 25 show thd values obtained with BP86/TZP and B3LYP/6-311G**
methods, taking as reference. As it can be obser/edyas the most stable monomer in all cases,
followed by 3, 4 and2. The AG values for3 and 4 with respect tol were very low(less than
3kcal-mot).

Between monomel and monome® there were larger differences of 6.9kcal-fnahen R=CHj

and of 7.8 kcal-mot when R=CF, using BP86/TZP method. It is remarkable that the presence of
the CF; group at R in 2, caused a certain destabilization of 0.9 kcal‘maith respect to the
R,=CHj; case.

The energy values fol and 2 using B3LYP/6-311G** were 8.0 kcal-mbland 8.6 kcal-mdlin

R;=CH; and R=CF; cases respectively. Thus the destabilizing effect of thegtdup over the
moromer2 appeared to be less important at this level of theory (only 0.6 kca).mal observed,

the tendency between the monomérand the monomer3 did not depend on the substituent R
(green and violet profiles for these species are practically superposed in both Figure 24 and Figure
25).
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Figure 24.AG in kcal-mol?, using BP86/TZP method. R= CH; coloured violet; Ri=CF3,
coloured green.

When R=CH; at BP86/TZP level (violet trace in Figure 28)was the thermodynamically most
stable dimer, with a value of -13.5kcal-helith respect td. Indeed the difference with the dimer
6 was slight. Th\G value for6 in this case was of -12.0 kcal-mpbnly 1.5 kcal-mét unfavoured.
When R=CF; at the same level of theory (green trace in Figure 24)A@ealue for6 remained
almost the same, only becoming 0.8 kcal-hmobre favourable than in,RCH; case. However, the
AG value for5 experienced a large destabilizing shift of 7.3 kcal’muith respect to the analogous
R,=CHj; case, reaching a value of -6.2 kcal-Tiol Figure 24.

154 13,0 12,1

Figure 25. AG in kcal-mol?, using B3LYP/6-311G** method. R1=CH coloured violet;
R;=CF3, coloured green.

At B3LYP/6-311G** level, theb and6 were almost equally favoured in#CH; case (violet trace
in Figure 25). Their respectivaG values were -12.1 kcal-noand -12.5 kcal-mdl The most
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remarkable effect at this level of theory was again the strong destabilizattowleEn changing
CHs; by CR at R position. The shift in energy was of 6.7 kcal-hol

Concerning theAH values, at BP86/TZP level as well as at B3LYP/6-311G** level the same trends
found in the free energy variations were observed (see the case BP86/TZP in Figure 26). As it was
observed in th\G profiles in Figure 24 and in Figure 25, whep=8H; (violet profile in Figure

26) 5 was found slightly more favoured th&nwhile when R=CF; (green profile in Figure 26
wasmore destabilized that Therefore, botiAG andAH values indicated a clear electronic effect

of R; substituent on the relative stability 6fard 6. When a more electronegative substituent is
present in position R the equilibrium is displaced towards the formation of ADAD difess it

was found experimentally.

AH(kcaI-moI'1) 2

-30_- -27,3 -28,2

Figure 26.AH in kcal-mol™?, using BP86/TZP calculations. R=CH3 coloured violet; Ri=CFs,
coloured green.

Since it is known that the solvent affects the position of this equilibfitimve attempted to
include somehow solvent effects in our calculations. This was done by using the PCM method as
implemented in the Gaussian program. We used B3LYP/6-311G** level together with the standard
options in Gaussian for CHLIWe evaluated the solvation energy 1912 and 3, for Ri=CHs; and

CF;. Table 6 shows the results. As it can be observed, the solvation energy was always the most
favourable for2, followed byl and3. However, when R-CF; the difference between the solvation
enegy of 2 and1 was smaller, since the solvation energy gbt less favourable in 1.65 kcal-mol

The solvation energy ofl and 3 got more favourable in 0.55 kcal-ifoand 0.72 kcal-md
respectively.
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Table 6. Solvation free energy (in kcal-md) of 1, 2 and 3
for R;=CH3 and CF; in CHCl.

AGsolv
R1=CH3
-11.48
-15.40
-6.49

WN -

R]_:CFg

-12.03
-13.75
-7.21

WN -

With these results we obtained the difference of solvation energy ¥reor2 and from1 to 3
(44Gsolvin Table 7). Then we added the values obtained to the already calAA@iedyas phase
(4Ggasin Table 7) for each step of the equilibrium. The resultifgot values are shown in the
third column of Table 7.

Table 7.AG (in kcal-mol™) for the processes 1-to-2 and 1-to-3 in CHg!I

AGgas AAGsolv  AGtot

R1:CH3
1-to-2 8.0 -3.9 4.1
1-to-3 1.0 5.0 6.0
R1:CF3
1-to-2 8.6 -1.7 6.9
1-to-3 1.1 4.8 5.9

The AG profiles obtained showed changes with respect to the results in the gas phase. In both
R;=CH; and R=CF; cases, the most stable monomer was the monbraat thereforeAG values
were calculated taking it as reference, exactly in the same way as above.

When R=CH; the AG value for3 increased in 5 kcal-mblwith respect to the value in gas phase. In
cortrast, 2 decreased in 3.9 kcal-rffolThis made the DDAA monomé be 1.9 kcal-mof more
favoured than the ADAD monome3. This could be an explanation for the tendency of the
equilibrium towards the DDAA forms when working in CH&blvent.

When R=CF; this effect was not as stressed. The change in@ealue of the monome3 with
respect to the value in gas phase was almost the same as ir@é; Rase. However, the decrease

in the value of the monome was smaller (only 1.7 kcal-mBl The final result was that the
moromer 3 was still 1 kcal-mol more stable than the monom2r The destabilization of the
monomer2 caused by the GFgroup at R position had already been observed in the gas phase. In
CHd; this effect showed stronger.
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[11.5. Conclusions

The interaction energy between two monomarto form the DDAA dimer5 is larger than the
interaction energy between two monom@ite form the ADAD dimel6. This was expected, as the
dimer 5 has an array of hydrogen bonds of the DDAA type, in which there are four favourable
secondary interactions and only two unfavourable. Hence, the DDAA dimer is stronger than the
ADAD.

When a Ck group is present at position fhe dimerization energy to the spebigvas lower than
when there was a GHThe opposite happened with the dimerization energy to the sfgecie
favoured by the presence of a £&t R. However, this effect was not enough to make the
dimerization energy of the dimérbe the most favoured in any case.

When R=CF;, the dimerization energy in the DDAA case drops and the dimerization energy in the
ADAD case rises. But, this effect is not large enough, since the DDAA dimer is still stronger than
the ADAD.

The study ofAG in gas phase permitted to see that the change fromy, @Gt to a Ckgroup at

R1, fundamentally causes a thermodynamical destabilization of the Himiéh respect to the most
stable monomer in the equilibrium, which is the monorterAt the same time a slight
destabilization of the monome? is observed, which would stress the effect of the electron-
withdrawing group. The relative stability of the rest of species taking the morioagereference
was the same in bothyRCH; and R=CF; cases.

When solvent effects were included, it was found that the mon@nean be more stable than the
monomer3, beingl always the most stable tautomer. Therefore, although solvent can favour either
2 or 3, we think that the dimerization process is the driving force towards the formation of a DDAA
or an ADAD dimer.
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Chapter IV
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IV. Fullerenes in cages
IV.1. Introduction

Fulerene8*® *Iare the most stable form of carbon, after diamond and graphite. They were called
budminsterfullerenes in honour to Richard Buckminster Fuller, architect that popularized “domo
geodesic”, as the molecules present a similar shape to that type of vault. Since their digc&very
araund 1990 much time and effort have been devoted to the exploration of their properties and
applications. They present unique and fascinating structural, electronic, electric, mechanic and
optical properties and are very versatile.

Figure 27. Buckminsterfullerene (Go)-

Fulerenes are convex carbon cages (see Figure 27 as an example) comprising hexagons and
pentagons. The most stable fullerenes fulfil two chemical conditions: the Isolated Pentagon Rule
(IPR)*? and the Hollow Pentagon Rule (HPR). The IPR states that there are no adjacent pentagons
andthe HPR that all the pentagons are holes; this means that every pentagon can have only external
double bonds.

With 60 carbon atoms the smallest fullerene that fulfils the IPR is the Buckminsterfullegghtd C
(Figure 27). It has icosahedral symmetry, resembling a football ball, with 20 hexagons and 12
pentagons and it is the best known fullerene.

Fullerenes with adjacent pentagons are unstable due to an enhanced steric strain and an electronic
effect of resonance destabilization. In fullerenes that cannot follow IPR rule the most stable isomer
is the one with least adjacent pentagdisThis is stated by the Pentagon Adjacency Penalty Rule
(PAPR)™® However, stabilization of fullerenes larger thag &nd that do not accomplish IPR is
possible by charging or encapsulating electron-donating metal atoms and dii8t&nsllerenes

smdler than G{™" have always adjacent pentagons and higher pentagon-to-hexagon ratio. This
leads to a higher curvature of their carbon surface with much steric’sftai and to a weakened
n-conjugation. The consequence is a much higher lability so that they can only be observed in the

ga]s phas¥#” although it has been demonstrated that they can be stabilized by functionaff¥ation.
163
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In fullerenes, the geometric demand of the spherical cage is such that all the double bonds deviate
from planarity™™®” The formally sp-hybridized carbon atom is pyramidalized so that their chemical
reactivity resembles that of the cycloalkenes more than benzene. A measure of the pyramidalization
degree in each atom can be used to assess the local reactivity of carbon atoms in the molecule. In
fact pyramidalization is one of the reasons for which fullerenes are electronegative. The deviation
from planarity causes orbital rehybridizatfsr of the sp orbitals and pi orbitals to new sp orbitals

with a gain in p-character. The p-lobes extend further outside the surface than they do into the
interior of the sphere.

When discovered, fullerenes were supposed to be extremely stable aromatic molecules. For
example, G was expected to have 12500 possible resonance strutitirefowever the most

stable isomers avoid having double bonds in the pentagonal rings as their presence would shorten
bonds in the already strained ring. Thus, for the casepth€re is only one structure that fulfils

this requirement. Electron delocalization is then not as rich as was thought a priori and, as a
consequence, the fullerene is much more reactive than exféttedeed the double bonds are

notall equal. The bonds connecting two hexagons are shorter than those connecting a hexagon and a
pentagon.

Fullerenes react as electrophiles and also driven by a force leading to a relief of strain by saturating
double bonds. The most important methods for the derivatization of a fullerene are based on
exohedral addition reactions: nucleophilic and radical additions, cycloadditions, alkylation,
hydrogenations, transition metal complex formations, oxygenations and halogenations.

It is also possible to obtain fullerenes with additional atoms trapped inside them. It can be metals, in
which case the complexes are called endohedral metallofullerenes, or no-metals, in which case the
complexes are known as non-metal doped fullerenes. The production of endohedral fullerenes has
been based on physical methods such as co-vaporization of carbon and metal atoms and high-
pressure/high-temperature treatment with gases. These methods are very laborious and the quantity
of product obtained is very low. An alternative method tested recently was their synthesis by
opening the fullerene, putting the guest inside and closing again by means of a series of organic
reactions. This has been reached recently in the particular case of insertion of a hydrogen molecule
inside G,[167-16%

Concerning fullerene applications in biomedicine, drug delivery is still a hope. Previously, further
knowledge is needed on how to bind the appropriate ligands onto the outside of the cage and a
better understanding of the interaction of fullerenes with a biological environment is necessary. In
relation to this, a curious ability of a derivatizegh ® inhibit HIV-1 proteasé’®*" (HIVP) was

reported in 1993. HIVP has an important role in the life cycle of the HIV virus so that its inhibition

in vivo avoids the maturation of new infectious virions and fights AIDS. Models indicated that the
inhibition by Gy, was due to a perfect fit of the fullerene in the active site of the protein, by
interacting with a non-polar part of the surface (see Figure 28) and by establishing hydrogen bonds
with two aspartates.
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Figure 28. a) Computer-designed accommodation of one water-solubleg,Glerivative in the
cavity of HIV-1 protease. b) Closer view of the complex showing H-bonds between Midr
NH3" groups from the fullerene and aspartates 25 and 125. Reproduced from f&f.

Fullerenes have exhibited other in vitro biological activities as site-selective DNA cleavage and
cytotoxicity. The capability of fullerenes to cause DNA-photocleaV&g€® under visible-light
irradiation has been reported by several groups. The process is related to the easy photoexcitation of
fullerenes (see Figure 29). By photoirradiatiog, €n pass from its singlet ground state to a singlet
excited state and afterwards to a triplet excited state. By transferring energy tg i@eOule the
fullerene can return to its ground st&t®, molecule converts to singlet oxygé&@,, known to be

highly damaging. A superoxide radical can be produced as well in the gasak€s an extra
electron from an electron donor and transfers it to thel®turn, the superoxide radical facilitates

the production of a hydroxyl radical, which can react with the superoxide anion producing singlet
oxygen again. Singlet oxygen and superoxide radical anion are well known reactive species towards
DNA causing hydrolysis of the phosphate bonds in guanosine residues. Derivativgdeaitg
sequence-specific DNA-binders are pursued in order to reach directed DNA cleavage.

e -donor -
Cso Ceo

oror oA

Figure 29. Scheme representing the production of species such'@s, O, * and s OH through
the photoinduction of Cq.

Cytotoxicity of fullerene species is a sensitive function of surface derivatization. Non-derivatized
fullerenes can cause cell death by insertion in the phospholipidic bilayers and oxidative damage to
the cell membranes. However, fullerenes with highly soluble attached moieties are n8f%oxic.

57



UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL STUDIES ON SUPRAMOLECULAR HYDROGEN-BONDED STRUCTURES:
FROM NANOCAPSULES TO PROTEINS

Eva Santos Garcia

15BN: 978-84 CGhaptes V7 /oL 1-1276-2008

Thus, the toxicity of the molecules could be controlled depending on the use required, existing the
possibility of applying them as drug carriers but also as cancer therapeutics or bactericides.

Apart from their potential applicability in medicinal chemistry, fullerenes are promises in the
materials science field for the construction of solar cells cheaper than the existing crystalline
silicon-based technolod¥/.**” Photoactive devices can be construct consisting of a mixtute of
conjugated polymers or porphyrin moieties acting as electron donors and soluble fullerene-
derivatives acting as electron acceptors.

Endohedral fullerenes are expected to have a future in several fields such as molecular
electronic8®, magnetic resonance imagifd and nuclear magnetic resondffte 1** (NMR)
andysis.

Hydrogen-bonded motifs in the design of supramolecular architectures based on fullerenes have
relatively recently been reported. Several donor-acceptor assemblies have been constructed by
means of hydrogen bon8&#°! Electronic communication indgbased hydrogen-bonded donor-
aceptor ensembles has been proved to be as strong as in covalently connected systems. In the case
of new hydrogen-bonded ¢&TTF (tetrathiafulvalene) complexes in Figure 30, the lifetimes
measured for the radical-ion pair states are in the range of hundred nanoseconds, several orders of
magnitude higher than they were in covalently linkegt TI'F dyad8°® reported previously. This

point out the fundamental advantages of strong and highly directional hydrogen-bonding networks

in assisting electron-transfer processes to the design of efficient photovoltaic devices.

N
OSPDBT\‘,IjA\A/At]-n
N%FN !

Figure 30. G TTF dyads linked by hydrogen bonding and strong electrostatic interactions.

As it can be seen in the examples above, fullerenes are considered as promise for a broad range of
apgications. However their application has not already become commercial because their
production and purification keep on being a great challenge for chemists.

The usual method to produce fullerenes is to generate an electric current between two nearby
graphite electrodes in an inert atmosphere (Figure 31). A deposit of soot is generated, from which
very different fullerenes can be isolated. The amountgf@, and fullerenes with a larger number

of carbon atoms generated following this protocol is very low, less than 9%of the soéf'thass.
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Figure 31. Scheme of the most usual method for the manufacture and purification of
fullerenes.

For the separation and purification of€C;o mixtures, solid-liquid extractions are normally carried

out with toluene, evaporations and chromatographic separations that require huge amounts of
solvents® %! This determines the exorbitant prices for these compounds. Most of the
experimentation on fullerenes has been carried out witha€ it is the easiest to obtain because of

its abundance. Experimentation with fullerenes of larger size is restricted. Therefore, new
techniques for a cheaper obtaining of the compounds are pursued.

Some alternative methods of separation have been reported based on host-guest encapsulation by
means of cyclodextrifS® or calix[8]arene§°”! However these capsules are selective for the major
compound G but not for Gy or other higher fullerenes. Two examples of calixarenes were reported

to have more affinity for & than for Go, but in these cases the release of the fullerene and the
recovery of the host from the complex proved difficult or required the use of chromatod&phy.

1991 Macrocyclic dimers of zinc porhyrik®”! were used to extract fullerenesC;s from mixtures,

allowing the separation of rare fullereneg£,;9. However, chromatography was still required at

sone steps of the process.

IV.2. Motivation

On the one hand, in the early 1990°s large affinity between fullerenes and cyclotriver&fylene
(CTV) was reported. The G@CTV complexes formed, showed a 1:1 complexation stoichiometry
in solution. However, 2:1 complexes were described only r&é&P* On the other hand, 2-ureido-
4-[1H]-pyrimidinone (UPyj'# 123 205. 20634 pheen shown to be one of the strongest hydrogen-
borded self-complementary units with quadruple DDAA hydrogen bonds, as mentioned in the
previous chapter.

Based on these previous results, Javier de Mendoza and collaborators synthesized a molecule
composed of three UPys bound by means of a central structure of CTV. It was proved that its
dimerization with another equal molecule leaded to a cage-shaped structure able to trap a fullerene
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inside (Figure 32). Moreover it was observed that in the presence of several fullerenes the capsule
had higher selectivity for some of them. Indeed, the host could be used to efficiently pyrify C
from crude soot or fullerite mixtures by simple solid-liquid extractions thanks to much higher
selectivity of the host for {5 versus .

The computational study that we performed pursued two goals. First, to assess the viability of the
complex as well as a theoretical explanation for the (CTV-3béaysule preferences. And second,
to predict the affinity of the capsule for other higher fullerenes present in fullerite.

CTV-3UPy (CTV-3UPYy)2 + fullerene

Figure 32. Design of a molecule based on CTV and UPy moieties, able to dimerize trapping
fullerenes inside.

IV.3. Building the structures

Two possible configurations for the CTV-3UPy molecule were considered, arbitrarily called herein
CTV-3UPy(R) and CTV-3UPy(L) (see Figure 33). One had the UPy fragments 180° turned respect
to the other. The consideration of these two configurations was necessary for constructing certain
capsules considered in the present work.

Figure 33. View from below of a) CTV-3UPy(L) and b) CTV-3UPy(R) molecules.
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Moreover, for each of both CTV-3UPy configurations two different conformations were taken into
account: Conformation, in which the dihedral angle formed by the atoms marked as 1, 2, 3 and 4
in Figure 33 had an approximate value of -77° and conformhtiomwhich it was close to -174°.

All the possible combinations of CTV-3UPy configurations and conformations were considered:

-RaRa, in which the cage was formed by two CTV-3UPys with the same configuration R and the
same conformatioa.

-LbLb, composed of two CTV-3UPy(L) molecules with conformation

-RbLb, in which the CTV-3UPys had different configuration but the same conforniation
-Ralb, with a CTV-3UPYy of configuration R and conformatéoand a CTV-3UPYy of configuration
L and conformatior.

-RbRb, with two CTV-3UPy with configuration R and conformation

-Lala, with two CTV-3UPy with configuration L and conformatian

-Rala, in which the CTV-3UPys had different configuration but the same conformaation
-RbLa, in which a CTV-3UPy with configuration R had conformativand a CTV-3UPy with
configuration L had conformatica

Thus, the systems studied consisted of fullerenes,J6§(J4A0-Ds-, [76-D,]-, [78-C,y], [84-D,] and
[90-Dsy] trapped inside (CTV-3UPy)capsules, formed by two CTV-3UPy structures bounded by
hydrogen bonds. The nomenclature used for the complexes was the following: (type of the first
CTV-3UPy molecule)( type of the second CTV-3UPy molecule)(fullerene). For instance, RbRb60
refers to a capsule composed of two CTV-3UPy molecules of the Rb type containing a fullerene
Ceo.

IV.4. Methods

The different capsule-fullerene systems were constructed using Maestro (Schrodinger Inc., New
York, NY, USA) molecular modelling environment. Optimization of the geometries of these
systems and of its components was carried out with the ADF pré{f&mThe numerical
integration scheme applied for the calculations was developed by te &78148! The geometry
optimization procedure was based on the method reported by Versluis and ?#gidre BP86
functional, described as a combination of local VWN exchange-correlation potential with nonlocal
Becke's exchange correctithand Perdew's correlation correction, was appifed” A doubleg

plus polarization basis set was used. From the optimized geometry, single point calculations with
TZP basis were performed for the whole systems, for the capsule in the geometry of the system, for
the CTV-3UPys and for the fullerenes. The energy of formation of the host and the host-guest
interaction energy were obtained from these data. As commented in the previous chapter, this
methodology was chosen as a balance between accuracy and computational cost, taking into
account that it gave results very close to experimental data for the description of multiple hydrogen
bonds between nitrogenated bases and between UPy monomers. In order to properly comsider the
stacking interactions between host and guest, an empirical correctidff’teras added to the
BP&/TZP results (for more details see Chapter Il). Furthermore, single point calculations were also
done for some of the systems with the program NWCHEN*® X3LYP and/or BH&H were

apgdied with 6-311G** basis set. These calculations were carried out in Marenostrum
supercomputer at BSC-CNS (Barcelona Supercomputing Center- Centro Nacional de
Supercomputacion).

A calculation of the molecular electrostatic potential distribution was done for the CTV-3UPy
molecule and for the & fullerene in order to prove host-guest complementarity. Electrostatic
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potential correlates with dipole moment, electronegativity and partial charges so that its mapping
provided a visual method to understand the relative polarity of the molecules.

