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O transporte de espécies ionicas através de membranas
biolégicas, frequentemente mediado por um conjunto
complexo proteinas, € crucial em indmeros processos
fisiol6gicos. Posto isto, qualquer defeito nesta complexa
cascata celular estd associado a diversas canalopatias, como a
fibrose quistica, caracterizada pelo transporte deficiente de
cloreto através do canal CFTR. Atualmente, o tratamento
destas doencas foca-se principalmente na atenuacdo dos seus
sintomas, fomentando a necessidade de terapias alternativas,
como as terapias de substituicdo de canal No entanto, o design
destes farmacos ainda nédo é inteiramente compreendido, uma
vez que depende de um delicado equilibrio entre a afinidade de
ligagéo do transportador e a sua lipofilia.

Este trabalho estudou o impacto da adicdo de um grupo
funcional em transportadores aniénicos ja caracterizados, com
unidades de ligagdo comuns como N—-Hs acidos (ureias,
tioureias ou esquaramidas). Assim sendo, uma familia de
tioureias funcionalizada com grupos acilhidrazona e derivados
foi minuciosamente estudada experimental e
computacionalmente. Os estudos teéricos reportados neste
trabalho consistiram em céalculos quanticos e simulacbes de
dindmica molecular baseadas em campos de forca classicos.

As andlises ao transporte de cloreto sugerem que uma unidade
de ligacdo adicional se traduz num efeito prejudicial na
capacidade de transporte dos recetores derivados de tioureias,
uma vez que interacdes adicionais entre a unidade de ligacéo
secundaria e os fosfolipidos da membrana impedem o
transporte de anibes. Esta hipotese € suportada pelo estudo das
orientacdes dos transportadores na membrana, bem como pelas
suas interacGes, como observado nas simulacdes de dindmica
molecular.
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The transport of ionic species across biological membranes,
often mediated by embedded proteins, is vital for numerous
biological processes. The slightest malfunction on this
complex cellular cascade is associated with several
channelopathies, such as cystic fibrosis, characterised by a
deficient chloride transport through the cystic fibrosis
transmembrane conductance regulator (CFTR) protein channel.
Current treatments mainly focus on attenuating the diseases’
symptoms, instigating the need for alternative therapies, such
as channel replacement therapies (CRTs), based on the
development of synthetic receptors. However, the design of
these small drug-like molecules is still not fully understood, as
it depends on a perfect balance between the transporter’s
binding affinity and lipophilicity.

This work aimed to obtain theoretical insights into the anion
chloride recognition and transport properties of thiourea-based
acylhydrazones. As such, a family of thioureas functionalized
with acylhydrazones and related functional groups undergone
thorough experimental and computational studies. The
receptors’ affinity for chloride was evaluated by DFT
calculations while the interaction and the passive diffusion of
receptors and their chloride complexes were investigated
through molecular dynamics (MD) simulations based on
classical force fields.

The experimental chloride transport studies suggest that the
additional binding motif has a detrimental effect of the
transport ability of the thiourea-based receptors, as additional
interactions between the secondary binding unit and the
membrane phospholipids inhibit the anion transport. This
hypothesis is strongly supported by the orientation of the
transporters in the membrane and respective interactions, as
observed MD simulations.
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Chapter I.
Introduction

Summary

This chapter starts by giving an overview on the biomembrane constitution and
function as trafficking mediator between the cell and its environment. Subsequently,
diseases derived from ion channel defects — channelopathies, such as Cystic Fibrosis — are
approached, with special interest on deficient chloride transmembrane transport. A brief
presentation of the recent development on synthetic transporters is presented, as potential
channel replacement therapies. Finally, this chapter gives a succinct description on the
basic concepts of Molecular Dynamics simulations, which will be used on this work as
powerful tool to obtain a deep understanding how the synthetic transporters, at the

atomistic level interact with a POPC membrane model.