IV.5. Results

1V.5.1. Electrostatic Potential

Figure 34 and Figure 35 show the electrostatic potential distribution of the CTV-3UPy molecule and
of the fullerene, i.e. the potential energy of a proton at a particular location near the molecules.
Negative electrostatic potential corresponds to an attraction of the proton by the concentrated
electron density in certain parts of the molecule. Positive electrostatic potential corresponds to
repulsion of the proton in regions were low electron density exists. An electronic charge density
isosurface of the molecules is shown, which is coloured with potential values represented by colours
in a continuous range from red to blue depending on the more/less positive/negative values of its
different regions. Thus from most negative values to most positive values the range of colours is
red, orange, yellow, green, light blue, dark blue. Green regions are the most neutral. Figure 34a
shows a side-view of the electrostatic potential mapping for a CTV-3UPy molecule with a
superposed scheme in white showing the location of the atoms. The most negative values are found
surrounding the carbonyl groups of the pyrimidones (in red), followed by the N atoms of the same
ring (in orange). This states the power of these groups to act as hydrogen bonding acceptors. The
oxygen atoms in the ether groups and in the ureido groups are to some extent less positive (in
yellow). The NH groups in the ureido chains and the NH groups in the pyrimidones are the most
positive regions (in dark blue), stating their power as hydrogen bonding donors. This confirms the
complementarity of two CTV-3UPy molecules bound in a capsule fashion, as the regions of most
positive potential perfectly match the regions of most negative potential. Figure 34b represents the
mapping for a G fullerene. As it can be seen, the whole isosurface is mostly positive, especially in
the centre of the pentagonal and hexagonal rings. Figure 35 shows the outer (a) and inner (b)
surfaces of the CTV-3UPy molecule. The map of the outer face (a) shows mostly green-blue
colours, indicating neutral to positive values of the electrostatic potential. CTV moieties are clearly
neutral. In contrast, the inner face (b) has several yellow regions at the accessible “ether” oxygens
and at the aromatic rings in CTV. These different outside/inside properties displayed by the rings in
the cyclotriveratrylene explains the affinity CTV-fullerene already repldttedas the more
necative electrostatic potential inside the cavity attracts the positive electrostatic potential of the
fullerene.

A recent example in which another concave aromatic surface was exploited in the molecular
recognition of G was the reported by Orti, Martin and collaborators in Z887n this caser-
extended derivatives of the tetrathiafulvalene (TTF) were proved to meet the requirements for the
electron-donor partner to be used in the construction of optoelectronic devices.
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a)

Figure 34. Electrostatic potential surfaces of a) CTV-3UPy molecule in a side-view and of b)

fullerene Cg.
b) q r

Figure 35. Electrostatic potential surfaces of the a) inner and b) outer faces of the CTV-3UPy
molecule.

a)

IV.5.2. C, @ (CTV-3UPy),(n=60,70)

The geometries of all the capsules (CTV-3UPgescribed above encapsulating, @xd Gy were
investigated first. On the basis of those structures, the energy released when the complex host(H)-
guest(G) is formed was dissected in several terms, which were evaluated separately by means of a
series of additional calculations. Thus, we considered the interaction energy between two CTV-
3UPy molecules to form the final void capsuMg om(spy This value was calculated as the energy

of the entire (CTV-3UPy)capsule minus the energy of the two corresponding CTV-3UPy units at

the geometry of the complex, and it accounts for the arrangement of the twelve hydrogen bonds
between the molecules. Then, the teXBEy rm(op) iNcludes the deformation suffered by each unit in

order to adopt the geometry in the complex. So, this term was calculated as the energy of the entire
(CTV-3UPy), capsule minus the energy of the two CTV-3UPy molecules at their optimal geometry.

The host-guest interaction energyH,.c) was evaluated as the sum of two terms, nam&lyg )

and AE,.gg). The former is the electronic interaction energy, calculated by a DFT method as the
enagy of the whole complex minus the energy of the host and the energy of theAgiiesty was
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the empirical correction term added for dealing with these weak interactions. The method used was
described in detail in Chapter II. Finally the total interaction enaggy, was calculated as the sum
of AE4 rorm(op) aNdAE,.. The values for all the energetic terms just defined are collected in Table 8.

Regarding the formation of the capsule, let us remind the reader that the interaction energy for
forming four hydrogen bonds in the UPy dimer was -55.3 kcaf:nas discussed in the previous
Chapter. This corresponds to approximately -13.8 kcal’rfmi every interaction if the energy is
divided equitable, which represents intermediate-to-strong hydrogen bonds. An ideal disposition of
the three UPy dimers in the capsule similar to that of the isolated dimer would reach an upper value
for AEy torm(spy @round -165.9 kcal-mdl As it can be seen in Table 8, RbRb was the only conformer
that reached a value close to the upper limit. In the rest of the hosisEthgmsp) term acquired

lower values, being RbLa the second more strongly interacting capsule. The high energy of
formation of the capsule RbRb is related to an almost perfect orientation of the UPy monomers. As
Figure 36 shows for RaRa and RbRb capsules trappindgh@ UPy dimers were forced to adopt a

bert shape in both cases, but the angle between two UPy dimers were closer to planarity in RbRb
than in RaRa.

Figure 36. Top view of the capsules obtained by optimization of the a) RaRa60 and b) RbRb60
systems.

When the deformation suffered by the two CTV-3UPy units to form the dimer was taken into
account, theAE, trm(op) Values in Table 8 indicated that RbRb kept on being the capsule that gave
highest interaction values, followed by RbLa and LbLb. Although not surprising, it is worth

mentioning that the fullerenes did not suffer any appreciable deformation when forming the
complexes.

After the formation of the host was studied, the other important contribution to the total energy was
the interaction between the capsule and the fullerene. Note that the electronic interaction energy
(AEn.c) Was always positive in all cases, i.e. repulsive, at this level of theory. This result was
expected since DFT method used does not nicely describe the dispersion forces existing in the
system (see Chapter Il). However, thE . empirical term was negative and rather large. Note
tha, for instance, a value of -187.3 kcal-thdbr C,(@RaRa complex would correspond to an
interaction of 2.7 kcal-mdlper guest atom if divided equitable. It can be observed that the most
favourable values ohE, ¢ were obtained for RaRa by far, followed by RalLb and RbRb.

Summing up all the terms, i.e., the formation energy of the capA@g;,mop and the interaction
enagy host-guestAE, g, the total interaction energéE,, for RbRb was the largest for bothC
andC; as a consequence of the balance between the two energetic contributions.
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Table 8. Interaction energies (kcal-maf) calculated with BP86/TZP method for G, and Croin
RbRb, RaRa,RbLa, LalLa, LbLb, RaLa and RaLb.

AEH form (Sp)
AEH form (OP) ?

AEH form(Sp)
AEH form(0p) ?
AE 4. & )( )
AE p. ng

AEH form (Sp)
AEH form(o ) ?

AEH form (Sp)(l)
AEH form (Op) @
AE 4. & )(3)
AE H-G( g

AE tot(e)

RaRa
Ceo Cro Ceo Crno
-166.2 -166.9 -135.9 -144.3
-109.3 -110.7 -75.3 -88.2
16.1 28.0 20.4 31.2
-133.9 -174.1 -157.9 -187.3
-117.8 -146.1 -137.5 -156.1
-227.1 -256.8 -212.8 -244.3
LalLa
Ceo Cro Ceo Co
-157.5 -158.9 -137.8 -142.1
-101.7 -104.5 -84.9 -92.1
14.6 25.8 11.5 20.3
-128.3 -163.5 -123.7 -155.2
-113.7 -137.7 -112.2 -134.9
-215.4 -242.2 -197.1 -227.0
Rala
CGO C70 CGO C7O
-134.9 -134.9 -145.9 -144.9
-102.6 -104.4 -88.6 -88.0
186 24.7 12.6 23.4
-132.4 -163.1 -125.5 -165.7
-113.8 -138.4 -112.9 -142.3
-216.4 -242.8 -201.5 -230.3
Ceo Cro
-132.8 -131.2
-88.0 -87.8
153 24.8
-134.1 -173.0
-118.8 -148.2
-206.8 -236.0

(1), (2) Interaction energy for the host formation

(1) Energy of the (CTV-3UPy} minus energy of the twoCTV-3UPy measured

assingle points in the geometry of the dimer.

(2) Energy of the (CTV-3UPy) minus energy of the twoCTV-3UPy optimized.
(3) Electronic host-guest interaction.
(4) Dispersion host-guest interaction.

(5) Sum of (3) and (4).
(6) Total interaction energy as sum of (2) and (5).
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If we compare g and Ggin the same host, the energy of formation of the respective capsules was
very similar in all cases except in RaRa and Lala, in whieh wias more favoured by 12.9
kcd-mol™* and 7.2 kcal-mdl respectively. In all the capsules the main difference between the two
fullerenes was mainly due to the host-guest interaction energy A& , which was always
much more favourable for 45 than for G (in 20-40 kcal-mot), what made the total interaction
erergy be larger for the 4.

Corsequently, the results in Table 8 indicated that RbRb capsule showed the best total energy of
formation compared to RaRa, RbLa, Lala, LbLb, RaLa and RaLb complexaesa€always more
favoured than g mainly because of the host-guest interaction although in some cases also a better
stebilization of the host contributed.

Some calculations were also carried out with X3LYP and BH&H DFT functionals. With them, the
tendency in the results of the energy for the host formation was the same as with BP86/TZP method,
although the absolute values obtained were larger. For instance, when the method BP86/TZP was
used, the term\E y om(Sp) Was -166.2 kcal-miblfor the complex RbRb60. When X3LYP and
BH&H were used, the respective values were -192.4 kcal-amol -194.7 kcal-mdl

Slightly attractive values were obtained for the host-guest interactions. For the complex RaRa60, the
term AE e had values of -1.4 kcal-mbland -4.6 kcal-mot with X3LYP and BH&H
repectively. However, for the complex RaRa70, the values obtained were 4.9 kcahmdoD.2
kcd-mor™. This pointed out that none of the two methods was describing well the weak interactions
in the system. Hence, the applying of a dispersion correction term, like the used with BP86/TZP
method, would be still necessary using these functionals.
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IV.5.3. Higher fullerenes G, Crg, Cgs and Cgg

The results obtained in Mendoza’s laboratories indicated that some larger fullerenes might be also
trapped inside the capsule, and we were inquired about such a possibility. Therefore, higher
fullerenes were considered and we investigated whether they could be encapsulated or not, and
evaluated possible geometries. The best hostdpai@ G, RbRb, and two other hosts, RaRa and
RbLa, were chosen and the corresponding host-guest complexes wit8,4- Cg, and Gy were

built, and studied following the computational protocol described above. Table 9 shows the
decomposition of the interaction energy in typical terms for the new complexes together with the
previous results for & and Gy, for an easy comparison.

Table 9. Interaction energies (kcal-mof) calculated with BP86/TZP method for several
fullerenes in RbRb, RaRa and RbLa capsules.

RbRb
Ceo Cro Crs Crs Caa Cyo
AEy form(sp)< ) -166.2  -166.9  -168.3  -170.2  -166.3  -166.7
AEqom(Op)®  -109.3  -110.7  -113.1  -113.4  -110.3  -104.6
AE poe® 161 28.0 33.7 33.6 40.0 56.9
AE g @ -133.9  -1741  -190.2  -1946  -209.8  -228.9
AE 1.6° -117.8  -146.1  -156.5 -161.0 -169.8  -172.0
AE tot® 2271  -256.8 -269.6  -274.4  -280.1 -276.6
RaRa
Coeo Cro Crs Crs Caa Cyo
AEH form (sp)( ) -135.9  -144.3  -146.7  -148.7 -1485  -149.2
AEH form (oP) -75.3 -88.2 -90.8 92,5 -91.9 -84.6
AE hge 204 31.2 36.5 35.7 41.0 56.8
AE g @ -157.9  -187.3  -199.3  -200.2  -213.3  -227.8
AE 1.6° -1375  -156.1  -162.8  -1645 -172.3  -171.0
AE tot® -212.8  -2443  -253.6 -257.0 -264.2 -255.6
RbLa
Ceo Crno Crs Crs Caa Cyo
AEy f(,rm(sp)< ) -132.8  -131.2 -159.7 -160.7 -161.0 -162.4
AEy form(oP) -88.0 -87.8 -104.7  -106.1  -106.8  -101.4
AE hge 153 24.8 33.3 31.8 35.2 48.0
AE g @ -134.1  -173.0 -179.2  -181.7  -198.7  -211.9
AE 1.6° -118.8  -148.2  -1459  -1499  -163.5 -163.9
AE tot® -206.8  -236.0 -250.6 -256.0 -270.3  -265.4

(1), (2) Interaction energy for the host formation

(1) Energy of the (CTV-3UPy} minus energy of the two CTV-3UPy measured
assingle points in the geometry of the dimer.

(2) Energy of the (CTV-3UPy} minus energy of the two CTV-3UPy optimized.
(3) Electronic host-guest interaction.

(4) Dispersion host-guest interaction

(5) Sum of (3) and (4).

(6) Total interaction energy as sum of (2) and (5).
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If we analyze the interaction of each fullerene with the different hosts, it can be seen that the RbRb
capsule kept on being the most favoured regarding the formation of theABQ&fmsp) and AE,.

form(op) F€@Ched the highest values in these complexes, followed by RbLa capsule. The host-guest
interaction energy was in all cases slightly higher in RaRa, followed by RbRb complexes. For all
the fullerenes, the most favourable total interaction energy was obtained with the RbRb host, as a
result of the better balance between the two energetic contributions. From the vahigg iof

Table 9, it can be concluded that the affinity of the capsule towaggis @Guch higher than togg

and C. As it will be shown afterwards, this computational prediction was subsequently verified
experimentally. Moreover, the results collected in Table 9 indicate thaOg and Gy can be also
trapped as well.

Regarding the relative energies of formation of the preferred RbRb capsules, the differences
betveen Go, Cro, Cre Crs and Gq complexes were very low, less than 3 kcal:mélowever, the
capsule for Gu@(CTV-UPy) showed a value slightly less favourable than the rest. It had an energy

5 kecal-mol* above that of & system, probably due to the bigger size of this fullerene that induce
steic strain in the capsule. On the other hand, the differences in the host-guest interaction energy
among all the systems were more evideAE, s showed more favourable values as the fullerene
size grew up. An interval of energy of 54.2 kcal-thekisted between the highest and the lowest
AE, g values, i.e., from g to Gy The interaction energy increased as the size of the fullerene
increased too, due the larger number of atoms in the fullerene interacting with the capsule. But as
the cavity got filled by guest, the difference in the host-guest interaction energy between fullerenes
of increasing size decreased: 28.3 kcalwdhen going from gy to Gy; 10.4 kcal-mot from Gpto

Cye, 4.5 kecal-mot from Gygto G, 8.8 kcal-mot from Gyg to Gss; and 2.2 kcal-mdi from Ggs to Gy

. This little difference in the host-guest interaction betwegnafd G, and the host-formation
enegy being 5 kcal-mdl more favourable for & made the total interaction energy for this
fullerene the largest. The systems closest in energy to the prefgsregr€ formed with gy and

Cy5 with differences of only 3.5 kcal-mbénd 5.7 kcal-mdirespectively.

In general in RbRb architectures, the formation of the capsule contributed to the total interaction
energy in a 42% whereas the host-guest interaction contributed in a 58%. In RaRa type systems
these percentages were of 35% and 65%, respectively, and in RbLa complexes they were of 40%
and 60%. Therefore, in this aspect no large differences between the capsules were found.

Based on the results shown in Table 9, we can establish an scale of affinity between the (CTV-
UPYy), capsule and the set of fullerenes considered in this study. This scale would follow the order
Co0<Cr0<Cr6<Crg<Co0<Csa,

Figure 37. Scheme for the understanding of the geometric parameters measured in the
capsules as well as in the isolated UPy dimer.

68



UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL STUDIES ON SUPRAMOLECULAR HYDROGEN-BONDED STRUCTURES:

FROM NANOCAPSULES TO PROTEINS

Eva Santos Garcia .
ISBN:978-84-691-8850-7/DL:T-1276-2008 Fullerenes in cages

Several geometric parameters measured in an isolated UPy dimer are collected in Table 10 and are
also schematically represented in Figure 37 for cladilyandd2 stand for N-H---O and N-H---N
hydrogen bonding distances. The former showed shorter than the latter with respective values of
1.680 and 1.843A.

Table 10. Geometric parameters for the ideal UPy dimer.

Upy dimer
d1® 1.680
d2@ 1.843
dih® 1797
angle1? 1727
angle2” 1792

angleCurv® 180

(1), (2) Hydrogen bonding distances marked in Figure 37
(3) Torsion angle between atoms 1, 2, 3 and 4.
(4) Angle in the hydrogen bond of N-H---O type.
(5) Angle in the hydrogen bond of N-H---N type.
(6) Angle formed by the atoms 1, 5 and 6.

The parameteranglelandangle2represent the angles between the atoms involved in the hydrogen
bonding: N-H-N and N-H-O. The angéngle2 adopted a value of 179.2° closer to linearity than
anglel, with a value of 172.7dih was the torsion angle between atoms 1, 2, 3 and 4 in Figure 37
and thus informed about the extent to what the two UPy monomers were arranged in the same
plane. A value very close to 180° indicated planaaibgleCurv was the angle formed by the atoms

1, 5 and 6 so that it gave evidence of the degree of curvature (in length) of the UPy monomers. Its
value was also 180°, meaning that the monomers were flat.

All these and some additional geometric parameters were measured for the capsules obtained in the
RbRb complexes in order to see to what extent the dimers deviated from the geometry of the
isolated UPy dimer, and to identify differences between the systems with different fullerenes. The
results are shown in Table 11.

As it can be seen, the hydrogen bond distang&sa(dd2 in Table 11 and Figure 37) were very
similar between all the capsules and much close to the ideal values of 1.680 and 1.843A for the
dimer. anglel andangle2 adopted values lower than in the ideal dimer indicating a certain loss of
linearity concerning the three atoms directly involved in the interaction. It is remarkable that as the
size of the fullerene grew up, the values of the angles went closer to 180°.
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Table 11. Geometric parameters measured from the obtained RbRb capsules with the several

fullerenes.
RbRb Ceo Cro Cre Crs Cas Coo
d1® 1.678 1.674 1673 1673 1.687 1.680
d2®@ 1.834  1.843 1.853 1.852 1.883 1.854
dih® 160.1 1637 1643 1652 159.0 160.7
angle1® 1647 1687 169.6 170.1 170.6  174.2
angleZ2® 1641 1729 1740 1740 1725 173.6
angleCurv® 1745 1745 1750 1750 1715 175.1
distDomes” 15.9 15.9 16.1 16.1 15.9 17.0
anglecTV® 109.9 1116 1140 1157 1137 11838
distupy® 11.6 11.7 11.8 11.8 12.4 11.6
AvrgMinD “9 4561  4.338 4.143 4105 3.841  3.690
StandardDeV? 0.767 0728 0.743 0712 0.631 0577

(1), (2) Hydrogen bonding distances marked in Figure 37.

(3) Torsion angle between atoms 1, 2, 3 and 4.

(4) Angle in the hydrogen bond of N-H---O type.

(5) Angle in the hydrogen bond of N-H---N type.

(6) Angle formed by the atoms 1, 5 and 6.

(7) Distance between the two domes of the CTV-3UPys.

(8) Angle formed by the centroid of consecutive CTV aromatic rings
and the carbon linking them.

(9) Average distance from centroids of the bonds linking the pyrimidone
ring to the ureido group in consecutive UPys of a CTV-3UPy molecule.
(10) Average minimum host-guest distance.

(11) Standard deviation for (10).

The parametersdih and angleCurv adopted values that ranged 160°-165° and 171°-175°
respectively, thus indicating a certain loss of planarity concerning the UPy dimers and UPy
monomers (slightly bent in length). This deformation is needed to adopt a shape that maximizes the
interaction of the capsule with the guests. Indeed, the system formedgyitadthe lowest values

for both terms, indicating a larger adaptation of the capsule to this particular guest. The UPy
monomers adopted a slightly bent shape (see Figure 38) without affecting the strength of the
hydrogen bonds. The capsules formed wighwre the most symmetrical, i.e., the less deformed if

we focus on the alignment of the UPy monomers. In this way, this guest allows the UPy monomers
forming each dimer to be closer to an ideal spatial distribution.

Figure 38 shows how the geometry of the capsule changed in the weakest and the strongest
interaction with the fullerene inside d£and G, respectively).

70



UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL STUDIES ON SUPRAMOLECULAR HYDROGEN-BONDED STRUCTURES:

FROM NANOCAPSULES TO PROTEINS

Eva Santos Garcia .
ISBN:978-84-691-8850-7/DL:T-1276-2008 Fullerenes in cages

Figure 38. Side view of the capsules obtained from the optimization of a) RbRb60 and b)
RbRb84 systems.

Also in Table 11distDomesindicated the distance between two centroids located in the middle of
the two CTV moieties. It represented the maximum distance between opposite sides in the capsule.
This value was around 16 A in all the cases. However, in thedinplex it was slightly larger

(17.0A).

The termangleCTV indicated the angle existing between the centroids of two consecutive CTV
aromatic rings and the carbon atom that linked both rings. In Table 11, it can be seen that that value
increased with the size of the fullerene. This stated a certain ability of the CTV molecule to adapt to
the guest. As larger guests occupied more space in the cavity, the capsule adopted a shape by
enlarging this cavity in order to adapt better to the guest. RbRb84 system is a particulag,case. C
was one of the largest fullerenes but thegleCTV parameter did not reach values as high as in
RbRb78 and RbRb90 complexes. The reason was that due to the more spherical shapgbhein C

spae left in the proximity of the CTV moieties was smallest.

The parametedistUPy indicated the distance between consecutive UPys belonging to the same
CTV-3UPy molecule. The parameter was measured between centroids of bonds linking the
pyrimidone rings and the ureido chains. The values in all the cases were very similar. In RbRb84
this term presented a slightly higher value, indicating a larger width of the capsule.

AvrgMinD is the average host-guest minimum distance. All the distances from each atom in the
guest to the atoms in the host were measured, and the minimum value for each was kept. The
average of all the minimum values was then calcula®&andardDey, also in Table 11, is the
corresponding standard deviation. The lowest valueA¥ogMinD were obtained for & and Gy,

which meant that these two fullerenes were those that fulfilled the cavity perfectly. Furthermore,
also in these two cases, tBtandardDev was the smallest, indicating that the host-guest distance,

and as a consequence the host-guest interaction, was more homogeneous than in the rest of the
systems.

IV.6. Experimental results

In the experiments carried out by Mendoza's group, the affinity of the capsulgyfdt;&and G,
shaved to be increasing in this ord@®?! When the molecule CTV-3UPy was mixed with a
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concentration of 1.5 mM of fullerene, UV/Vis measurements resulted in association constants of
1.93*10M?, 7.4*10M2and 2.63*18°M for Cy, Cro and Ga, respectively.

Sdid-liquid extractions of fullerite were performed in THF (polar and aprotic), were the fullerenes
are poorly soluble. After stirring the fullerene suspension in the THF with CTV-3UPy at room
temperature, solids were filtrated and the clean filtrate was analyzed by reverse phase HPLC. After
that, release of the fullerenes from the capsule was very simple. Addition of few drops of
trifluoroacetic acid (TFA) to the THF solutions of the complexes caused the hydrogen-bonded
network to break and the fullerenes to precipitate. The host could then be recycled by evaporation.

Fullerite was determined to be 65% 0§;,C22% of Gy, 5% of G, and 8% of other materials.
Variable concentrations of CTV-3UPy were tested and it was found that high receptor/fullerite
ratios (ca. 50-60%) were better suited for a selective extractiop, @fi@reas the selectivity forge

was maximized for ca. 5-15% receptor/fullerite ratios (Figure 39). The amoung.oéxtracted
remained constant at all ratios of extractant, indicating that this represented the inherent solubility of

Ceo in THF.
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Figure 39. Plot of concentration of fullerenes extracted against amount of receptor CTV-3UPy
used (w/w with respect to the solid fullerite). Reproduced from ref?*.

The amount of solvent (concentration) was also relevant. Indeed better values for selectivity were
achieved when the amount of solvent was reduced, as the amoypsofubilised decreased. Thus
enfichment in G4 up to 76% was achieved after one single extraction. Further extractions of the
reaulting Ggg-enriched mixture did not result in any improvement gf @irity due to the inherent
solubilities of residual g and G, However, wash-out with some THF allowed the purity gftG

rise up to 85%.

Thus, playing with the conditions of the extraction one fullerene or the other could be purified.

Other higher fullerenes were also extracted with CTV-3UPY, although the amount of these (<2%)
was very low in fullerite.
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IV.7. Conclusions

The electrostatic potential distribution of the capsules and the fullerenes stated for a clear tendency
of the CTV-3UPy molecules to form capsules by self-assembly and for a strong attraction between
the inner walls of these capsules and the fullerenes.

By combining different configurations and conformations of the CTV-3UPy molecules, which the
herein called RbRb was the preferred, seven different hosts could form. This architecture presented
the best compromise between the two terms contributing to the total interaction energy: formation
of the host and host-guest interaction.

Concerning the systems composed of RbRb capsule and different fullerenes, the interaction energy
for the formation of the host was not very different among the complexes but it was slightly more
unfavourable for RbRb90 than for the rest. The reason was a larger deformation of the CTV-3UPy
molecules to reach the geometry of the final complex.

In general the differences in the host-guest interaction depending on the fullerene were larger than
the differences in the formation of the host. The energy became more favourable as the size of the
fullerene did, so that RbRb90 complex was the one with the maximum interaction. However, in this
particular case the difference in energy respect to RbRb84 system was less than 3'ke-thel
formation of the capsule in this case was the most unfavourable, this made the total interaction in
RbRb84 be better than in RbRb90.

The geometry of the capsule adapt to higher fullerenes by increasing either its width, its high or by
modifying the orientation of the UPy units depending on the shape of the guest. In any of these three
cases the changes in the geometry are mostly reflected in the mutual arrangement of the UPy
monomers when forming the dimer. However, the changes only slightly weakened the hydrogen
bonding interactions.

The size and shape of fullereng, @as “the best”, so it enabled a homogenised adaptation of the
cgpsule to the guest. This permitted a nice relative disposition of the atoms involved in the hydrogen
bonding although the UPy monomers were slightly bent in shape.

In full agreement with the experiments mentioned above, the theoretical results indicated that the
affinity of the capsule for & was greater than the affinity fore&**” Furthermore, our results
predicted an even better value fog,Cand this fact was later experimentally confirdfét. The

reaults showed that other fullerenes could be trapped in the capsules. In a scale of affinily; C

and Cy would be located in between,{and G, However, these fullerenes are in very small
guantities in fullerite, which makes performing quantitative titrations very difficult.
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V.p53TD versus R337H p53TD. “A theoretical approach”
V.1. Introduction to the protein p53

p531212H213 214lis 4 tumour suppressor gene that was discovered in 1979 while studying SV40 virus.

It was observed that in infected cells the concentration of p53 was much higher than in normal cells.
SV40 T-antigen was found binding the protein. At the same time another research group showed
that animals with tumorigenic cells expressed B53The fact that the protein was present in
tumours with no known viral etiology indicated that it was coded by resident cellular genes,
although it could also be possible that some viruses coded for it. The first supposition was that p53
was an oncogene that could transform cells. However, successive studies carried out in 1989 and
based in transfections on tumorigenic cells demonstrated that it was not tH&®tegeen mixing

wild type p53cDNA clone and mutant p53cDNA clone in the same cell culture, the only
transformed cells that survived to the experiment had selected a mutarit*éareus p53 turned

out to be a tumour suppressor and not an oncogene. This conclusion leaded to the consequent
realization that SV40 transforms cells by inactivating the p53 fun&{i®nAlso in 1989 an
independent work was presented that proved the important role that p53 plays in human cancer.
Two colon cancers were reported to contain point mutations in one copy of the p53 gene while the
other allele was l0$t'® Since then on, a large amount of cancers in which the protein has found to
bemutated have been reporté!

p53s name is related with its mass of 53kDa. The gene that codifies for it is in the short arm of the
chromosome 17(17p18FY It is an ubiquitous protein in the nucleus of the cells that has a wide
rarge of functions, all of them doomed to safeguard genomic integrity. This is why it is often called
“the guardian of the genome”.

V.1.1. Main functions

In normal conditions the tumour suppressor protein is present in a latent state and maintained at low
levels. When a cell notices any kind of DNA damage it initiates specific signalling pathways that
lead to p53 activation. Furthermore an increase of the protein levels is caused. All this is controlled
by extensive posttranslational modificatid#fd. Figure 40 shows the complexity of the network of
prateins influencing p53 known until now. The huge and increasing amount of proteins intervening
makes it extremely difficult to reach a deep and concrete knowledge about the processes in every
case. Once p53 is active, it triggers new processes in order to stop the cBf*tyoléhat the cell

cannot divide. Thus it avoids the spread of the DNA defects to next generations.
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Ribosomal Proteins:

RPLS, RPL11, RPL23 @

Figure 40. Proteins interacting with p53 for its activation. Figure reproduced from ref(?2%,

The cell cycle is formed by four different phases (Figure 41): G1 phase, S phase, G2 phase and M
phase. In the M phase the cell divides in two new cells. In the following G1 phase the daughter cells
restore the normal biosynthetic processes and synthesize enzymes involved in DNA replication
which they will need in the next phase. In the S phase the chromosomes replicate each one in two
sister chromatids. In G2 phase microtubules are produced, which are essential for the mitosis. After
that the cell enters again in the M phase. The cell cycle checkpoints are systems to monitor and
control the progress of the cell cycle. As the cell cycle progress some verification tests are carried
out in order to see if the evolution is completely normal or not. In the latter case the cell cycle is
stopped. The protein p53 is involved in these kind of mechanisms.

Figure 41. The cell cycle is composed of four stages: mitosis (M) and 3 stages composing the
called interphase (G1, S, G2).

The growth arrest by p53 was thought until 2000 to be carried out at the G(1)/S or G(2)/M
transitions of the cell cyclé?? However, some evidences have appeared recently that point out the
participation of p53 at multiple checkpoints in the cell cy&#8. After stopping it, p53 itself triggers

new processes for the DNA reparatiéff! It seems that p53 affects one of the five DNA-repair
mecanism&? called NER (nucleotide-excision repair), in a transactivation independent manner,
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by affecting the function of proteins involved in the process. In case of irreparable damage the
tumour suppressor initiates the signal for the apoftSsi®r programmed cell death PCD).

p53 acts primarily as a transcription factor rising the levels of some proteins sucha§%§21
GADDA45°% #31jnd 14-3-36!%% 2%that establish signalling netwoH4! by a multitude of protein-

protein interactions. The latest activated proteins in this cascades are from the family of the cyclin-
dependent kinasé®! (CDK), as for example cdk3® and cdcZ?®” The former stops the cell cycle

before the S phase while the latter does it before the M phase. In a similar way p53 can increase the
levels of other proteins such as B&%or Apafi®® 2*%which also initiate a cascade of reactitits

tha finally activates proteins from the family of the casp&&&sessential mediators of the
aptosis processes.

p53 has also been reported as a cellular senescence mediator in response to potentially oncogenic
stimuli, although many questions remain regarding how p53 senses senescence-inducing stimuli and
how it acts afterward*?. Lately it has been found to be important also in the regulation of
maternal reproductidfi*®! so that lack of the protein in female mice leads to significant decreases in
emlryonic implantation, pregnancy rate and litter size.

Thus, p53 is one of the critical proteins that regulate cell proliferation and survival. It is part of the
mechanisms that give the organisms the capability to recover even when an oncogenic mutation
occurs. Understanding of these innate mechanisms is suggesting novel therapeutic strategies for
cancer.

It is to say that p53 has many other functions in addition to the mentioned above, all of them basic
for the cell. Its versatility and the great amount of pathways in which intervenes are still mostly
unclear although the advances since 28 years ago. The reality is that the more are the advances in
p53 knowledge the greater is the sum of mysteries to be solved.

V.1.2. Structure

p53 is a multidomain proteif** 2*°!|t is a homotetramer of 4x393 residues. Each chain consists of
two folded domains (the core or DNA binding domain (94-294) and the tetramerization domain
(323-360) that are linked by an intrinsically disordered sequence. The N-terminal transactivation
domain (1-67), the proline-rich region (67-94), the nuclear localization signal (NLS)-containing
region (303-323), and the C-terminal negative regulatory domain (360-393) are also intrinsically
disordered.

The N-terminal transactivation dom&ffi 2" activates transcription factors, the proline-rich
domain?*®%%js important in the apoptotic activity, the central DNA-binding core dofiaifr?is
the responsible for the binding to DNA, the tetramerization dofdimaintains the four chains
together, which is essential for the activity of the protein in vivo, and the C-terminal dGf&it
isinvolved in down regulation of DNA binding of the central domain.

The structure of the DNA binding domain was solved by NiffRand crystallograph®” % This
wasalso the case for the tetramerization domain (NRfRand crystallography® Y. However,

solving the whole protein at once to see the quaternary structure was extremely difficult because of
the globular domains being linked by disordered regions. Researchers were unable to crystallize the
complete architecture. Lately some approaches were reached in thi%*Zertse applying an
strategy based on fitting the high resolution structures of individual domains, solved by x-ray
crystallography or NMR, into low resolution SAXS (small angle x-ray structures scattering) and
EM (electron microscopy data), guided by TROSY NMR constraints on interfaces. Approximate
models showed in Figure 42 and Figure 43 of p53 alone and p53 complex with DNA were obtained.
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Figure 42. SAXS models of free p53 in solution from rigid body analysis and addition of
missing fragments. (a) Only protein core (in blue) and tetramerization domain (in red) are
shown. (b) The whole protein is shown. Core domains and tetramerization domain are
displayed in cartoon representations, connecting linkers in gray, N-termini in salmon and C-
termini in yellow, in semitransparent spacefill mode. Figure reproduced from ref**,

Figure 43. Rigid body model of a p53-DNA complex from SAXS data. Core domains,
tetramerization domain and DNA are shown in cartoon representation, connecting linkers in
semitransparent spacefill mode. The model is displayed in two orthogonal views. Figure
reproduced from ref 24,
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V.1.3. p53in human cancer

A decrease of the levels of functional p53 can lead to the development of different kinds of

cancer$?>?|ndeed p53 mutations can be found in 50% of human cancers. Inactivation of the p53

gene is essentially due to small mutations which lead either to the expression of a mutant protein in
the 90% of the cases or to a complete absence of the protein.

Li-Fraumeni Syndrom#&? is an example of autosomal dominant genetic cancer caused by
mutations in p53 gene. People that suffer Li-Fraumeni Syndrome suffer from different types of
tumours: breast cancer, osteosarcoma, soft tissue sarcoma adrenocortical carcinoma, leukaemia,
astrocytoma and meningioma are the most common but also others have been associated such as
gastric cancer, pharyngeal cancer, choroid plexus carcinoma, pancreatic cancer, melanoma, germ
cell tumours, Willm’s tumour, colorectal cancer, Phyllodes tumour, ovarian cancer, thyroid cancer,
endometrial cancer, prostate cancer and cervical cancer. This syndrome represents an extreme case
since, as commented, multiple kinds of cancers are involved which moreover appear at early ages.

In some cases p53 mutations appear because of exposure to external factors. Skin cancer by
radiatio?®® lung cancer by exposure to smokifiy>** or liver cancer by exposure to Aflatoxin

B1%°®! are among them. p53 mutations are also important in gastric €4fAcereast cancBf?,

colorectal canc&®® prostate cancBf”, cervical canc&’, oral cancét’?, lymphom&™® 2™
leukaemi&™!, ovary cancét’®, bladder canc&f” and pancreatic cancéf®! However, as well as
mutations, there are also other forms of suffering a decrease in p53 function. For instance, there are
various DNA viruses that encode proteins that target®%3%” Some tumours show nuclear
exdusion of the protef®®” or an overexpression of MDM2, which is one of the proteins that
maintain p53 in an inactive state in normal conditi6f Also mutations in the proteins involved in

the cascade that activates p53 by phosphorylation can cause a decrease of its flifittions.

V.1.4. Anti-cancer drugs related with p53

There already exist some anticancer dRi§sbased somehow on the activation or deactivation of
the wild-type and the mutant p53s. The induction of the transcription and/or translation towards the
wild type protein as well as the inhibition of its degradation, leads to an accumulation of p53.

Some DNA damaging agents such as radiation, DNA intercalation molecules and DNA strand
breaking drugs are the most used chemotherapeutics. The latter are those that cause a greater
increase of p53 protein levéf€?! DNA damaging agents are supposed to induce p53 by inhibiting
MDM 2 transcription. In normal conditions p53 induces the transcription of several proteins, MDM2
between them. At the same time, MDM2 is one of the proteins that regulate p53 stabilization. It
binds to the N-terminus of the protein causing its ubiquitination and degradation by the
proteosom&®®2°) Thus, in a negative feed-back manner wild type p53 activates its own
degadation. If the anticancer drugs low the levels of MDM2, the levels of p53 increase.

Specific inhibitors of the RNA metabolism cause p53- and p21-dependent reversible G1 arrest in
the absence of detectable DNA damage and trigger effects that end up in an increase of wt p53
levels?**2%3 Other anti-carcinogenic are inhibitors of the nuclear export of the protein. The
degadation of p53 takes place out of the nucleus so that the previous export is nétéskasy.

caried out by MDMZ#**® which has a nuclear export signal and acts as a shuttle. It is possible that
ubiquitination of p53 is necessary to go through the membrane of the nucleus. Some drugs inhibit
the transport from the nucleus to the cytopl&Sfit*®!
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On the other part Geldanamycin (GA) causes a decrease in the levels of mutant p53 by restoring its
ubiquitination and degradation by the proteaddthé® and also avoids its translocation to the
nucleus of the celf®® Although GA does not repair p53 normal functions, a decrease in the protein
levels is already very important to prevent gain-of functfois.

Reintroduction of wild type p53 into tumour cells suppresses tumour growth and potentiates
cytotoxicity of DNA damaging drug&®***' The main difficulty in-vivo is for p53 to get the tumour
cdls. However, the strategy can be used ex-vivo to eliminate tumorigenic cells in bone marrow
before transplantations.

Finally, another possibility is restoring the wild-type function from a mutant p53. A synthetic 22-
mer peptide able to bind p53 C-terminus has been reported which can restore in certain cases the
protein activity as a tumour suppresS8t.2°”’ Some other synthetic molecules were found to bind

the DNA binding domain and stabilize it allowing re-establishment of p53 activity in iif%ét

has been recently demonstrated that the reactivation of p53 function really leads to a tumour
regression in vivo by apoptosis, cellular senescence or suppression of cell@fbwth.

V.1.5. p53TD

Most of the mutations studied in p53 are mutations on its DNA-binding domain. However some
mutations in the tetramerization domain have been found which also unleash*¢3ridee. present
work focuses on one of them and possible ways to offset its effects.

The role of tetramerization domain is essential for p53 to carry out its function iff¥Vivo.is
necessary that the protein is a tetramer to bind DNA, to interact with other proteins, to be post-
translationally modified and even to be degraded.

The tetramerization domain p53TD is composed of four chains each of one contatgtgiad
(residues 326-333) linked to arhelix (residues 335-355) by a single residue (Gly-33%)p53TD
hasbeen reported to be a dimer of dinf&ts**? (Figure 44). Two monomers, A and D, associate in
anantiparallel form by establishing eight backbone hydrogen bonds betwee-sit@ind regions.

A hydrophobic core is composed of Phe328, Leu330, lle332, Phe338, Phe341 and Asn345. Also a
salt bridge is reported to be found between Arg337 of one monomer and Asp352 of the other one in
crystal structures. Once a primary dimer is formed, it binds another equal primary dimer B-C to
form the tetramef™

Figure 44. Evolution from a monomer to the formation of p53TD.
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The interaction takes place between thbelices leading to a structure with, Bymmetry. The
dimer-dimer interface is mainly supported by hydrophobic interactions (Figure 45). Several studies
on directed mutagenesis on residues of the hydrophobi€'oaed the observed conservation of
them in p53 proteins of different speci&d **® demonstrate their importance. The tetramer can be
reversibly unfolded under physiological conditidfté! Thetetramerization domain has been found

to increase the strength of binding to the DNA and to influence the preorganization and the
conformation of DNA-p53 complexés? p53TD is also important because there are some proteins
that interact directly with it or with other parts of the protein but only when it exists in its tetrameric
conformation. This is the case, for instance, of MDM2. Moreover there are several post-
transcriptional modifications that depend on the quaternary structure of p53 such as phosphorylation
by some kinas&8”, very important in the regulation of its function. p53TD also contains a nuclear
export signal*® from residue 340 to residue 351 indispensable for the protein to go through the
nudeus membrane.

Figure 45. Surface of p53TD with residues coloured by properties. A hydrophobic pocket (in
green) in the middle of the four chains supports the structure.

Several mutations in p53TD have shown to cause an increment of the dissociation constant so that,
compared to the wild-type protein, a greater amount of monomers is needed to get the same levels
of tetramer. Thus, its activity depends on the levels of expression. Some other mutations definitely
inhibit the formation of the tetramer so that the phenotypic expression is often more serious in this
case.

V.2. Motivation

Because of the inherent symmetry of p53TD, punctual mutations can significantly reduce its
stability. Specifically, mutation of arginine in position 337 to histidine (R337H) was linked to
pediatric adrenal cortical carcinoma (ACE).It was reported that in a localized population in
southern Brazil, 97% of children that developed tumours in the adrenal gland had the R337H
mutation in p53. It was striking that the patients only expressed ACC and no other kinds of cancer.
Even more surprisingly two independent reports demonstrated that R337H p53TD function was
exactly the same as p53TD functiol?: ** The mystery remained until DiGiammarino et al. found

out in 2002 that the loss of stability in the mutant protein was directly related with a ba$®¢ pH.
Tha was why the cancer appears in the adrenal glands, where the pH has a value around 8.

Firstly, the researchers checked by gel filtration chromatography and glutaraldehyde cross-linking
that both p53TD and R337H p53TD were tetramers. Second, circular dichroism (CD) showed that
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both of them had similar secondary structure. Also'®B°N TROSY spectra showed that they
were structurally very similar. The experiments were done under standard conditions. However,
when they studied both proteins by CD at different temperatures and at different pH values the
difference became evident. At all pH values the mutant protein unfolded at lower temperatures than
the wild type one. Moreover R337H p53TD became significantly less stable as pH increased from 5
toward the physiological range between 7 and 8. At pH 8 at 37°C 70% of the mutant protein was
unfolded whereas 100% of the wild type protein was folded. Therefore intracellular pH might
modulate the function of the mutant protein ranging from a function equal to the wild type protein to
a total dysfunction in adrenal tumour cells.

DiGiammarino et al. concluded their work, after some more tests, attributing the pH-dependence to
the fact that at basic pH, in position 337 a deprotonated His was present instead of a protonated Arg.
The lack of the positive charge together with the fact that His sidechain is shorter than Arg’s were
supposed to be weakening the four hydrogen bonding interactions with the carboxylate groups of
Asp352, considered very important interactions in the stabilization of the tetramer. Moreover the
side chain of His is less hydrophobic than the side chain of Arg, so that in the mutant protein also
the hydrophobic interactions might be diminished.

Finally, the explanation for the disease being suffered only by children could be explained by the
fact that “the adrenal gland is known to undergo extensive cellular remodelling during pre- and
postnatal developméfft™ **2 and this process requires the functional integrity of an apoptotic
response. Under certain circumstances, apoptotic cells are known to have increased intracellular pH
(~7.9)B%% In the developing adrenal gland, these factors may collaborate to create a cellular
envronment characterized by an elevated pH that destabilizes the tetramerization domain of R337H
p53TD, leading to loss of tumour suppressor function®.

V.3. Goals

The final goal of this study consisted in finding, in collaboration with experimentalists, a synthetic
ligand which would bind to the mutant protein R337H p53TD and stabilize it in a conformation as
similar as possible to that of the tetrameric structure of the wild type.

The first objective, presented in this chapter, was to establish a computational methodology that
would permit to find out the main differences in structure and behaviour between the wild type
protein and the mutant one.

Once this achieved, the same methodology was used in Chapter VI to study the effect of some
ligands bound on both protein surfaces. First of all, oligoguanidinium ligands were tested because
they had been already proved to bind p53TD by NMR technitfideShe theoretical study pursued

a better understanding of the protein-ligand interaction in the wild type protein, as well as a
prediction on the possible stabilization effect of the ligands on the mutant protein. Further on, the
same goals were posed with two different calixarene ligands.

V.4. Methods

Molecular Dynamics simulations were carried out on p53TD and R337H p53TD at different
conditions. The starting structure of the wild-type protein p53 was taken from the X-Ray structure
deposited in the Protein Data Bank (PDB) with ID B&fe which constitutes the tetramerization
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domain of p53, p53TD. The initial structure for the R337H p53TD mutant was generated by a single
residue replacement in the wild-type structure, thus arginine in position 337 was replaced by
histidine. The protonation state of every amino acid residue was the corresponding to a medium of
pH 7. The histidines in the mutated protein were deprotonated. AnfBkférte field parameters

were used to describe the bonding, van der Waals and electrostatic interactions. All Molecular
Dynamics simulations were carried out using the GROMACS simulation pal¢¥agech structure

was embedded into a rectangular box of water molecules having a volume of %ir2 then case of

p53TD (7206 water molecules) and of the same volume in the case of R337H p53TD (7212 water
molecules). This particular size of the box was the used in order to let a distance of 9A from every
wall to the nearest part of the protein-ligand complex. Water molecules were represented applying
the SPE* %2 model. Na+ counter-ions defined for Amber94 were added to ensure the overall
electric neutrality of the system. Periodic boundary conditions were used. The geometry of the
hydrated systems was initially optimised using a steepest-descent algorithm, and then the system
was subjected to a three-stage equilibration protocol: 100ps constant temperature; 100ps constant
pressure, allowing volume changes; 100ps constant temperature. After this, a 10 ns long simulation
was submitted, collecting data every 2ps. The same protocol was used to carry out molecular
dynamics simulations at 300 and 400K. Long-range electrostatic interactions were taken into
account by the Particle-mesh Ewald (PME) method. VdW interactions were truncated at a cut-off
distance of 10A. Newton equations were integrated using a time step of 2fs. The simulations were
performed in the NVT ensemble using Berendsen coupling m&tham keep the temperature
corstant, with coupling times of 0.1ps and 0.5ps, respectively. LINCS algorithm was chosen to
satisfy the constraints to the equilibrium for all bond lengths. GROMACS analysis tools and VMD
progrant®” were used to analyze the trajectories.

V.5. Results

V.5.1. RMSD of the protein backbone

By analyzing the root mean square deviation of the backbone of the protein it was observed (Figure
46) that p53TD at 300K experimented insignificant changes respect to the crystal structure and
remained stable during the 10 nanoseconds (red trace in Figure 46). The small fluctuations in the
structure and the huge stability of the protein were in good agreement with experimental evidences.

R337H p53TD at 300K experienced slight structural changes compared to p53TD (green trace in
Figure 46). The difference with respect to p53TD profile was only around 0.5-1.0A. Nevertheless a

minor tendency of the RMSD to progressively increase from the beginning to the end of the

trajectory has to be underlined. The gradually increment pointed that the structure slowly lost its

original conformation but 10 ns was not time enough to appreciate significant differences respect to
the wild type protein. For this reason, a high temperature of 400K was used to stress structural
changes during the simulation. Otherwise considerable changes would occur on a time scale
unreachable with currently available computational resources.

At 400K the tetramerization domain of the wild type protein (blue trace in Figure 46) kept on being
very similar to the original structure although it experienced larger fluctuations during the whole
trajectory and especially from 3 to 4 and from 8.5 to 9 ns. This means that the structure was to some
extent disturbed by the denaturing conditions but not as much as to lose its original conformation.
The biggest changes were undone in a leeway of time of 1 ns maximum. Instead, R337H p53TD
(violet trace in Figure 46) behaved very differently from p53TD. In this case the RMSD increased
substantially at the beginning of the MD and kept rising until the end. These results nicely agreed

85



UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL STUDIES ON SUPRAMOLECULAR HYDROGEN-BONDED STRUCTURES:
FROM NANOCAPSULES TO PROTEINS

Eva Santos Garcia

15BN:978-84Chapt@EdL7/pL: T-1276-2008

with experiments of Circular Dichroism and other experimental evidences mentioned above and
presented by Enrico L. DiGiammarino et?dl.Indeed the dynamics corroborated that the mutant
tetramerization domain adopts a native-like fold but is less stable than the wild type domain in
certain conditions.

A
4.0
30 L B p53TD, 300K
' B pS3TD, 400K
20l ® R337H p53TD, 300K
' B R337H pS53TD, 400K
1.0 il

Figure 46. RMSD of the backbone of the protein versus time, taking X-ray structure as
reference. Comparison of p53TD and R337H p53TD obtained from the MD simulations at 300
and 400K. Time represented in nanoseconds and distance in angstroms.

From a visual analysis of the trajectories it was obvious that there were important disruptions
involving the secondary and the tertiary structures of the mutant protein at 400K. For their better
identification and for the understanding on the evolution of the disruption process, further analysis
was needed.

V.5.2. Time-evolution of the secondary structure

The secondary structure of each residue in the protein was analyzed at every step for each trajectory
with the Timeline plugin in VMD prograffi”, the results plotted in Figure 47, Figure 48, Figure 49
andFigure 50. (For more details on the analysis see Chapter II).

The four chains composing the tetramer showed the same profile along the whole simulation. The
sequences from glutamate 326 to glycine 334 adopfedheet conformation due to the existence

of hydrogen bonds between residues from different chains belonging to the same primary dimer.
From arginine 335 to glycine 336helix conformations were adopted except at some times for the

last two residues. This occurred because the tails of the helices were completely free so the merely
fluctuations with the solvent diverted somewhat untwisted them. These was a little artefact created
by the simulations as the chains in the real protein are longer so that these two residues may always
have an ideadi-helix conformation. The heads of the helices were never perturbed, as can be seen
from the plot.
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Figure 47. Time-evolution of the secondary structure for p53TD at 300K. All the residues
from chains A to D, represented at the y-axis; time at the x-axis.

At 400K the plot (Figure 48) was very similar except for a slight alteration d§-fieets between
chains B-C. The visual study of several structures from 3 ns on showed that all the hydrogen bonds
were always present, but the most ideal conformatiomedtaeet was not reached most of the time.

The heads of the helices were never disrupted except for very punctual moments in chain A and B,
as marked in Figure 48.

Figure 48. Time-evolution of the secondary structure for p53TD at 400K.

At 300K the mutant protein showed a strong invariable secondary structure along the time with
perfecta-helices an®-sheets (Figure 49), as the wild type protein.
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-G356

Figure 49. Time-evolution of the secondary structure for R337H p53TD at 300K.

However, at 400K an important disruption of the structure in general showed evident (Figure 50).
Not only B-sheets lost their canonical conformation in both pairs of primary dimers but also the
heads of the helices were completely distorted.
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Figure 50. Time-evolution of the secondary structure for R337H p53TD at 400K.

The disruption began always with a great punctual alteration of the residues Met340 and Phe341
that spread up to the first residues composing the helices.

Thus this analysis permitted to zoom in the site where the mutated protein in denaturing conditions
experiment the greatest changes.

Picking some structures from the trajectory it was observed that the monomers bended by this
moiety so that a first fragment of the helix, from Arg335 to Arg342, was displaced off the axis of
the helix, forming and angle different from 180° with the second fragment (see Figure 51). This
disruption was the first in coming up and gave rise to subsequent alterations in the secondary
structure of the first residues in thénelices.
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b)

Figure 51. a) Disrupted structure picked from R337H p53TD simulation at 400K. b) The most
disturbed monomer presented at the right with three residues drawn as reference.

V.5.3. Hydrogen bond distances

Aimed at understanding the process by which R337H p53TD mutant loses its stability, many
interactions were analyzed in detail. Firstly, the distances between pairs of residues forming
hydrogen bonds between two chains composing a primary dimer were analyzed. Thus, following a
nomenclature like in the Figure 44 and Figure 51 for the chains composing the tetramer, the
interactions GIn331:-Asn345,; Arg/His337,-Asp352,; Arg333,-Asp352,; Arg/His337,-Asn345;
Arg/His337,-Glu349,; Arg333,-Glu349, were taken into account as well as their homologous
interactions between chains D-A, B-C and C-B. The most important features are summarized as
follows, and are graphically plotted in Figure 52.

B Asn345
= Glu349
OAsp352
m GIn331
= Arg337
mArg333
mArg335

Figure 52. Hydrogen bonding interactions essential in maintaining the tetrameric structure.
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Even in p53TD at 300K all these interactions showed very variable along the time. The salt bridge
interactions between Arg337 and Asp352, the most evident in the X-ray structure, turn out to be not
such static interactions in the dynamics. They always fluctuated between 2 and around 5 A staying
fairly fixed for some periods and being lost during others. The interaction Arg83¥352 (red

trace in Figure 53), for instance, showed an ideal fixed value of 2A from the beginning to around
3ns trajectory. Afterwards it increased to values fluctuating between 2-3 A and 5A.

A A

\e | mp53TD, 300K ] el
mR337H p53TD, 300K

mp53TD, 400K
mR337H p53TD, 400K

Figure 53. Hydrogen bond distance between Arg/His337and Asp352.

When arginines at position 337 replaced by deprotonated histidines (His337-Asp352) the average
distances along the trajectory increased to 4-8 A and never reached the ideal value of 2 A. Some
interaction distances even reached the 12 A. Green trace in Figure 53 shows the evolution of the
His337,-Asp352, as an example.

At 400K the interaction distances in p53TD mostly oscillated between 4 and 6 A, only punctually

reaching 2A (the blue trace in Figure 53 shows the example of the interaction between A and D
chains). Thus, this interaction was already strongly weakened in the wild type protein at thermal
denaturing conditions. In the mutant protein (violet trace in Figure 53) the distances lengthened to
6-8 A, sometimes even reaching 12 A.

A A

mp53TD, 400K
mR337H pS3TD, 400K

mp53TD, 300K
mR337H p53TD, 300K

Figure 54. Hydrogen bond distance between Arg/His337and Glu34%,.
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In p53TD at 300K a swap was evident between 337-352 and 337-349 interactions. Hence, for the
periods of time in which a certain 337-352 interaction remained fixed, the interaction 337-349
involving the same monomers was lost, and the other way round. The red traces in Figure 53 and
Figure 54 clearly show this effect: the interaction Arg338p352 (Figure 53) remained fixed

during the 0-3ns interval whereas the interaction Arg33134%, (Figure 54) was fixed from

45ns on. Concerning the interactions involving other chains the effect was also very evident:
Arg337-Asp352, was fixed in the interval 6-10ns whereas Arg3&1u349, was fixed during the
interval 1-6ns; Arg33%Asp352 was ideal from 0 to 6 ns while Arg33GIlu349: remained at 2A

from 7 ns on; in the same way Arg33&sp352 was fixed for 0-2ns whereas Arg3334% was

fixed from 2ns on. The interactions Arg333-Asp352 in p53TD at 300K were also lost and recovered
remaining fairly fixed for long time intervals and being maintained at distances between 4 and 10A
for the rest of the time. Arg333Asp352 (see red trace in Figure 56) remained fixed from 4.5 to
10rs, Arg333-Asp352 from 1.5 to 6ns, Arg333Asp352 during the whole dynamics and
Arg333--Asp35% from 0 to 1.5ns and from 7.5 to 9 ns. For the Arg333-Glu349 interactions (see
red trace in Figure 55), the residues were maintained at fairly fixed distances of interaction almost
along the whole trajectory but were also lost and recovered several times. All this gave evidence of
the interplay between all these possible pairings composing the network. Concerning the two types
of hydrogen bonds established with Asn345, the interactions GIn331-Asn345 constantly fluctuated
between 2 and 4.5A. The interactions Arg337-Asn345 fluctuated mostly between 4 and 8A only in
some cases reaching the 2A.

It is worth to say that, simultaneously to our studies, fin et al. also carried out Molecular
Dynamics with both the wild type and the mutant tetramerization domain protein. They performed
the simulations at several pH and salt conditions although always at the same temperature of 300K.
Like us, they simulated neutral to mildly alkaline conditions apart from further simulations in
slightly acidic (His337 protonated) and acidic (His337, Glu and Asp protonated) conditions. Their
studies completely agreed with ours in pointing out the importance of, specially, the interactions
Arg337-Glu349, Arg333-Glu349 and Arg333-Asp352 besides the interaction Arg337-Asp352
which appears evident in the crystal structure of the protein.

In p53TD at 400K all the pairs Arg333-Glu349 and Arg337-Glu349 remained fixed around ideal
interaction distances from the beginning to the end of the dynamics. The blue traces in Figure 55
and Figure 54 show the particular cases Arg3381349, and Arg33%-Glu349,. The distances
between Arg333 and Asp352 experienced larger fluctuations (reaching sometimes values until 8-
10A) but were recovered constantly during the whole trajectory (see the blue trace in Figure 56).
GIn331-Asn345 conserved values similar to those at 300K. Arg337-Asn345 were curiously
favoured by the thermal denaturing conditions, fluctuating mostly between 2 and 3A. Indeed
Arg337-Asp352, as commented previously, was the most weakened at thermal denaturing
conditions. This stated once more the importance of the interactions additional to Arg337-Asp352,
observed in the crystal structures, to maintain the tetrameric structure of the protein.

91



UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL STUDIES ON SUPRAMOLECULAR HYDROGEN-BONDED STRUCTURES:
FROM NANOCAPSULES TO PROTEINS

Eva Santos Garcia

15BN:978-84Chapt@EdL7/pL: T-1276-2008

A T T T T A T T T
mp53TD, 300K i e mp53TD, 400K
mR337H p53TD, 300K mR337H p53TD, 400K

16

Figure 55. Hydrogen bond distance between Arg333and Glu34%,.

In R337H p53TD at 300K and at 400K the interactions His337-Asp352 and His337-Glu349 (see
green and violet traces in Figure 53 and Figure 54 respectively) were completely lost reaching
values between 4 and 12 A during the whole trajectories. The distances between the pairs Arg333-
Asp352 were more favoured, being around the ideal value during some small intervals at 300K
(green trace in Figure 56) but during the whole trajectory at 400K (violet trace in Figure 56). The
interactions GIn331-Asn345 were disfavoured, experiencing larger fluctuations than in the wild type
and reaching ideal values more punctually. The pairs His337-Asn345 never reached values of
interaction. The interactions that remained the most fixed for long times were those of the Arg333-
Glu349 type (green and violet traces in Figure 55). Thus, Arg333 appeared to play a very important
role in the hydrogen bond network existing around the residue 337 and involving monomers from
the same primary dimer.

A A
. mp53TD, 300K ] e mp53TD, 400K ]
mR337H p53TD, 300K mR337H p53TD, 400K
12 —
1 M | .
W | L o
l !
4 )
iy
2] | | | |
g 2 4 6 8 10
ne

Figure 56. Hydrogen bond distance between Arg333and Asp352.

Lwin®?® reported that two ionic interactions in the dimer-dimer interface were also present in the
dynamics of the wild type protein at standard conditions. Based on these results the two interactions
were also analyzed in the present work. One of them involved the pair Arg/kH&83343 (and
arelogous Arg/His33¢Glu343,, Arg/His33%-Glu343, and Arg/His33§-Glu343%), which was

placed within the region affected by the mutation. The other one was Ly€36343% (and
andogous Lys353-Glu343,, Lys35%-Glu343, and Lys353-Glu343%.), which was far away from

the zone destabilized in the mutant protein.
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Concerning the Arg/His337-Glu343 interactions, they showed very unfavoured during all the
dynamics, including the wild type protein and the mutant protein at 300K and at 400K. The distance
values always oscillated between 4 and 10A except for the case of R337H p53TD at 400K, where
the fluctuations were larger, reaching values of even 14A. Indeed, only very punctual interactions
were observed at certain moments in the wild type protein at both standard and thermal denaturing
conditions.

In contrast, the interactions Lys351-Glu343 showed much more stable. In most of the cases they
fluctuated between 2 and 8 A being lost and recovered constantly along the whole dynamics. The
behaviour was the same for the wild type protein and the mutant protein at both 300K and 400K,
with slightly more fluctuations in the latter case.

As summary, in the wild type p53TD at 300K the interactions Arg337-Asp352 showed not as fixed
as it could be thought from the observation of the crystal structure. In fact, we observed a whole
hydrogen bonding network composed of residues GIn331, Arg333, Arg337, Asn345, Glu349 and
Asp352 that constantly formed and broke interacting pairs within all the possibilities. In the wild
type protein at 400K all were maintained, being precisely the Arg337-Asp352 the most affected. In
the mutant protein at 300K and at 400K those interactions involving the residue 337 were lost and
those involving the residue Asn345 were very disturbed. The interactions that best resisted the
mutation were those in which Arg333 intervened.

V.5.4. Hydrophobic interaction distances

Hydrophobic interactions between residues were also analyzed. Based on a previot¥’repert
distances between the following pairs were studied: [1g382337,; 1le332,-Phe34};
Arg/His337,-Met34Q,; Arg/His337-Phe34}; Met34Q-Phe34}; Met34Q-Met34Q;; 1le332-
Leud3®y; Phe341-Phe34}; Leu33@-Phe34} (Figure 57). The analogous interactions involving
other chains in the tetramer were also analyzed for the wild type protein at 300K and 400K and for
the mutant protein at 300K. The disruption originated in the mutant protein at 400K made the
protein be asymmetric so that only the interactions previously listed were analyzed, as they were
directly related to the most distorted chain A.

Ml cu330D
mlle332A
mArg/His337A
EMet340A
mMet340C
OPhe341A
EPhe341D

Figure 57. Hydrophobic interactions that maintain the tetrameric structure of p53TD.
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In p53TD at 300K and 400K all the hydrophobic interactions analyzed remained very stable
between 2-3 or 2-4 A. The distances LeuBbe34} and lle332-Phe34} fluctuated slightly
more than the rest.

In R337H p53TD at 300K no important changes were observed with respect to the results in p53TD
at the same temperature. However, when working at thermal denaturing conditions most of the
interactions showed a different behaviour.

The most weakened interactions from the beginning were HisBB&34}, 1le332,-Phe34} and
Met340,-Met34Q.. The simulation more advanced, at approximately 4ns, ljeB#&337, began to
fail increasing distances. The interaction Ley3B®e34} was affected in the opposite way,
turmning into stronger and more stable. The interactions Phe@é1340,, Phe343-Phe34} and
Leud3-1le332, were not affected by the mutation.

Figure 58 shows one of the hydrophobic interactions affected from the beginning in the mutant
protein at 400K: Arg/His33#Phe34}. As commented previously the interaction fluctuated
betveen 2 and 3 A in the wild type protein and in the mutant protein at 300K (red and green traces
in Figure 58). The fluctuations were only slightly larger for the wild type protein at 400K (blue trace
in Figure 58). However, the evolution of this interaction was clearly different for the mutant protein
(violet trace in Figure 58). The interaction distance reached a value of 5-6 A from the beginning of
the dynamics and was maintained around this value until the end. From the beginning of the
trajectory at 400K in the mutant protein the residues went further away from 2 to 4-6 A never
recovering its ideal original distance until the end of the 10ns.

A I A -
e | mps3TD, 300K 7 g mp53TD, 400K
mR337H p53TD, 300K mR337H pS3TD, 400K

12 - 12 a
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Figure 58. Hydrophobic interaction distance between Arg/His33vand Phe34}.

Figure 59 shows another of the hydrophobic interaction distances most affected by the mutation,
lle332,-Phe34}. The red and blue traces show the stability of this hydrophobic interaction in the
wild type protein. In this case, as exception, the alteration caused by the mutation showed evident
even at 300K in chain A (green trace in Figure 59). The residues appeared, from the beginning to
the end, approximately 2 A further apart in comparison with their ideal relative position gHe332
Phe41g, lle332-Phe34¢ and lle333-Phe34} remained at distances of 2-3 A). At 400K the
displacement became much bigger reaching values of 8A and experiencing much larger fluctuations
from the beginning to the end of the trajectory.
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A A
1E mpS3TD, 300K ] - mp53TD, 400K |
mR337H p53TD, 300K mR337H p53TD, 400K

Figure 59. Hydrophobic interaction distance between lle332and Phe34}.

Figure 60 shows the behaviour of the interaction Metf3viet34Q: in the different simulations. In
this case the ideal distance was lost and recovered once and again during the whole simulation of
the mutant protein at 400K (violet trace). Sometimes it remained lost for 500ps or even 1ns.

A A

mp53TD, 300K ] 18 mp53TD, 400K ]

mR337H p53TD, 300K i mR337H p53TD, 400K

16

Figure 60. Hydrophobic interaction distance between Met340and Met34Q..

Figure 61 shows a structure of the R337H p53TD at 400K with the residues involved in the
hydrophobic core coloured. The disruption looks evident, existing large distances between them.

%
o~ ,

Figure 61. Tetramer in which the increment of the distances among the residues composing
the hydrophobic core is evident.
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Comparing the graphics from the analysis of the hydrogen bonds and those from the analysis of
hydrophobic interactions, a correlation can be found between the largest fluctuations in the different
plots. For example, in R337H p53TD at 400K the highly unstable HisG8134%, and His33%-

Asn345, hydrogen bonds were lost definitely one after the other. More or less at the time when the

se®nd one misplaced, the hydrophobic interaction llg3B&337, was also lost.

V.5.5. Cluster structures and contact maps

The most representative structures were obtained for all the trajectories by clustering analysis, using
an RMSD cut-off 0.75A. Only one representative structure was found for p53TD at 300K and
400K, and for R337H p53TD mutant at 300K (see Figure 62a). However, for R337H p53TD mutant
at 400K, there were 27 significantly different structures (see one example in Figure 62b). Distances
between some residues were measured in the averaged structure of the mutant protein at 300K
(Figure 62a) and taken as reference: Asp3&20352 was 8.3; Asn345Asn34% was between

7.4and 7.8; Phe341Phe34%, 9.9; Phe344-Phe34%, 14.1; Phe34&Phe34}, 16.8. In general, all

these distances as well as the angles between the couples of residues changed in R337H p53TD
representative structures (see Figure 62b as an example).

Figure 62. a) Representative structure obtained by clustering from the dynamics of the
mutant protein at 300K; b) One of the 27 representative structures obtained at 400K.

This confirmed once again the high instability of the mutant protein in denaturing conditions.
Moreover it demonstrated that the suffered changes were not only concerning the secondary
structure but also causing distortion of the relative disposition of every chain respect to the rest.
Contact maps (Figure 63) were plotted for the structures showed above pointing that in general the
distances between residues in the wild type p53TD protein at 300K remained unaltered at 400K.
The map was also very similar for the mutant at 300K. However, R337H P53TD mutant at 400K
showed a remarkable decrease of the head-head and centre-centre distances of the helices in relative
positions A-C.
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Helix-helix A-B

o,

Tails helices A-D

Phe341-Leu344 A-C
Helix-helix A-D

Figure 63. Contact maps for a) R337H p53 TD at 300K and b) 337H p53TD at 400K. A graph
square is coloured black at 0 A and in a linear gray scale from 0 to 10 A. White squares
represent a distance equal to or greater than 10 A.

V.5.6. Further analysis

Further analysis of the structural data collected during the simulations, and the study of the
correlation between changes in hydrogen bonds and hydrophobic interactions mentioned before,
showed that the process of disruption in the mutant was the following: His&&/not anchored to

chan D by hydrogen bonds (as Arg33Was) so its orientation changed and its side chain pointed
out of the nucleus of the protein. The hydrophobic interaction with Phe®44& then lost and this
triggered an alteration in the orientation of Phe3ddusing the lost of its hydrophobic interaction

with 1le332,. The residues went 7-8 A far apart from each other. The most notable change came few
picoseconds afterwards, when Pheg#tcupied the space in between Phe34dd lle332 and
estblished new hydrophobic interactions with both of them. From here to the end of the MD
simulation the R337H P53TD mutant protein was unable to totally recover its wild secondary and
tertiary structures. These consecutive changes altered the binding of the primary dimer (chains A-D)
and the structural disruption was afterwards spread to the interactions between pairs of residues
involved in keeping the primary dimers together. Some distances became longer and less stable:
Met340,- Met34Q, Met34Q-Leu34g, Leu348-Leu34&. Some others, more in the centre of the
nudeus became shorter, as for instance Len34411344.
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bonding interactions with His337,
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Figure 64. Consecutive stages towards disruption.
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V.6. Conclusions

Wild type p53TD is an extremely stable tetrameric protein. It was not distorted even at denaturing
conditions. In the dynamics, its secondary and tertiary structures remained very similar to those in
the crystal structure. At 300K the same happened with R337H p53TD proving previous
experimental results in which any effect of the mutation was detected at standard coftfitiofs.

The difference between the wild type and the mutant proteins was only detected by means of
simulating under denaturing conditions.

Even in the wild type protein a very variable hydrogen bonding network exists, between chains in

relative positions A and D, which sustains the tetrameric structure. The residues composing it
(GIn331, Arg333, Arg337, Asn345, Glu349 and Asp352) constantly gain and lose interactions and
switch couples or interact with more than one residue at a time. Nevertheless the network is very
consistent in whole. The mutation R337H affects all the hydrogen bonds, those involving Arg333

being the strongest.

Hydrophobic interactions are more fixed than independent hydrogen bonding interactions in the
wild type protein. The mutation alters them as well as hydrogen bonds, pointing out that not only
the primary dimer is affected but the whole tetramer is.

The disruption process starts with the lost of the hydrogen bonds and hydrophobic interactions
established with the residue mutated R337H. This fact causes a distortion of the hydrogen bonding
network by triggering successive changes in the disposition of the residues involved. The cascade of
individual changes ends up in the disruption of the secondary structure hétiees because of

the bending of the monomers with the subsequent formation of new interactions (between chains
composing a primary dimer) that were not present in the original structure. The disruption in the
primary dimer spreads to the core of the protein and causes the lost of some of the most important
interactions in maintaining the tetramer.
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VI.  Synthetic ligands on the surface of p53TD

VI.1. Tetraguanidinium ligands on the surface of p53TD

V1.1.1. Introduction

An increasing interest in oligoguanidiniums came up when it was discovered in nature that some
peptides able to penetrate the cell membranes were rich in arginines, which have a guanidinium
group in their side chain. An exceptional example of this was the nuclear transcription activator
protein (Tat) encoded by HIVE?E¥ |n 2002 guanidinium-rich oligomers based on the previous
obrvations were report€d to test their capability to cross membranes, and so their potential
apgication as drug carriers.

In 1999 Giralt, Mendoza and co-workétd reported the properties of a family of tetraguanidinium
compounds consisting of a highly preorganized chiral bicyclic guanidinium subunits linked together
through short thioeter spacers schematically represented in Figure 65.

N/j N/j N/j
R1\/(r|;%L.'ﬁ oy D wfé\ﬁ' - P;Jg\f\ll oy, Pz
H H H H H H

2

Figure 65. Tetraguanidinium compounds synthesized by Mendoza and co-workers.

The symmetric tetraguanidiniums, where dd R were equal, were expected to bind negatively
charged peptides and form stable compl&X8sby means of interactions as shown in Figure 66.
Furthermore, these compounds were as amphipatic as proline rich cell penetrating féptides.
Thus the internalization and toxicity of these compounds were studied by means of culture of
HeLd** cells by Confocal Laser Scanning Microscopy , Microplate Fluorimetry Assay and Flow
Cytometry.

Y-

Figure 66. Interaction between a guanidinium and an acid residue through charged hydrogen
bonds.

The compounds showed very efficient translocation through HeLa membranes at very low
concentrations and, interestingly, accumulated in mitochondria. Mendoza'’s research group proposed
them as a possibility to transport therapeutic agents into cells. In particular they could be very useful
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to deliver antioxidants in mitochondria for cancer therapies. Other kinds of oligoguanidiniums were
synthesized and tested as molecular transporters by other researcHgfoups.

VI.1.2. Goals

In 2004, Salvatella et al. reported on the capability of tetraguanidififdhelonging to the family
mertioned in the work above to bind p53TD. Each guanidinium, positively charged, was able to
form two hydrogen bonds with a negatively charged carboxylate group from an acid residue on the
surface of the protein.

The proposal of testing this particular protein-ligand interaction was motivated by the existence of
two overlapping helical tetraanionic sequences on each monomer of p53TD that seemed to fit
perfectly well with the tetraguanidinium. One of the sequences (called Sitel from now on) is formed
by residues Glu336, Glu339, Glu343 and Glu346; the other one (Site2) is formed by Glu343,
Glu346, Glu349 and Asp352.

The relative position between a certain residu@nd the next one i8-3 in all cases except for
Glu339-Glu343 in which case itis4.

Figure 67. A tetraguanidinium and a monomer of p53

This disposition lets the sidechain of the residues not exactly on the same face of the helix but
slightly displaced one another. The spacer provides good adaptation to the distance and angle
between the carboxylates (Figure 67).

By comparing Sitel and Site2 in their environment within the whole p53TD structure, it was

expected that the ligand would more easily bind to Sitel as Asp352 in Site2 appears to be esterically
hindered (Figure 68).
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Figure 68. Two perspectives of the p53TD surface. Residues in Sitel and Site2 coloured green.

Mendoza, Giralt and co-workers studied the interaction by NMR chemical shift perturbation (CSP)
and saturation transfer difference (STD) spectroscopy. The chemical shift changes were small for all
the residues. Those whose chemical shift changed most were Arg337, Met340, Leu344, Ala347 and
Leu350 in decreasing order. At first sight these particular residues are closer in space to those
composing the Sitel so it was concluded that the anionic patch that interacts noncovalently with the
tetraguanidinium ligand is most likely that formed by the four Glu side chains at positions 336, 339,
343 and 346.

In a previous work with tetraanionic peptides the authors had demonstrated that the patch where the
tetraguanidinium binds preferably follows the pattern i, i+3, i+6, i+9 regarding the relative positions

of the aminoacids. However they presumed that in the case of p53TD there was a change in
preference towards Sitel that could be attributed to the fact that the last interactions in Site2 were
notably less accessible. Moreover they considered that the existence of an aspartate in position 352
instead of a glutamate, with one more carbon in the sidechain, might cause a lost of plasticity in
Site2 in terms of its secondary structure.

The goals posed from a theoretical perspective were to check whether p53TD forms a stable
structure with four tetraguanidiniums bounded on its surface, to find other plausible structures for
the system, and to see if Sitel is really more favourable than Site2 or others.

VI.1.3. Methods

Molecular Dynamics simulations were carried out with both p53TD and R337H p53TD. The initial
structures had one protein with four tetraguanidinium ligands, bounded each of them to one
monomer chain. The resulting trajectories were compared with those previously obtained in absence
of ligands (see Chapter V).

The structures used to simulate the proteins were the same as in the previous Chapter V, as well as
the simulation package used, the force field, the parameters for the water molecules and counter-
ions, the conditions of simulation and the preceding procedure of minimization/equilibration.

In both the wild type protein and the mutated protein, a tetraguanidinium molecule was docked by

hand to a monomer and replicated applying the D2 symmetry to obtain the entire starting
architecture. Each guanidinium group faced its hydrogen atoms towards the oxygens in the
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carboxylate group of a glutamate or an aspartate, the angle N-H---O being approximately 180°. The
database files in GROMAC® package were modified to include suitable parameters for the
tetraguanidinium. For the bonding and van der Waals interactions, AnfBergstameters were
apgied. The atomic charges were calculated by means of the Restrained Electrostatic Pdtntial fit
(RESP) from a quantum mechanics optimization with Gaussi4fica the HF/6-31G(d) level.

Figure 69. p53TD-4tetraguanidiniums a) in Sitel and b) in Site 2

Each protein-ligand structure was embedded into a rectangular box of around 7600 water molecules.
The structures involving p53TD had a volume such as to let a distance of 9A from every wall to the
nearest part of the complex. Simulations were carried out again at 300 and 400K.

In a first step, several analyses were performed in order to establish which site was the most
favourable. All of them were done over the trajectories with the wild type protein in standard
conditions.

In a second step, further analysis was carried out over the trajectories of the mutant protein as well
as the wild type protein, at both temperatures, which tetraguanidinium bound to Site2.

VI.1.4. Results on the comparison of Sitel and Site2

To have a general view about the effect of the ligands in each of the two sites, the evolution of the
RMSD of the backbone of the protein was analyzed. The graphs showed that when the
tetraguanidiniums were bound to the Sitel on the surface of p53TD, at 300K the protein was
slightly disturbed (see green trace in Figure 70). In absence of ligands the average deviation from
the X-ray structure was less than 1 A along the whole trajectory (red trace in Figure 70). The
presence of the ligands in Sitel caused a change of 1 A with respect to the structure in absence of
ligands. A clustering analysis of the trajectory with an RMSD cut-off of 0.75A showed only one
cluster. This meant that the change caused by the ligands was not significant. However, a difference
between the two sites was noted.
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Figure 70. RMSD of the protein backbone versus time, in absence of ligands and in presence
of ligands at the two sites under study.

When the tetraguanidinium were bound to the wild-type p53TD at Site2 (blue trace in Figure 70),
the trajectories showed that the structure of the protein, highly stable by itself, remained perfectly
undisturbed by the presence of the ligands. It could be concluded from this that the tetraguanidium
perturbed to some extent more the protein structure when it was in Sitel than when it was in Site2.

In the next step of the comparative study, attention was pointed to the guanidinium-carboxylate
interactions independently. From the visual scrutiny of the trajectories it was known that, in both
sites, the sixteen of the interactions established between ligand and protein were lost and recovered
once and again along the simulations. When the guanidinium groups definitely lost every contact
with the carboxylates, they pulled along neighbour guanidinium groups far away from the
anchorage points. In this way, some of the ligands were lost completely.

Regarding this aspect both sites behaved in a sim#dsr progressively losing interactions. At 5ns,

less than half of the original interactions remained conserved in both Sitel and Site2 and some
punctual new interactions were established. In both sites at 5ns a tetraguanidinium was found bound
to two different chains by means of 2-3 guanidinium-carboxylate interactions. At the end of the
10ns two ligands remained bound to the protein in Sitel and three remained in Site2. However,
most of them only conserved one ideal interaction.

The particular interaction with Asp352 present in Site2 behaved as the others. It was lost at some
times, the guanidinium group going far away from the asparte and recovered again especially at the
end of the simulation. From the visualization of this particular region in the trajectory, it could be
seen that the guanidinium went completely out the zone esterically hindered and went in again after
some picoseconds. This pointed out that although the anchorage point was in that case slightly more
hidden than the others, there was enough space for the guanidinium group to access it.

Losing and recovering guanidinium-carboxylate interactions in both Sitel and Site2 were quantified
along the 10ns simulation. The interactions considered for each chain in Sitel were: Glu336 with
the first guanidinium group; Glu339 with the second guanidinium group; Glu343 with the third;
Glu346 with the fourth. In an analogous way the interactions considered in Site2 were: Glu343 with
the first guanidinium group, Glu346 with the second guanidinium group, Glu349 with the third, and
Asp352 with the fourth.
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For each interaction, two sets of atoms were defined: one composed by the two oxygen atoms in the
carboxylate group of the glutamate or aspartate, and the other composed by the two hydrogen atoms
of the N-H groups in the guanidinium. The minimum distance between the two sets was measured
along the time and the resulting values were averaged. Figure 71 shows the results in bars, coloured
dark red for the interactions in Sitel and coloured yellow for the interactions in Site2. In each case,
4 bars correspond to every residue involved in the binding, each of them representing the average
value in a different chain of the protein. Figure 72 represents the corresponding standard deviation
values.
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Figure 71. Interaction distances averaged over time for each residue. The chains A, B, C and
D composing the tetrameric protein represented in four consecutive bars in each case. Sitel
represented in dark red and Site2, in yellow.

The highest values in Figure 71 clearly indicate which interactions were lost definitely already in
early stages of the trajectories. Their corresponding standard deviation values are the highest as
well. This indicates that the distances varied from the beginning to the end of the trajectories, going
from 2A at the beginning, to values in which the recovery was impossible further on. For instance,

if attention is paid to the third interactions in each of the residues composing Sitel (third red
columns), it can be observed that all of them have high average distance values and high standard
deviation values. This indicates that at some moment in the trajectory all of them were lost with the
consequent release of a tetraguanidinium ligand.

A value of 4A in Figure 71 can be taken as referenddentify those guanidinium groups which
remained near their initial anchorage points losing and recovering interactions. It can be observed
that only 6 interaction distances in Sitel and 5 in Site2 remained bellow this value. The values
remaining around 2A with corresponding low standard deviation values indicated the guanidinium-
carboxylate interactions were kept during the whole trajectory. This was the case for one interaction
only in Sitel and two interactions in Site2.
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Figure 72. Values of standard deviation corresponding to the average values in Figure 71.
Sitel represented in blue and Site2, in light yellow.

Thus, the analysis carried out confirmed that there were not significant differences between the two
sites when considering the geometries of independent guanidinium-carboxylate interactions.
Moreover there was no difference deserving to be emphasized in the behaviour of Asp352
interactions. Their evolution along the time was very similar to the others. To assess the strength of
the protein-ligand interaction, X-CSCORt(see Chapter Il for details) was evaluated for some
structures along the dynamics using the program X-Score. The binding score was obtained for every
specific tetraguanidinium with the whole tetrameric protein, removing the rest of the three ligands.
Thus every 50 picoseconds 4 values of X-CSCORE were obtained and averaged for both sites. The
result was that the binding in Site2 (with a value of 4.2) showed slightly better score than the
binding in Sitel (with a value of 3.8).

Four particular cases of one tetramer-one ligand structures in each simulation were visualized trying
to identify a correlation between their X-CSCORE values and the number of guanidinium-
carboxylate interactions present in the complex. Table 12 shows these data. The protein-ligand
interactions are identified by the number of the residue involved.
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Table 12. X-CSCORE values and guanidinium-carboxylate interactions present in 8
structures (from structl to struct8), composed of one tetramer and one ligand.

X-CSCORE Interactions present

Sitel
structl 4.66 336, 343
struct2 4.17 336, 339, 343, 346
struct3 4.59 336, 339, 343, 346
struct4 418 336

Site2
struct5 4.80 343, 346, 349, 352
struct6 4.24 346, 349, 352
struct?7 4.49 343, 346, 352
struct8 4.1 346, 352

Some tetraguanidiniums to which a similar score was attributed had quite different number of
anchorage points. The other way around existed too. There were some structures with the same
number of interactions but different X-CSCORE values. This showed that the strength of the
interaction was not only dependent on the number of guanidinium-carboxylate interactions but also
on the disposition of the rest of the ligand respect to the protein.

To compare the results of the chemical shifts previously obtained by Salvateffa*ewih our
cdculations, values of RMSD per residue were obtained. The measure was also carried out for the
simulation of the protein alone and for both Sitel and Site2 simulations.

For each trajectory, the RMSD per residue were averaged for homolog residues in the different
monomers of a same protein. Afterwards, the averaged values obtained for each residue in the
absence of ligands were subtracted from the averaged values obtained for the homolog residues in
the Sitel and the Site2 simulations.

For instance, the RMSD for the residue Arg335 in the Sitel was calculated as shown in Eq. 1. The
RMSD subscript indicated the number of the residue and the chain of the protein (A, B, C or D).
The superscript indicated the simulation analized.

(RMSDEZ:, +RMSLE , +RMSI . +RMSIE,) /4=RMSEE oc,

(RMSDSitel +RMSDSitel +RMS|iitel +RMS|§“€1) J4=RMS itel

335-A 335-B 35-C 35-D 5-ABCD

RMSDSite]-:RMS@ite:L -RMSQSS

335 35-ABCD 35-ABCD

Eq. 19

The results are shown in Table 13. A mean value is also shown for both Sitel and Site2. The
residues whose RMSD was larger than the corresponding mean value are underlined in colours.
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Table 13. RMSD per residue in presence of
ligands minus RMSD per residue in
absence of ligands for both Sitel (left
column) and Site2 (right column).

1 2 A355 tlasa
Arg335 0.1 -0.9 s A353
Glu336 0.7 0.0 5 51
Arg337 2.2 1.2 ,JJ"/FA K35
Phe338 15 08 e,
Glu339 0.6 -0.2 : Ap4T
Met340 1.0 0.3 r"’ﬁfﬁﬁr
Phe341 0.9 0.2 L344
Arg342 0.1 -1.0 J,qu’f/&
Glu343 15 0.5 341 1

8

F341

Leu344 11 04 U

Asn345 0.6 0.0 Fa3a

Glu346 1.0 0.2

Ala347 0.9 0.4 R335

Leu348 16 0.6

Slﬂggg 12 8;' Figure 73. Projection of the

Lys351 07 0.0 surface defined by the_ helix of

Asp352 07 0.0 one of the monomers in p53TD.

Ala353 09 0.3 Residues that fo_rm part of Sitel

Mean are labelled with red _ boxes.

10 0.2 Those that form part of Site2 are

shown as red spheres. Those
which experienced the greatest
changes in presence of
tetraguanidinium are shown in

blue. Reproduced from refl®?4,

Figure 73 shows the location of the Sitel and the Site2 in one p53TD chain, together with the
position of the residues observed to change the most in presence of tetraguanidinium by NMR
techniques. From this representation it was possible to observe that the residues which underwent
the most important changes, arginine 337 and methionine 340, agreed with those mentioned in the
previous study?? However, strikingly, both of the residues changed notably not only in the Sitel
simulation but also in the Site2.

The consequent conclusion was that the fact that Arg337 and Met340 experimented great changes
did not necessarily mean that the tetraguanidinium was on Sitel. The ligand on Site2, which was
supposed to be far away from them, in some way was also causing changes on them. By observing
in detail the simulations, an explanation could be given to this fact. The ligand bound to one chain A
of the tetramer was far away from the Arg337 forming part of this particular chain. However, the
ligand bound to chain D was certainly close to this Arg337 in chain A (see Figure 74).
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Figure 74. Ligand (in violet) bound to chain D of the tetramer is close to Arg337 (in green) in
chain A.

For the case of Met340, the ligand bound to its same chain was not as far away as it was expected.
The fact that the secondary structure of the chain was a helix let Met340 close to Glu343, where the
ligand was anchored (see Figure 75).

Figure 75. Ligand bound to chain A of the tetramer is close to Met340 in chain A (in green).

VI.1.5. General conclusions on Sitel versus Site2

The simulations confirmed that the tetraguanidinium was able to bind p53TD, and remained for

some time on its surface. As demonstrated, the experimental observation of a change in Arg337 and
Met340 when tetraguanidinium was present was not a sufficient argument to assure that it bounded
Sitel, as the change was also present in Site2. Moreover, it was proved that Asp352 is not as
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esterically hindered as to avoid the interaction with a guanidinium group. Thus both sites could be
considered as competitors. Furthermore, taking into account the existence of multiple carboxylate
groups in the protein it could be considered a great number of dispositions for the ligands as
interactions were lost and recovered continuously along the trajectory the ligand adopting several
conformations and even some times occupying sites not only implying one single monomer. All of

these possibilities could be as favourable as the others so that it that a mixture of all of them could
be expected.

VI.1.6. Further results on Site2

Molecular Dynamics taking the proteins with the tetraguanidiniums on the Site2 as starting
structures were carried out at 400K. At these thermal denaturing conditions all the ligands had lost
their original guanidinium-carboxylate interactions at 2-3 A. From then on, multiple structures with
the tetraguanidiniums bound to different places were originated along the trajectory, showing very
dynamic behaviour of the ligands.

The analysis performed previously for p53TD and R337H p53TD at 300 and 400K were repeated in
order to compare the new Site2 trajectories with those where the ligand was not present: RMSD of
the backbone of the protein, time-evolution of the secondary structure, essential dynamics, distances
of interaction between relevant residues forming hydrogen bonds or hydrophobic interactions,
clusters, contact maps.

RMSD of the protein backbone

The RMSD trace almost superposed to the RMSD of p53TD in absence of tetraguanidiniums, at
standard and thermal denaturing conditions (Figure 76). This meant that the structure of the protein
did not experienced important changes because of the ligands.

A
4.0
301 W p53TD, 300K
' B p53TD, 400K
201 p53TD Site2, 300K
B p53TD Site2, 400K
1.0 f

ns

Figure 76. Comparison of the RMSD versus time for the wild type protein in presence and in
absence of the ligands in Site2.

Moreover, it was observed that the fluctuations were larger when the oligoguanidiniums were not
present, as can be observed comparing the dark blue and orange traces in Figure 76. This meant that
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the ligand did not disturb the wild type protein at room temperature and even stabilized it to some
extent at 400K.

The same analysis carried out on the mutant protein showed that the evolution of the protein
structure was the same in presence and in absence of ligands at 300K (green and brown traces in
Figure 77). Furthermore, the tetrameric architecture was slightly stabilized by the tetraguanidiniums
at 400K (violet and pink traces in Figure 77). The RMSD decreased from a value of 2.5-3 angstroms
to a value of 1.5-2. However the trace of R337H p53TD with ligands was very irregular showing
that the structure had still not reached stability.

A
4.0
3.0 B R337H p53TD, 300K
i B R337H p53TD, 400K
20 B R337H p53TD Site2, 300K

R337H p53TD Site2, 400K

Figure 77. Comparison of the RMSD versus time for the mutant protein in presence and in
absence of the ligands.

Time-evolution of the secondary structure

The plot of the time evolution of the secondary structure in p53TD with tetraguanidiniums at room
temperature confirmed again that the ligands did not disturb the wild type protein nor at 300 neither
at 400K.

Concerning R337H p53TD, at 300K the secondary structure remained intact more or less until 4ns
time. After that a deformation at the first residues incdtteelix of chain D was appreciable. When

the deformation appeared the ligands had not completely gone but they had changed their
disposition forming hydrogen bonds at different sites. This fact disturbed the secondary structure of
the two first residues in the helix but had nothing to do with the distortion experienced in the mutant

protein in absence of tetraguanidiniums.
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Figure 78. Time-evolution of the secondary structure for R337H p53TD with
tetraguanidiniums at 300K.

At 400K, there were little distortions at the end of the helices, especially in chains B and C. At the
beginning of the helices there were only punctual distortions always recovered. Thus, the distortion
was different from the suffered in the mutant protein.

01T A

0 5 10 ns

Figure 79. Time-evolution of the secondary structure for R337H p53TD with
tetraguanidiniums at 400K.

The general conclusion was that tetraguanidiniums, during the time they were bound to the mutant
protein, avoided the deformation of tlehelix from Arg335 to Arg342 experienced when the
ligands were not present. However, from the previous graphs representing the RMSD of the
backbone of the protein we saw that the mutant protein with the ligands had not a RMSD as high as
in their absence but it had not an RMSD as low as the wild type protein. So that it could be expected
that there was a change in the tertiary structure. In other words the distribution of the four chains in
the space might have changed.
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Hydrogen bond distances

The hydrogen bond distances crucial in maintaining the tetrameric structure were analyzed in
R337H p53TD with tetraguanidiniums at 400K aimed at comparing them with those existing in
p53TD and R337H p53TD at 400K. | would like to remind the reader the analysis in the previous
chapter, on interactions GIn33RAsn345,; Arg/His337-Asp352%; Arg333,-Asp352;
Arg/His337,-Asn345%,; Arg/His337,-Glu349,; Arg333,-Glu349, and analogous. The same analysis
wascarried out with the present simulations.

It could be seen that the only interaction favoured by the presence of tetraguanidinium was the one
between GIn331 and Asn345 in chains A-D. Figure 80 shows the profile of the interaction distance
for the wild type protein in blue, fluctuating always between 2 and 4 A. The trace in violet
corresponds to that of the mutant protein and shows values between 4 and 8 A during the most of
the simulation. The pink trace, which corresponds to that of the mutant protein in presence of
ligand, superposes to the blue trace with even lower fluctuations compared with it. The other
hydrogen bonds behaved the same as when the ligands were not present.
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Figure 80. Comparison of hydrogen bonding distances in p53TD, R337H p53TD and R337H
p53TD-ligands at 400K. GIn33}-Asn345, interaction.

Hydrophobic interaction distances

The same hydrophobic interactions analyzed when comparing p53TD and R337H p53TD at 400K,
were analyzed in the case of R337H p53TD at 400K with tetraguanidiniums bound:,1le332
Arg337,; lle332,-Phe34}; Arg/His337-Met340Q,; Arg/His337-Phe34}; Met34Q\-Phe34};
Met340,-Met34Q;;  1le332,-Leu33Q; Phe34i-Phe34}; Leu33@-Phe343. Analogous
interactions between residues of the other chains were also analyzed.

Most of the hydrophobic distances were found to be favoured by the presence of the ligands. Figure
81 comparing lle332Phe34} interaction is shown as an example. In the graph, the pink trace
which represents the distances in the mutant protein in presence of ligand was almost superposed to
the blue trace of the wild type protein.
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Figure 81. Comparison of the hydrophobic interaction distance 332A-341A in p53TD, R337H
p53TD and R337H p53TD-ligands at 400K.

There were only two of the hydrophobic interactions analyzed that were not favoured by the
tetraguanidinium: His33%#Phe34} and His33¢-Phe34%. However, this was not sufficient to
preserve the original structure of the protein.

Cluster structures and Contact Maps

When the structures obtained in the trajectory of the mutant protein with tetraguanidinium bound to
Site2 at 400K were grouped following the same method as previously done with p53TD and R337H
p53TD, 12 representative structures were found. It must be borne in mind that for R337H p53TD
structure at 400K 27 different structures had been obtained. Thus, the tetraguanidinium ligands
caused a slight stabilization while they were present.

Figure 82. Representative structures obtained by clustering from the dynamics of the mutant
protein with tetraguanidinium at 400K
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Figure 82 shows two examples of representative structures. In both of them a lost of symmetry was
evident, which lead to a considerable distortion in the distances and orientation between couples of
homolog residues. Figure 83 shows their corresponding contact maps.

Figure 83. Contact maps corresponding to two of the 12 representative structures R337H
p53TD Site2 at 400K.

VI.1.7. Conclusions on the effect of tetraguanidiniums on Site2

When positioned on the surface of the mutant protein at thermal denaturing conditions, the
tetraguanidinium ligands do not remain bound at its original site. Indeed around the 2-3ns almost all
the initial guanidinium-carboxylate interactions had been lost. From 3ns to the end of the simulation
many protein-ligand complexes originated, showing the ligands bound to many different binding
sites. The interaction between protein and tetraguanidinium is not strong enough to overcome the
swings of the solvent around. It has to be taken into account that the backstroke of the
tetraguanidinium is slightly hydrophobic and it is in direct contact with water.

Although the protein-ligand complex never reaches a stable structure in 10ns time trajectory, the
binding avoids the typical disruption caused by the mutation R337H. The secondary structure of the
helices appears less disturbed than in the absence of the ligands. However, they cause other kind of
disorder, more generalized and especially related to the tertiary structure.

The presence of the ligands does not favour at all hydrogen bonds but does enforce most of the
hydrophobic interactions within the region of the residue 337. Nevertheless, this latter effect is not

sufficient to maintain the tetrameric structure as in the wild type but it suffers a more generalized
disruption than the mutant protein with no ligands.

VI.2. Hexaguanidinium ligands on the surface of p53TD

V1.2.1. Motivation and methods

Based on the previous results on the tetraguanidinium, we proposed that a hexaguanidinium could
bind the six anionic residues simultaneously (Glu336, Glu339, Glu343, Glu346, Glu349, Asp352).
To test this hypothesis a simulation of the mutant protein with four hexaguanidiniums was directly
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carried out at thermal denaturing conditions with exactly the same methodology as in previous

calculations (see Chapter V). The box of 7010 water molecules in which the system was embedded
had 6.2nmvolume. The dynamics was brought to 6ns. The results were compared to those obtained
previously at the same temperature with the mutant protein in the presence of tetraguanidinums.

VI.2.2. Results

The system behaved very similar as in the case of having tetraguanidiniums. Also in this case all the
interactions were lost after 3-4 nanoseconds. Indeed, only few of them remained after 2 ns
trajectory.

It is worth mentioning that the guanidinium-carboxylate interactions were not gone following a
consecutive order, in a zip fashion, from the ends of the ligands to the inner guanidinium groups but
in a more disordered way. In the case of tetraguanidiniums, two ligands remained bound to the
protein until the end of the trajectory by establishing punctual interactions only with the Asp352. In
the case of hexaguanidiniums, two of them were completely lost but two others remained bound by
one or two interactions with different chains.

The mean value for the X-CSCORE computed following the same methodology as in previous
calculations was 3.8, similar to that for the simulation of tetraguanidiniums on Sitel and slightly
lower than that for the simulation of the tetraguanidiniums on Site2. A plot of the RMSD of the
backbone showed that, somehow, the hexaguanidiniums slightly stabilized the tetramer, delaying
the disruption which typically appeared in their absence. However a more generalized disruption of
the structure occurred.

The evolution of the secondary structure showed a disruption of the first part of the helix D since
around 2 ns trajectory. The effect on hydrogen bond distances and hydrophobic interactions was
similar to the experimented with the tetraguanidiniums.

VI.2.3. Conclusions

Hexaguanidiniums showed behaviour similar to that of the tetraguanidiniums on the protein surface.
They proved to poorly stabilize the mutant structure due to their highly dynamic behaviour which
leaded to structures in which the hexaguanidiniums were bound to multiple alternative sites,
implying carboxylate groups of the same chain or of different chains. This caused a more
generalized disruption of the structure.
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VI.3. Calixarene ligands on the surface of p53TD

V1.3.1. Introduction

Cdixarenes are very attractive building blocks in supramolecular chemistry. They are easily
synthesized, have a very particular architecture with an inner cavity that can be modified to obtain
the desirable size. Concerning their applications, they are very versatile molecules.

Calixarene®® are [1]metacyclophanes that acquired their name because of the resemblance of the
shape of one of the conformers of the smallest member of their family to a type of Greek vase called

a calix crater. Calixarenes were classified as such since in 1978 Gutsche and cBWbrkers
discovered them while working on products previously reported by Ziffke.

C
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Figure 84. Scheme and different perspectives of the surface view of g]fdetacyclophane.
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Calixarenes can exist in several conformations: depending on the position (up or down) of each of
the aryls®* Several computational studies were carried out on the si3fe@hus in the case of
calix[4]arene§*” such as those considered in the present study, there are four possibilities as
schematized in Figure 85. That preferred depends on the existing substituents in the upper and in
the lower rim as well as on the physical state. In the solid state calix[4]arenes containing four endo-
OH groups, as well as the O-substituted compounds, exist in the cone confofiffatitowever,

in solution they are conformationally flexible at room temperature so that mixed conformations can
be found. When containing four endo-OH groups the cone conformation is favoured against the
others. Changing these groups for H-, MetO- or even EtO favours partial cone and alternate
conformations. The interconversion between conforfif@rinvolves a “lower rim through” the
anrulus pathway and an EtO group is not still bulky enough to avoid it. Larger substituents do block
this movement conformationally immobilizing the calixarenes. Another possibility to prevent
complete conformational interconversion is the immobilization by establishing B ween

the groups in the lower rim.
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Figure 85. Conformations of calix[4]arenes

Both the lower and the upper rim of calixarenes can be modified by organic synthesis in infinite
manner$**? Many works have been reported on esterificated, etherificated and bridged calixarenes
in their lower rim. Also intermolecular bridging has been reached. Most of the selective
functionalization of calix[4]arenes at the lower rim has the aim of blocking them in a rigid cone
conformatior*® Other works deal with the modification of the upper rim: halogenation,
sufonation, alkylation, acylation, aroylation, arylation, aminomethylation, etc. Bridges have also
been constructed in the upper rims of a single molecule or between molecules. Further
modifications include methylene group oxidations, aromatic ring oxidation to quinones, aromatic
ring oxidation to spirodienones, and the formation of chiral calixarenes by attaching a chiral group,
selective functionalization, polymerization, etc.

The field in which the calixarenes are more useful is analytical cheliffst#/! because of their
chamical sensing properties. Depending on their functionalization they can bind ions or even neutral
molecules. They are also important in liquid-liquid extraction, membrane transport and ion selective
electrodes. Specific calixarenes have been found to bigda@l G, fullerenes, forming 1:1
supramolecular complexé’®

VI.3.2. Goals

In collaboration with Javier de Mendoza' s Group at ICIQ and Ernest Giralt's Group at PCB, the
binding affinity of two different tetraguanidilated calix[4]arene ligands (see Figure 86) with p53TD
was tested expecting them to stabilize the mutant protein. Both calixarenes have four chains of one
carbon and a positively charged guanidinium group in their upper rim. They differ in their lower
rim. “CalixBridge” has ether chains as bridges between one and other fenolate. “CalixProp” has
four propyl chains.
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Figure 86. Calixarenes tested. At the left, the called CalixBridge from now on in this work. At
right, the called CalixProp.

VI.3.3. Methods

Molecular Dynamics simulations were carried out on p53TD and R337H p53TD plus the ligands, at
standard and at denaturing conditions. The database files of GRORIAGSre modified
acordingly to define suitable parameters for the calixarenes.

The protein-ligand complexes were composed of one protein and two equal calixarenes, placed in
the specific way as to have their lower rims interacting with the hydrophobic pockets of the protein

between the four chains forming the tetramer (Figure 87). The guanidinium groups were placed with
the appropriate orientation to interact with glutamate 336 and glutamate 339 of two different chains
situated in an “A-C” position (See the left part of Figure 87). Thus the calixarenes were surrounded
by parts of the protein that have notable affinity for corresponding parts of the ligand.

e

E339 &

AN

Figure 87. Initial structure, which had calixarenes bound to p53TD by establishing
hydrophobic interactions with their lower rim and hydrogen bonds with their upper rim.
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Each protein-ligand structure was embedded into a rectangular box. The structures involving p53TD
had a volume such as to let a distance of 9A from every wall to the nearest part of the complex.

The analyses were carried out over the trajectories for the new systems.

VI.3.4. Results

RM SD of the protein backbone

From the analysis of the trajectories obtained during the molecular dynamics simulations on the
wild type protein, we observed that in the presence of CalixBridge the RMSD was slightly higher
than in its absence at 300K (light blue trace compared to red trace in Figure 88) as well as at 400K
(orange trace compared to dark blue trace in Figure 88). The largest difference was of around 0.5 A.
Moreover the fluctuations experienced by the protein at 400K (dark blue trace in Figure 88) were
minimized in the presence of the ligand.

A
4.0

W p53TD, 300K
m p53TD, 400K

p33TD CalixBridge, 300K
W p53TD CalixBridge, 400K

ns

Figure 88. Comparison of the RMSD versus time for the wild type protein in presence and in
absence of CalixBridge.

In the presence of CalixProp the behaviour at 400K was very similar to that in the case of
CalixBridge (orange trace in Figure 89). At 300K (light blue trace) the trace evolution almost
superposed with those from p53TD alone. Again sudden fluctuations like the suffered in p53TD at
400K were present neither at standard conditions nor at denaturing conditions.
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A
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- W pS3TD, 300K
‘ B p53TD, 400K
20 W p53TD CalixProp, 300K
' B p33TD CalixProp, 400K
1.0

Figure 89. Comparison of the RMSD versus time for the mutant protein in presence and in
absence of CalixProp.

Concerning the mutant protein, the RMSD revealed that at 300K the structures visited during the
simulations when CalixBridge and CalixProp were present were almost identical to those obtained
with R337H p53TD with no ligands (brown traces in Figure 90 and Figure 91).

A
4.0
3.0 W R337H p53TD, 300K
' B R337H p53TD, 400K
20 BR337H p53TD CalixBridge,
' 300K
R337H p53TD CalixBridge,
1.0 400K

Figure 90. Comparison of the RMSD versus time for the mutant protein in presence and in
absence of CalixBridge.

At 400K, a highly remarkable stabilization due to the calixarenes was revealed. Whereas the trace of
the mutant protein (violet traces in Figure 90 and Figure 91) reached large values from the

beginning and kept on raising until the end, the traces of the mutant protein with the calixarenes
remained among the values characteristic for the protein at 300K (pink traces in Figure 90 and

Figure 91).
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Figure 91. Comparison of the RMSD versus time for the mutant protein in presence and in
absence of CalixProp.

In other words, we found that the calixarenes did not disturb the dynamics of p53TD, but also
strongly stabilized R337H p53TD.

Time-evolution of the secondary structure

Figure 92 shows the time-evolution of the secondary structure during the simulation of the mutant
protein with CalixBridge bound. The plot revealed a behaviour similar to that of p53TD at 400K.
Also in this case, th8-sheets between residues from Glu326 to Gly334 suffered slight alterations
between chains B and C in the second half of the trajectory. The secondary structure ofdhe four
helices remained unchanged during the whole trajectory except for some punctual distortions at the
tail of helix C around 8.5ns and some disruptions of the first residues of the helices at certain steps.
However, these alterations were very small and always easily recovered avoiding spread of the

distortion.
-E226 ‘ “ z : " ST ) ‘” ‘I“ "‘ A I i \}‘ iy 1 IR " ikt
A R335
=(G356 O Y MR Lo I (RIS L e !
= L i (I oy o g
[l 1
B
N { LT Wl Ny i T G IRy i s i |
= . | L " TR | i ! Iyt J ‘H”I‘W“\“” ”‘”“\I\HH\‘
e i ‘ ] i rh =M
|
L L Laad al s Wb e 1‘1||l T T R e ‘”mv! ' Iy
- | . : : S Lyl g
! : Ll : \Il\q\‘l 1 b
D
L A e " | | S R
0 5 10 ns

Figure 92. Time-evolution of the secondary structure of R337H p53TD at 400K when
CalixBridge was bound.

Figure 93 shows the time-evolution of the secondary structure during the simulation of the mutant
protein with CalixProp bound. In this case very small distortions iMdtkkeets were observed
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between chains A and D as green traces indicatea-He¢ices also remained undisturbed from the
beginning to the end except for punctual recovered disruptions. Note that the alterations in Met340
and Phe341 previously seen in the simulation of R337H p53TD at 400K did not appear in any case
when the ligands, CalixBridge or CalixProp, were bound to the mutant protein.
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Figure 93. Time-evolution of the secondary structure of R337H p53TD at 400K when
CalixProp was bound.

Hydrogen bond distances

The same analysis involving hydrogen bonds, carried out in the study of R337H p53TD versus
p53TD at thermal denaturing conditions, was performed for R337H p53TD bound to calixarenes.
Thus the interactions GIn333Asn345,, Arg/His337-Asp352, Arg333,-Asp352, Arg/His337%-
Asn345,, Arg/His337%-Glu349%, and Arg333-Glu34%, were measured as well as the analogous
interactions between chains D-A, B-C and C-B. The two hydrogen bonding interactions in the
dimer-dimer interface were also measured: Arg/Hig38W343. (and analogous Arg/His337
Glu343,, Arg/His33%- Glu343, and Arg/His33%- Glu343) and Lys351-Glu343 (and analogous
Lys3515- Glu343,, Lys35%- Glu343, and Lys353- Glu343).

The analysis of the interactions between residues belonging to the same primary dimer revealed that
the hydrogen bonding interactions remained completely disturbed in presence of the calixarenes.
However in the cases in which the interactions were completely lost, the distances between the
residues from each pair were shorter than in the mutant protein alone. This indicated that although
the hydrogen bonding interactions were not recovered, the relative disposition of the residues was to
some extent closer to their relative disposition in the wild type protein. For the sake of brevity only
two plots are shown in Figure 94a and Figure 94b. The blue traces in the figures represent the wild
type protein, the violet traces represent the mutant protein and the pink traces, the mutant protein
with calixarenes bound on its surface. In this case the interactions correspond to,ABHB338,
andArg333,-Asp352. It can be observed that the pink traces representing the mutant protein with
ligands did not superpose to the blue traces but had behaviour more similar to the violet.
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Figure 94. Hydrogen bonding distances a) Arg333Glu349, and b) Arg333,-Asp35% in
p53TD, R337H p53TD and R337H p53TD-CalixBridge at 400K.

In the case of CalixBridge the distances were sometimes shorter than in the case of CalixProp but
the difference was not significant. Concerning the interactions in the dimer-dimer interface, both
Arg337-Glu343 and Lys351-Glu343 behaved exactly equal as in the mutant protein alone. The
interactions Arg337-Glu343 were never at ideal distances but at distances even reaching values
above 10A. The interactions Lys351-Glu343 remained very stable during the whole dynamics
fluctuating between 2 and 6-8 A

Therefore although the calixarenes stabilized the protein, the hydrogen bonds in general were not

reinforced. Further analysis on the hydrophobic interactions would reveal the secret for the ligands
to maintain the architecture near by the conformation of that characterized by X-ray diffraction.

Hydrophobic interaction distances

The same analysis performed on the hydrophobic interaction distances in the comparison of the wild
type protein and the mutant protein was carried out here for the mutant protein in the presence of
calixarenes at 400K. Thus the interactions taken into account were again 8337y, 1le332-

Phe341,, Arg/His337-Met34Q,, Arg/His337-Phe34}, Met34Q\-Phe34}, Met34Q-Met34Q,
[le332,-Leu33Q, Phe341-Phe34} and Leu338-Phe34} (and analogous interactions involving
different chains).

Plots like in the previous section were obtained here. The wild type protein was represented in blue,
the mutant protein in violet and the mutant protein with ligands, in pink. The three were compared
at 400K. All the possible hydrophobic interactions existing in the mutant protein showed recovered,
the pink traces always fluctuating between 2 and 4A, perfectly superposed to the blue traces. Figure
95 shows two examples: Arg/His33Phe34} and lle332-Phe34} in the case of CalixBridge.

These were two of the interactions that experienced the larger changes in the mutant protein at
400K. In these graphics, the difference due to the binding with calixarenes was evident.
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Figure 95. Comparison of hydrophobic interaction distances in p53TD, R337Hp53TD and

R337H p53TD-CalixBridge at 400K; a) Arg/His334-Phe344;b) lle332,-Phe341%.

Herce the hydrophobic distances maintained like in the wild type protein provided the preservation

of the original functional structure even at denaturing conditions.

Cluster structures and Contact Maps

For both calixarenes, and as a proof of their stabilizing power on the protein, only one
representative organization was found when clusters (Figure 96) in the ordinary conditions were
searched for the mutant protein at 400K. The found structures were very similar to the averaged
structure of the wild type trajectory. The three-dimensional disposition of the residues in the
presence of CalixBridge appeared to be slightly more ideal. However the structure reached with

CalixProp was as stable as the one reached with CalixBridge or even slightly more.

Figure 96. Representative structures obtained by clustering from the dynamics of the mutant
protein bound to a) CalixBridge and of the mutant protein bound to b) CalixProp at 400K.
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VI.3.5. Conclusions

Both CalixBridge and CalixProp were able to bind p53TD and R337H p53TD for long time
trajectories of 10ns. Their lower rims interacted with several sidechains of the residues involved in
the hydrophobic core, which belonged to different monomers. At the same time the four
guanidinium moieties in their upper rim interacted with the carboxylate groups on the surface of the
protein also belonging to different chains. This did not disturb the wild type protein in a noticeable
way, and strongly stabilized the mutant protein in a conformation very similar to that of the wild
type protein.

The hydrogen bonding interactions essential in maintaining the tetrameric structure and that were
highly disturbed in the mutant protein were not maintained in the presence of calixarenes either.
However, the most important hydrophobic interactions in supporting the tetramer and which were
also largely perturbed in the mutant protein were maintained at their ideal distances when the
calixarenes were present.

The two calixarenes presented similar affinity for the R337H p53TD protein and stabilized it in a
very similar way. However, CalixProp seemed to change its structure slightly more.

VI.3.6. Experimental results

Both CalixBridge and CalixProp were synthesised by V. Martos and J. de Mendoza at ICIQ and the
protein-ligand binding was studied by S. Gordo and E. Giralt at the PCB. Indeed, CalixProp is still
under study.

Experimental results on CalixBridge validated the rational design of J. de Mendoza. NMR
experiments permitted to prove that the ligand bound the protein by inserting its lower rim in the
hydrophobic core while the upper rim remained outside. Microcalorimetry experiments showed a
recovering of the thermal stability of R337H p53TD mutant (see Figure 97), in presence of
CalixBridge, to nearly that of the wild type protein. The computational results presented above fully
agree with the experimental evidences. Further information provided by NMR provided insight on
the mechanism of the protein-ligand recognition events. While for the stable and well packed wild
type the two binding sites showed equivalent and independent, for the mutant protein, more flexible
and less stable, the binding of the two ligands seemed to be sequential and implying some structural
rearrangements to the plasticity of the protein.
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Figure 97. Thermal stabilization induced by CalixBridge. The presence of the ligand shifted
the unfolding endotherms for p53TD (a) and p53TD-R337H (b) towards higher temperatures.
While the stable wild type p53TD experienced a small uniform shift (from 85.5°C to 86.9°C),
mutant p53TD-R337H melting temperature was asymmetrically shifted up to 20°C. Black
traces represent the free proteins and colour ones correspond to the presence of a ligand
excess of 0.4 (magenta), 2 (blue), 4 (yellow), 8 (red) and 16-fold (green).
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VIl.  Undecaguanidinium ligands on the surface of a B-DNA
molecule

VII.1. Introduction

The Deoxyribonucleic acid (DNA) is the macromolecule which encodes the genetic material. It is a
double-stranded molecule twisted into a helix in which the two strands intertwine with each other
(see Figure 98a). Each strand is comprised of a sugar (deoxyribose)-phosphate backbone and
attached bases through which it binds to the other complementary strand by hydrogen bonding (see
Figure 98b and Figure 98c).
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Figure 98. DNA structure.

As a result of the patterns of hydrogen bonding between complementary bases, the glycosidic bonds
corresponding to each base pair are not diametrically opposite each other. Thus, taking as reference
the glycosidic bonds, each base pair has a larger side and a smaller side which define the so-called
major and minor grooves along the DNA molecule. Figure 99 shows the major groove between the
two glycosidic bonds in a base pair marked in violet. The minor groove appears marked in green.
Figure 98c shows both grooves in the double helix structure.

DNA can be found in several conformatidi{€. Its most common form in living organisms is the
B-DNAPF®Y in which the double helix is twisted as a right-handed spiral and the major and minor
grooves are respectively 22A and 12A wide. As the major groove is more dependent on base
composition, is there where proteins interact with specific sequences oFBNA.

There are four types of bases: adenine (A), thymine (T), guanine (G) and cytosine (C). Adenine

exclusively binds to Thymine by means of two hydrogen bonds and Guanine to Cytosine by means
of three hydrogen bonds. The sequential disposition of these bases along the molecule is what
encodes the necessary information to construct proteins, RNA and other molecules in the cell.
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Besides hydrogen bonds between base pairs, the double helix is also stabilized by a hydrophobic
effect and byr-stacking interactions between the bases, which do not depend on the sequence of
DNA.

In the DNA molecule the reversibility of hydrogen bonding is crucial as it permits the separation of
the two complementary strands and their binding again, which is essential for the molecule to carry
out its biological functions. The processes of replicgﬁbnranscriptioﬁ“' #land translatidf are

clear examples. DNA can establish two types of interactions with proteins: specific and non-
specific.

Concerning specific interactions with the double helix, the base faces oriented towards their
complementary bases to establish hydrogen bonds are not accessible from outside the double helix.
However, some base features can still be recognised from the minor groove and especially from the
major groové®®? Figure 99 shows these features in red, being A hydrogen acceptors and D
hydrogen donors.

A-T G-C

Glycosidic

Glycosidic
bond

bond

Minor groove Minor groove

Figure 99. Base pair patterns recognized from the Major and Minor grooves.

When a protein is in contact with the major groove, the two base pairs and their two orientations can
be distinguishédf®, so the protein can choose one of the four possibilities A-T, T-A, G-C or C-G.
The possible chemical contacts in the major groove for A-T are (reading form left to right in Figure
99): hydrogen acceptor, hydrogen donor, hydrogen acceptor and methyl group, or A-D-A-Me. This
sequence can be distinguished from Me-A-D-A, which is the possible sequence of contacts in T-A.
In the same way the sequences for G-C and C-G are also specific, being A-A-D-(blank) and (blank)-
D-A-A respectively. In contrast, contacts in the minor groove appear nearly identical between A-T
and T-A (with sequence A-A) and also between G-C and C-G (with sequence A-D-A).

Specific interactions with DNA are established by Transcription Factors, proteins that regulate
transcription by facilitating the binding and activity of the RNA polymerase. Transcription Factors
recognise determined sequences of bases by interacting directly with them in the major groove.

Non-specific interactions show lower affinity, as they are mostly weak interactions between
positively charged residues on the surface of the protein and the negatively charged phosphates in
the major and minor grooves of the DNA backbone. Hisféfeare examples of proteins that bind

DNA in this way. They are basic proteins that are rich in positively charged lysine and arginine.
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These residues bind to the negatively charged phosphates of DNA. The DNA wraps around the
proteins thus leading to a more compact and organized form of the genetic material, called
chromatin.

In medicinal chemistry, the rational design, inspired on nature, of specific and non-specific DNA-
binding ligands has growing importance and could give rise to potent therapeutic drugs in the
future.

Concerning specific interactions, the Triplex-forming oligonucleotitfe§TFOs) and the Peptide
Nucleic Acids (PNASY"® are two examples of tools widely used. Both kinds of ligands bind to the
DNA by invading the double helix and forming triplex, being complementary to one of the DNA
strands. TFOs and PNAs can inhibit transcription by competing with transcription factors or, on the
contrary, can increase gene expression if they are bound to a transactivator protein domain. Their
capability to bind DNA can also be used to increase rates of site-specific mutagenesis and site-
specific recombination, by linking them to mutagens or DNA fragments homologous to the targeted
site.

Other designed molecules have been synthesized combining different moieties to small molecules
known to bind DNA in a specific manner, such as netropsin, distamycin A and lexitr6psins.
Following this strategy Juan B. Blanco et al. designed in 2006 a synthetic short peptide which binds
to DNA in a highly (sequence) specific manH&t.

Intercalation is another useful type of DNA-ligand interaction, which can be specific or non-
specific. It consists of a ligand of the appropriate size and chemical nature that inserts itself in
between base pairs of DNA by establishirg stacking interactions, and often hydrogen bonds,

with the planar aromatic bases. In a lot of cases the intercalators are polar or even charged so
electrostatic interactions seem to have also large importance. These ligands are generally polycyclic,
aromatic and planar and are used as antibiotics and in chemotherapy to impede the replication of
tumour cells.

Other non-specific interactions are used to deliver DNA into the cell nUéi8uEhere are two

types of gene carriers: vii¥! and cationic molecular carriéfé! combination of nucleic acids

with cationic lipids(lipoplexes) and/or cationic polymers(polyplexes). Cationic lipids and cationic
polymers bind DNA molecules by electrostatic interaction with the phosphate backbone. Due to the
positive charge the complexes interact with cell surfaces and are absorbed by endocytosis.
Polycations used for gene delivery are very promising due to the infinite structural possibilities with
different physicochemical properti€®? Polycations used are normally polyamines, cationic at
physiologic conditions. The carriers must show low toxicity, must evade the immune system,
minimize interactions with proteins in the plasma and non-targeted cell surfaces and must not
aggregate. Physicochemical stability of simple DNA-polycation complexes is often limited by the
fact that in physiological saline the charge is masked by the presence of salt and the complexes
aggregate. In order to overcome this problem polymers such as polyethylene glycdf(PEG)
dextrar®® and poly(N-[2-hydroxypropyllmethacrylamide) (PHPM&Y have been used to
provide steric stabilization.

When a DNA molecule is complexed with a vector the molecular size and surface charge of the
complex affect its distribution in the body and the efficiency of transfeBfi5i® Lipoplexes and
polyplexes combined with small molecules like folate or galactose or proteins like transferrin and
antibodies, which interact with surface receptors, should allow the targeting of specific cell types.
For instance, transferfii® has been used to target tumour cells and galactose-containing
ligand§™, to target hepatocytes.
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VIl.2. Goals

In collaboration with the Javier De Mendoza’ s group the main objective was the prior-to-
experiment in-silico design of several oligoguanidinium ligands to explore whether they can
potentially bind DNA in a non-specific manner. The oligoguanidiniums tested were formed by

eleven bicyclic charged guanidinium groups linked to each other by means of different kinds of
spacers (Figure 100).
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Figure 100. Ligands tested.

A tetraguanidinum compound composed of four bicyclic guanidinium subunits linked through short
thioeter spacers (-GF5-CH,-) had been previously studied bound to two different tetraanionic
sajuences on p53TD surface (see Chapter VI). Here, seven more guanidinium subunits were added
to the tetraguanidinium structure leading to an undecaguanidium ligand. This was tested on its two
enantiomeric forms SS (ligaridin Figure 100) and RR (ligar@lin Figure 100). By changing the

thioeter spacers to disulfide spacers (34S-CH-) ligand 3 in Figure 100 was also constructed
ard tested.

Figure 101. Undecaguanidiniums on the phosphate backbones of a dodecanucleotide (only one
ligand shown for clarity).

136



UNIVERSITAT ROVIRA I VIRGILI
COMPUTATIONAL STUDIES ON SUPRAMOLECULAR HYDROGEN-BONDED STRUCTURES:
FROM NANOCAPSULES TO PROTEINS

Eva Santos Garcia Lo .
ISBN:978-84-691-8850-7/DL:T-1276-2008 Undecaguanidinium ligands on the surface of a B-DNA molecule

The motivation to test these particular ligands came from several experimental reasons. ligands
and 2 had been previously synthesized and proved to be active as cell penetrating vectors by the
experimental group” Ligand 3 was suggested as its synthesis could be easily carried out by
means of the polymerisation of bicyclic guanidinium moieties with sulphydril groups in oxidative
conditions. The length of the oligoguanidinium could be controlled by applying the principles of
Dynamical Combinatorial Chemist, which allows the synthesis to occur through reversible
covalent reactions while in the presence of a template. Thus in presence of a dodecanucleotide the
guanidinium-SH moieties would bind the phosphates establishing at the same time disulfide bonds
with other neighbour guanidinium-SH moieties until reaching the length desired of the
undecaguanidinum. This would be applicable to DNA fragments of different lengths.

Once demonstrated high affinity of the oligoguanidiniums proposed for DNA molecules, their
applicability would be widely versatile. The ligands confer lipophilicity to the DNA structure, as
phosphates are prevented from establishing strong hydrogen bonds with water molecules, these
being displaced by guanidinium groups. The gain in lipophilicity would permit a separation of the
fragments from water to organic phases. Having a mix of DNA fragments of different lengths, their
separation by means of binding to oligoguanidiniums would be specific and dependent of the ligand
length.

Further applications taking advantage of the lipophilic properties transferred to the DNA fragments
could be related to transfection. Indeed oligoguanidinium-based cell delivery systems have gained
interest in drug delivery since one decade ago due to the previous identification of guanidinium-
containing proteins, such as Antennapedia homeodomain (Antp) and Tat peptide, able to transport
non-permeant molecules across the cell memBf4R&® Non-peptidic structures with similar
functionality are pursued since peptides are easily hydrolyzed by peptidases in vivo and have
complex pharmacokinetic properties. Tetraguanidinium compounds analogduan?2 in the
present chapter have been proved to efficiently penetratd*G2lEhese compounds have shown
more efficient translocation through HeLa membranes than Antp or Tat at very low concentrations.
Furthermore the latter do not cross the mitochondrial memBfanehereas tetraguanidinium
speifically targets mitochondria.

One step forward could be the addition of new moieties to the structure of the ligands under study in
the present work, in order to reach new anchorage points with the DNA base pairs. These new
moieties could be, for instance, intercalant groups which would bind to the nitrogenated bases by
stacking. Some intercalant molecules have proved to have more affinity for some particular bases so
if they were included in the design of the ligand, a sequence-specific binding could be reached.

VII.3. Structures under study

The DNA structure used was the so-called Dickerson Dodecamer (5'-CGCGATATCGCG-3’). The
structure was constructed with the module Biomolecules in the Insightll software (Biosym
Technologies Inc. San Diego, CA).

The undecaguanidiniums were docked by hand to the dodecanucleotide strands by orienting the —
NH donor groups in the guanidiniums towards the —O atoms in the phosphate backbone of the DNA
molecule, therefore establishing eleven charged hydrogen bonds with each strand. The hydrogen
bonding distances were lead t8A. The angle between the atoms —N-H-O intervening in the
interaction was fixed at approximately the ideal value of 180°, thus the hydrocarbon crest of the
ligand pointing to the outside of the complex which would be surrounded by solvent. The program
used to construct the complexes was Maestro (Schrodinger Inc., New York, NY, USA).
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It should be noted that the —G8-CH,- spacer, which nicely fits the distance between phosphates,
is much shorter than —GF8-S-CH-. C-S bonds are 1.8A in both cases but in the second case S-S
bords lengthen the spacer in 2A. However, the flexibility of the —C-S-S-C- dihedral angle which
ideal value is 90°, allowed also in this case a correct orientation of the guanidinium groups facing
the phosphates.

The complexes tested were: DNA plus two ligands in the three cases studied and DNA plus one
ligand for the cases of ligan@sand3.

VIl.4. Methods

Each of the DNA-ligand structure was set into a box of water molecules, with a volume such as to
let a distance of 9A from every wall to the nearest part of the compleX?8E model was used

to simulate water molecules. Counter-ions were added when needed to ensure the overall electric
neutrality of the system. Periodic boundary conditions were used. Anflerges the force field

chasen to describe the bonding, van der Waals and electrostatic interactions. The simulations were
carried out using GROMAC®’ The database files of GROMACS were modified to include
suitable parameters for the ligands.

The atomic charges in the ligands were assigned by following a systematic method which avoided
ab-initio calculations on the whole ligands, what was very time-spending. The charges for the
molecules in Figure 102 were calculated by applying the Restrained Electrostatic Pot&ftial fit
(RESP) from a quantum mechanics optimization with Gaussi4dfioat the HF/6-31G(d) level.

From a triguanidinium like the represented in Figure 102a, atomic charges for any terminal bicyclic
guanidinium moiety and also for any central bicyclic guanidinium moiety were obtained (marked
with a red rectangle). The charges for analogous atoms were slightly different between the two
fragments. From calculations on molecules as the represented in Figure 102b, the charges for the
atoms in the spacers were assigned. Then, all the values were fit in order to conserve overall
neutrality of the ligands (the final charge assignment is detailed in the Appendix). Thus, if new
ligands based on bicyclic guanidinium moieties were constructed, the charges would have to be
calculated only for the spacers, in case they were different from the used in the present work.

a)

H o H

Terminal bicyclic Central bicyclic
guanidinium moiety  guanidinium moiety

b)

S| AN A 3 3N S ,C\
C "8 CH
H2 Hz H2 3

Spacers

Figure 102. Scheme showing the molecules on which RESP calculations were applied to obtain
the atomic charges for the ligands under study.
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The equilibration protocol used was three-stage: 100ps constant temperature; 100ps constant
pressure; 100ps constant temperature. The total MD time was of 5ns except for the case of one
simulation in which the total time was of 10ns. Structures were picked every 2 ps. Long-range
electrostatic interactions were taken into account by the Particle-mesh Ewald (PME) fi8thod.
VdW interactions were truncated at a cut-off distance of 10A. Newton equations were integrated
using a time step of 2fs. The simulations were performed at constant temperature in the NVT
ensemble using Berendsen coupling meffibavith a coupling time of 0.1ps. The constraints to the
equilibrium for the bond lengths were managed by means of the Linear Constraint Solver LINCS
algorithm®™!

Themolecular dynamics carried out were the following:

* 5ns DNA plus two ligand$ at 300K with fixed DNA.

e 10 ns DNA plus two ligand® at 300K with fixed DNA.
* 5ns DNA plus two ligand8 at 300K with fixed DNA.

* 5ns DNA plus one ligand at 300K with flexible DNA.
* 5ns DNA plus one ligand at 400K with flexible DNA.
* 5ns DNA in absence of ligands at 300K

* 5ns DNA in absence of ligands at 400K

In simulations in which two ligands were present no counter-ions were added to the system as the
11x2 positive charges of the guanidinium groups were neutralized by the 11x2 negative charges
present in the DNA dodecamer. Indeed oligoguanidiniums with exactly 11 bicyclic groups were
constructed on this purpose, in order to avoid competition with Na+ ions in these particular
dynamics. In the simulations of one only ligand bound to the DNA molecule 11 Na+ ions were
added in order to neutralize the system. In absence of ligands, 22 Na+ ions were added for the same
reason.

GROMACS analysis tools were used to analyze the trajectories. Time-averaged interaction
distances were computed for each guanidinium phosphate interaction in a simulation. The distances
were considered between the atoms directly involved in the interactions. Root Mean Square
Deviation of the DNA molecule was analyzed in different cases in order to see to what extent the
ligands disturbed or not the structure of the dodecanucleotide. Radial Distribution Functions were
computed to observe the changes in the solvent and ion distributions around the double helix due to
the presence of the ligands.

VII.5. Results

The simulation of a fixed oligonucleotide with two ligandisoounded on the surface at standard
conditions was compared to the simulation of the DNA molecule with two ligahdariled at the

same conditions. The ligands, only differing in their chiral centers behaved differently along the
dynamics. In the case of ligantisboth of them changed their initial conformation in such a way
that the central guanidinium bicycles lost interactions and made loops falling into the DNA groove
(see Figure 103a). This was caused by the tendency of the ligand with RR centers to turn left
forming a left-handed helix whereas the DNA molecule chosen in the present study was right-
handed. The fallen of a part of the ligand in the groove was evident before 5ns. On the contrary, the
global right-handed orientation of ligar] with SS centers, permitted the molecule to remain
perfectly aligned with the phosphate path with the —N-H donor groups pointing to the phosphates
and the opposite site of the bicycles oriented towards the solvent (see Figure 103b)1 vigaidi
probably fit nicely a Z-DNA molecule, which is left-handed.
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Figure 103. Side view of the structures picked at 4.6ns time from trajectories with the DNA
atoms fixed and two ligands 1 and 2.

Ligands2 remained on the surface of the fixed DNA molecule for 10 ns total time trajectory. The
average distance during this time was calculated for each of the 11 hydrogen bonding interactions
established between the DNA and the ligand (see Figure 104 b). For the sake of clarity two equal
ligands bound to the same DNA molecule are called herein ligand A and ligand B. The DNA-ligand
interactions are referred to with one number from 1 to 11, being interaction 1 the one established
with one guanidinium group at the end of the ligand. The interaction established with the following
guanidinium is named number 2 and those consecutive have increasing numbers until number 11,
corresponding to the interaction at the opposite end of the undecaguanidinium. The average
interaction distances were measured between the hydrogen atoms of the —NH donor groups of the
guanidiniums and the acceptor atoms —O of the phosphate groups.

Figure 104 b shows that most of the interactions remained fixed at around 2A, which is the ideal

interaction distance. At the end of 10ns one of the two ligands, ligand A, had lost only interactions

number 1 and 11 (values larger than 2-3 A). Ligand B had lost number 1, 9, 10 and 11. 1 and 11
were terminal interactions and were the first gone. Further on, 10 and after, 9 were also lost. The 5
central interactions remained especially stable along the whole trajectory.
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Figure 104. Time-averaged interaction distances for the consecutive DNA-ligand contacts (1 -
11) of each of the two oligoguanidiniums A and B bound to the double helix; a) , and c) refer
to the first 5ns trajectory with ligands 2 and 3 on fixed DNA at standard conditions; b) refers
to the first 10ns with ligands 2.

In a 5ns analogous simulation, ligaBdkshowed similar behaviour to that Bf as it had also RR
chirality. Figure 104c shows the time-averaged distances in this case. Although the simulation was
extended to 10ns in the case of ligghdhe distances were also averaged for the first 5 ns and
shown in Figure 104 a, for a fair comparison with the other ligand.

At 5ns only one/two interactions had been lost in the case of I@dndthe3 case (Figure 104 c )

all the interactions in ligand A remained stable whereas 3-4 of those terminal in ligand B were lost.
The evolution of the binding of ligand® was similar to that of ligandg. In both cases the
visualization of the dynamics showed a higher instability of the interactions at both ends of the
undecaguanidinium in comparison with the rest of interactions. The terminal interactions were first
lost, sweeping out the subsequent units, which consecutively dragged along further guanidine units
in the same way. The central units remained relatively undisturbed and attached to their original
binding sites.

Figure 105 shows a top view of the structure picked at 4.6ns from the trajectory of ligand 2. Only
one ligand molecule has been drawn for clarity. It can be observed that the hydrogen bonds (shown
in yellow) are well oriented in most of the guanidinium-phosphate pairs and that four of the terminal
interactions are lost.
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Figure 105. Top view of the DNA-ligand 2 structure at 4600ps at 300K.

It is remarkable that the simulations permitted to prove a similar behaviour for oligoguanidiniums
with spacers as different in length as —-£34CH,- and —CH-S-S-CH-. Indeed the disposition of
ligands2 and3 around DNA strands was to some extent different, liggadopting more winding
conformations to maintain the 11 hydrogen bonds. This adaptation was possible due to the
flexibility of the —C-S-S-C- dihedral angle.

5ns Molecular Dynamics with ligan@sand3 with no restraints for the DNA molecule showed very
similar results. Also comparable results were obtained from simulation of an only H#dpmohd to

one of the strands of a flexible DNA double helix. This stated that the dynamics of a ligand onto a
DNA strand was independent of the existence of a second ligand onto the complementary strand.

The strength of the DNA-ligand interactions was evident from a 4ns trajectory obtained at 400K in
which a single ligand2 was interacting with a flexible DNA molecule. The time-averaged
interaction distances were around 2A except for 3 of the terminal, which reached values of around 5

A

Figure 106 and Figure 107 show the RMSD values obtained for the entire DNA molecules in
simulations carried out applying no restraints to the dodecanucleotide at 300K and 400K
respectively. The structure of reference was the initial DNA structure.

H DNA+3 (o

Figure 106. DNA RMSD in trajectories carried out with flexible DNA at 300K.
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At 300K the DNA molecule in absence of ligands fluctuated between 2 and 4 A (red trace in Figure
106). The presence of two ligan8saused an increase in the fluctuations to values of 2-5 A (blue
trace in Figure 106 ). The presence of one unique ligasldowed structures with higher RMSD
values of 5-6.5 A in the 1.5-2 ns interval and values of 2-5 A further on (violet trace in Figure 106).
However it is remarkable that in any case the ligands caused an irrecoverable change in the
dodecanucleotide as the highest values in RMSD were not caused by changes in the binding of the
couples of nitrogenated bases but by bending of the whole DNA double helix.

L W iy

Figure 107. DNA RMSD in trajectories carried out with flexible DNA at 400K.

Ligand 2 (green trace in Figure 107) did not disturb at all the double helix, showing values very
similar to those obtained when no ligand was present, even reducing to some extent the fluctuations.
This profile was reproduced at 400K in the presence of an only IBéfigure 107).

It is remarkable that in the simulations the undecaguanidiniums had to compete with water
molecules and with Na+ ions. Figure 108a shows the representation of Radial distribution functions
(RDF) between a'8phosphate group and the water molecules in presence and in absence of ligand
2. At short distances some obvious picks appeared in the RDFs, which indicated that the water
molecules packed around the phosphate groups in shells. The higher peak appeared at around 1.7A
showing a higher organization at this distance due to the influence of the phosphate groups with
which the water molecules are able to establish hydrogen bonds. The following peaks were
probably due to the existence of the particular organization of this first layer. From around 6.5 A on
the RDF tend to a value of 1, as the function described the average density at long range. Both in
presence and in absence of ligand the peaks appeared at the same distances. However in the latter
case their intensities were lower due to the ligand occupying space in one direction at these
distances.
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Figure 108. Radial distributions between 8 phosphate group and water molecules (a) and
Na+ (b).

Figure 108b shows the representation of the RDFs betwe®plaogphate group and the Na+ ions.

In this case the functions showed more drastic differences in presence and in absence of ligand. In
absence of ligand (black trace) a highest peak appeared at around 2.3A showing a much higher
probability of finding Na+ ions within this distance. This was in agreement with a study reported in
2006 on the condensation of Na+ ions around the Bf#AThe following peaks were much lower

and broader indicating higher motion of the ions. In the presence of ligand no peaks appeared, the
function profile tending to 1 from the shortest differences. This meant that the oligoguanidinium
drastically displaced the Na+ ions from the proximity of the phosphate groups.

Thus, even in a highly competitive environment for the phosphate groups, the guanidinium-DNA
interactions were maintained along the trajectory. Moreover, some of the terminal interactions
which were lost were some nanoseconds further on recovered thanks to the anchorage provided by
successive guanidinium groups.

VIl.6. Conclusions

The ligands tested proved to fit the phosphate backbone of the DNA binding to it with high affinity
by means of 11 hydrogen bonds and remaining on the surface during long time simulation. This
took place in simulations were no restrictions were applied to the DNA molecule as well as in
simulations were all the DNA atoms were fixed.

It was necessary that the chiral centres of the ligands had an RR configuration to adopt a right-
handed orientation able to align with the helix of the dodecanucleotide simulated (B-DNA).

The length of the oligoguanidinium was important in order to reach a cooperative action of the
hydrogen bonds strengthen by the existence of nearby anchorage points (consecutive hydrogen bond
interactions).

The most terminal DNA-ligand hydrogen bonds showed to be the weakest, being the first in being
lost and pulling along consecutive interactions. Ligands lost one to three terminal interactions
sometimes recovered some nanoseconds afterwards thanks to the existence of neighbouring
anchorage points.
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Ligands 2 and 3 behaved very similarly in spite of having very different spacers. Although in
principle the distance between the guanidinum moieties in ligasdnore similar to that between
the phosphates, the flexibility of the —&B-S-CH- dihedral angle in ligan@ permitted also an
appropriate fit in this case.

When dealing with a flexible DNA, none of the ligands caused irrecoverable changes in the
dodecanucleotide structure, although lig8skemed to cause a slight bending of the molecule.

Even at thermal denaturing conditions the ligand remained on its initial binding site for all the time
computed (4ns) without losing interactions and without disturbing the DNA structure.

The presence of one ligand on a particular strand of the DNA molecule did not influence the
behaviour of a second ligand on the complementary strand.

High affinity of the oligoguanidiniums was proved to successfully compete with water molecules
and Na+ ions with high tendency to interact with phosphate groups.

145



UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL STUDIES ON SUPRAMOLECULAR HYDROGEN-BONDED STRUCTURES:
FROM NANOCAPSULES TO PROTEINS
Eva Santos Garcia

1sBN: 978-84 CGhaptesdt /on:1-1276-2008

146



UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL STUDIES ON SUPRAMOLECULAR HYDROGEN-BONDED STRUCTURES:
FROM NANOCAPSULES TO PROTEINS

Eva Santos Garcia

ISBN:978-84-691-8850-7/DL:T-1276-2008 General Conclusions

Chapter VIII

147



UNIVERSITAT ROVIRA I VIRGILI

COMPUTATIONAL STUDIES ON SUPRAMOLECULAR HYDROGEN-BONDED STRUCTURES:
FROM NANOCAPSULES TO PROTEINS
Eva Santos Garcia

1sBN: 978-84 CGhaptes Mt/ oL 1-1276-2008

148



UNIVERSITAT ROVIRA I VIRGILI
COMPUTATIONAL STUDIES ON SUPRAMOLECULAR HYDROGEN-BONDED STRUCTURES:
FROM NANOCAPSULES TO PROTEINS

Eva Santos Garcia

ISBN:978-84-691-8850-7/DL:T-1276-2008 General Conclusions

VIII.

Generd conclusions of the thesis

The following conclusions can be drawn from this thesis:

1-

The methods BP86/TZP and B3LYP/6-311G** were shown to be suitable for the study of
the tautomeric equilibrium involving the 2-ureidopyrimidinone (UPy). The Donor-Donor-
Acceptor-Acceptor (DDAA) dimer was demonstrated to be stronger than the Acceptor-
Donor-Acceptor-Donor (ADAD), due to the more favourable secondary interactions.

The presence of a GRgroup in position R of the UPy was shown to lower the
dimerization energy for DDAA and raise it for ADAD and also induced a thermodynamic
destabilization of the DDAA dimer with respect to the most stable monomer involved in
the equilibrium. This was in full agreement with experimental data. When the solvent
effects of CHCJ were included, the equilibrium between the monomers was shown to be
displaced towards the DDAA monomer.

The method BP86/TZP was shown to be suitable to study the interaction between (CTV-
3UPy) nanocapsules and fullerenes. However, an empirical correction term was required
in order to correctly describe thestacking interactions between the host and the guest.
RbRb was the (CTV-3UPy)nanocapsule that presented the best balance between the
enaggy released for forming the host and the host-guest interaction. The sequence for the
fullerene with highest affinity for the capsule to that with lowest affinity is the following:
Cg>Cy>Cre>Cre>Cr>Coo.  Experimentally, it is known thatge> Gyq > Cso. Therefore

our results are in agreement with experiment and are reliable in a predictive sense.

Molecular dynamics at thermal denaturing conditions was an appropriate method to study
the difference in stability between the protein p53TD and its R337H mutant. As recently
reported, the hydrogen bonding network supporting the tetramer was observed to be
disturbed by the mutation. However, in this study, the hydrophobic interactions in the
R337H p53TD were demonstrated to also be disturbed at 400K while they were unaffected
in the p53TD under the same conditions. The disruption process started with the lost of
hydrogen bonds and hydrophobic interactions with the residue 337, which caused
subsequent changes in nearby residues ending up in a distortion of the secondary structure
of thea-helices. The disruption was shown to later spread to the core of the protein.

The interactions of certain tetraguanidine ligands with the surface of p53TD and its R337H
mutant were investigated. The interaction between the wild type protein and this kind of
ligands had been previously tested by NMR, showing protein-ligand affinity. A certain site
herein called Sitel had been thought to be the most favourable. However, the simulations
carried out in the present work showed that the ligands did not form a stable complex when
bound to this site but they had a highly dynamic behaviour, leading to structures in which
the tetraguanidines bound to multiple alternative sites. Thus the ligands proved to poorly
stabilise the mutant protein structure due to this high dynamic behaviour on the protein
surface. This suggested the design of a longer hexaguanidine in order to have two
additional anchorage points. However, the behaviour of these ligands showed very similar
to that of the tetraguanidines. They did not remain bound to a specific site during
reasonable time either.

The calix[4]arene ligands herein called CalixBridge and CalixProp did reveal to be suitable

for the stabilisation of the mutant protein. Their lower rim interacted with several
sidechains of the residues involved in the hydrophobic core, which belonged to different
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monomers. At the same time the four guanidinium moieties in their upper rim interacted
with the carboxylate groups on the surface of the protein, also belonging to different
chains. This did not disturb the wild type protein in a noticeable way and strongly

stabilized the mutant protein in a conformation similar to that of the wild type protein.

Experimental results on CalixBridge showed a recovering of the thermal stability of the
R337H p53TD mutant, in the presence of the ligand, to nearly that of the wild type protein.
Therefore, the results obtained from the molecular dynamics were in agreement with
experiment.

The interactions of undecaguanidines with the phosphate backbone of a B-DNA molecule
were investigated aimed at predicting whether the ligands would have affinity for the

DNA, binding in a non-specific manner. The undecaguanidines were composed of eleven
bicyclic charged guanidinium groups bound by means of thioether or disulfide spacers.
Those ligands with an RR configuration of the chiral carbon atoms showed to have
considerable affinity for the dodecanucleotide, competing with Na+ ions and remaining

bound to the DNA surface for long time molecular dynamics.
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Appendix

Amber atomtypes and charges assigned to the ligands in Chapters VI and VII

2 17
1HO 4 5 6Bl 4
3 NS

>
O
3

O©CoO~NOU A WNPE

14 15
Terminal bicyclic

guanidinium moiety

Tetraguanidinium ( Chapter V1)

26 27 i

Central bicyclic
guanidinium moiety

Atomtype

amber94_25
amber94_43
amber94_11
amber94_19
amber94_72
amber94_73
amber94_68
amber94_69
amber94_70
amber94_72
amber94_19
amber94_70
amber94_69
amber94_76
amber94_76
amber94_19
amber94_19
amber94_18
amber94_19
amber94_19
amber94_18
amber94_19
amber94_11
amber94_47
amber94_11
amber94_19
amber94_19
amber94_71
amber94_72
amber94_73
amber94_68
amber94_69
amber94_70
amber94_72
amber94_71
amber94_70
amber94_69

19, 20
21 13
7N713 403331N 36 4
o 12 2 3ol
l\cl)1 23 82
|

29N o) N34

39

49

éS 48/

50

Charge

0.459245
-0.624955
0.034918
0.066985
-0.509523
0.437666
-0.053325
-0.028916
-0.033551
-0.509523
0.066985
-0.033551
-0.028916
0.352456
0.352456
0.066985
0.125850
0.075735
0.088600
0.088600
0.075735
0.125850
-0.262651
-0.232367
-0.262651
0.162944
0.162944
0.111760
-0.509523
0.437666
-0.053325
-0.028916
-0.033551
-0.509523
0.111760
-0.033551
-0.028916
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38 amber94_76 0.352456
39 amber94_76 0.352456

40 amber94_19 0.125850
41 amber94_18 0.075735
42 amber94_19 0.088600
43 amber94_19 0.088600
44 amber94_18 0.075735
45 amber94_19 0.125850
46 amber94_11 -0.262651
47 amber94_47 -0.232367
48 amber94_11 -0.262651
49 amber94_19 0.162944
50 amber94_76 0.352456

Hexaguanidinium ( Chapter VI )

Atom Atomtype Charge
1 amber94_25 0.477149
2 amber94_43 -0.651953
3 amber94_11 0.054137
4 amber94_71 0.092340
5 amber94_72 -0.483468
6 amber94_73 0.382835
7 amber94_68 -0.040140
8 amber94_69 -0.027761
9 amber94_70 -0.009741
10 amber94_72 -0.483468
11 amber94_71 0.092340
12 amber94_70 -0.009741
13 amber94_69 -0.027761
14 amber94_76 0.347905
15 amber94_76 0.347905
16 amber94_19 0.063251
17 amber94_19 0.129726
18 amber94_19 0.069937
19 amber94_19 0.086395
20 amber94_19 0.086395
21 amber94_19 0.069937
22 amber94_19 0.129726
23 amber94_11 -0.231497
24 amber94_47 -0.228611
25 amber94_11 -0.231497
26 amber94_76 0.347905
27 amber94_76 0.347905
28 amber94_71 0.092340
29 amber94_72 -0.483468
30 amber94_73 0.382835
31 amber94_68 -0.040140
32 amber94_69 -0.027761
33 amber94_70 -0.009741
34 amber94_72 -0.483468
35 amber94_71 0.092340
36 amber94_70 -0.009741
37 amber94_69 -0.027761
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38
39
40
41
42
43
44
45
46
a7
48
49
50

amber94_76
amber94_76
amber94_19
amber94_19
amber94_19
amber94_19
amber94_19
amber94_19
amber94_11
amber94_47
amber94_11
amber94_19
amber94_19

Undecaguanidinium (1 and 2

Atom

CONOUIAWN

Atomtype

amber94_25
amber94_43
amber94_11
amber94_71
amber94_72
amber94_73
amber94_68
amber94_69
amber94_70
amber94_72
amber94_71
amber94_70
amber94_69
amber94_76
amber94_76
amber94_19
amber94_19
amber94_19
amber94_19
amber94_19
amber94_19
amber94_19
amber94_11
amber94_47
amber94_11
amber94_19
amber94_19
amber94_71
amber94_72
amber94_73
amber94_68
amber94_69
amber94_70
amber94_72

0.347905
0.347905
0.129726
0.069937
0.086395
0.086395
0.069937
0.129726
-0.231497
-0.228611
-0.231497
0.152510
0.152510

in Chaptevll )

Charge

0474400
-0.654700
0.051400
0.089600
-0.486200
0.380100
-0.042800
-0.030500
-0.012400
-0.486200
0.089600
-0.012400
-0.030500
0.345300
0.345300
0.060700
0.127100
0.067300
0.083800
0.083800
0.067300
0.127100
-0.219900
-0.217000
-0.219900
0.164200
0.164200
0.089300
-0.486500
0.379900
-0.043100
-0.030800
-0.012600
-0.486500
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35 amber94_71 0.089300
36 amber94_70 -0.012600
37 amber94_69 -0.030800
38 amber94_76 0.344900
39 amber94_76 0.344900
40 amber94_19 0.126700
41 amber94_19 0.066900
42 amber94_19 0.083400
43 amber94_19 0.083400
44 amber94_19 0.066900
45 amber94_19 0.126700
46 amber94_11 -0.219900
47 amber94_47 -0.217000
48 amber94_11 -0.219900
49 amber94_19 0.164200
50 amber94_19 0.164200
19, 20
18 21 YZ ;
2 17 K %5 QB3 g 4 7%
4 83
1HO 5)\N 1" 2(:3/ 29N N34 \463/
16 H2 H2
Terminal bicyclic Central bicyclic
guanidinium moiety guanidinium moiety

Undecaguanidinium ( 3 in ChapteWIl )

Atom Atomtype Charge
1 amber94_25 0.474400
2 amber94_43 -0.654700
3 amber94_11 0.051400
4 amber94_71 0.089600
5 amber94_72 -0.486200
6 amber94_73 0.380100
7 amber94_68 -0.042800
8 amber94_69 -0.030500
9 amber94_70 -0.012400
10 amber94_72 -0.486200
11 amber94_71 0.089600
12 amber94_70 -0.012400
13 amber94_69 -0.030500
14 amber94_76 0.345300
15 amber94_76 0.345300
16 amber94_19 0.060700
17 amber94_19 0.127100
18 amber94_19 0.067300
19 amber94_19 0.083800
20 amber94_19 0.083800
21 amber94_19 0.067300
22 amber94_19 0.127100
23 amber94_11 -0.006000
24 amber94_47 -0.180600
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Atom

OO wNPEF

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

amber94_11
amber94_19
amber94_19
amber94_71
amber94_72
amber94_73
amber94_68
amber94_69
amber94_70
amber94_72
amber94_71
amber94_70
amber94_68
amber94_76
amber94_76
amber94_19
amber94_19
amber94_19
amber94_19
amber94_19
amber94_19
amber94_11
amber94_47
amber94_11
amber94_19
amber94_19
amber94_47
amber94_47

CalixBridge

Atomtype

amber94_72
amber94_72
amber94_73
amber94_68
amber94_11
amber94_3

-0.006000
0.093300
0.093300
0.089300

-0.486500
0.379900

-0.043100

-0.030800

-0.012600

-0.486500
0.089300

-0.012600

-0.043100
0.344900
0.344900
0.126700
0.066900
0.083400
0.083400
0.066900
0.126700

-0.006000

-0.180600

-0.006000
0.093300
0.093300

-0.180600

-0.180600

Charge

-0.876075
-0.876075

0.787906
-0.447133
-0.022129
-0.005553
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7 amber94_3 -0.236344
8 amber94_3 0.027615
9 amber94 2 0.138216
10 amber94_3 0.003065
11 amber94_3 -0.217282
12 amber94_44 -0.225913
13 amber94_11 -0.012167
14 amber94_11 0.038280
15 amber94_44 -0.354283
16 amber94_11 -0.038354
17 amber94_76 0.454753
18 amber94_17 0.327986
19 amber94_19 0.100876
20 amber94_22 0.162149
21 amber94_19 0.100940
22 amber94_19 0.085174
23 amber94_18 0.049430

CalixProp
Atom Atomtype Charge
1 amber94_72 -0.876075
2 amber94_72 -0.876075
3 amber94_73 0.787906
4 amber94_68 -0.447133
5 amber94_11 -0.022129
6 amber94_3 -0.005553
7 amber94_3 -0.236344
8 amber94_3 0.027615
9 amber94_2 0.138216
10 amber94_3 0.003065
11 amber94_3 -0.217282
12 amber94_44 -0.225913
13 amber94_11 -0.012167
14 amber94_11 -0.043000
15 amber94_11 -0.066000
16 amber94_11 -0.038354
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17
18
19
20
21
22
23
24

amber94_76
amber94_17
amber94_19
amber94_22
amber94_19
amber94_18
amber94_18
amber94_18

0.454753
0.327986
0.100876
0.162149
0.100940
0.023600
0.018600
0.049430
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