I.1. Biological membrane

Cell membranes are essential to the cell’s life and proper functioning.! The
plasmatic membrane surrounds the cell, defining its boundaries, acting as a semipermeable

barrier, and differentiating the cytosolic and extracellular environments.® 2

The composition of a membrane heavily dictates its function, a feature that also
applies to the cell’s organelles (e.g., nucleus, lysosomes, endoplasmic reticulum,
mitochondria).> The general structure common to biological membranes consists of two
thin films of lipids assembled in a bilayer by hydrophobic interactions (vide infra).> 2 This
supramolecular assembly also contains several embedded proteins, responsible for
facilitating the regulated transport of several solutes and allowing cell signalling.?
Moreover, these components are arranged according to the fluid mosaic model, a two-
dimensional solution of membrane proteins. In addition, the structural integrity of the
membrane is dynamic and fluid, allowing lipids to switch between layers, giving different
lipidic compositions to the cytosolic and extracellular membrane interfaces.? An

illustration of the membrane composition is presented in Figure I-1.

AT AT AT A

Figure 1-1. Schematic illustration of the biological bilayer, with the phospholipids represented in yellow, a
peripheric protein in blue, an integral protein in green, a peripheric glycoprotein in orange and its
carbohydrate moiety in red. Resources from: Servier Medical Art by Servier.

Beyond the phospholipids, biological membranes incorporate other basic structural
units, such as sphingolipids and steroids (cholesterol and its derivatives).l' 2 Phospholipids
are amphipathic molecules composed of a hydrophilic head (polar), in contact with the

aqueous medium, and hydrophobic tails (nonpolar).™ 2 These molecules self-assemble as



bilayers or micelles, due to van der Waals interactions between the aliphatic tails and
electrostatic interactions between the head groups.l 2 While cholesterol is evenly
distributed across the inner and outer leaflets, most sphingolipids and phosphatidylcholine
(PC) lipids are found in the outer layer. On the other hand the phosphatidylethanolamine-

based (PE) molecules are typically in the inner layer.:2

I.1.1. Transport across the membrane

Small molecules are transported through the cellular membranes by passive or
active transport.® The former can occur through simple or facilitated diffusion, without

energy spending. On the other hand, active transport comes with an energetic cost.®

In simple diffusion, gases such as COz and Oz, small uncharged polar molecules
such as water and glycerol, and hydrophobic molecules like steroid hormones can move
across the membrane without assistance, down their concentration gradient. The diffusion
rate is dependent on the concentration, size, and hydrophobicity of the molecule,
intrinsically related with partition coefficient, among other factors.> 2 On the other hand,
the simple diffusion of charged entities only allows transport rates lower than needed to
fulfil the cell’s needs, as their diffusion is energetically hindered by their charge and
degree of hydration.! In other words, these charged species prefer to rest in the membrane

water phase.

Overall, the diffusion of small molecules across biological membranes is operated
by a complex machinery of proteins, including carrier proteins, channels, and ATP-
powered pumps.! Carrier proteins are integral proteins responsible for the transport of
small neutral or ionic species across the membrane, as these molecules bind to the protein
on one side of the membrane and are released to the other.™ ® Within carrier proteins, there
are uniporters, that transport molecules down their concentration gradient, and coupled
transporters, which act similarly but moving other substances concomitantly. If the
movement of the second solute is codirectional to the first, the protein is a symporter or co-
transporter, whereas if the directions are opposite, the protein is called an antiporter or
exchanger.! Channels facilitate the diffusion of water, some ions, or hydrophilic molecules

across the membrane, according to their concentration gradient. They can be open at all
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times, called non-gated channels, or close in response to electric or chemical stimuli,
called gated channels.! These membrane proteins span the entire membrane and interact
poorly with the transported molecule, allowing great transport rates.> On the other hand, as
carrier proteins require conformational changes to obtain the alternative exposures of
binding sites on each side of the membrane,! their transport rates are substantially lower
than channels.? Alternatively, the movement of solutes against their electrochemical
gradient can be mediated by ATP-pumps at the expense of metabolic energy, obtained from
the hydrolysis of ATP to ADP.2 This process is called active transport. * A schematic

illustration of all these transport mechanisms, briefly described, is presented in Figure 1-2.
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Figure 1-2. Schematic representation of the transport mechanisms associated with protein membranes.
Resources from: Servier Medical Art by Servier.

The malfunction of ion channels leads to many human diseases, so called
channelopathies, the most common of which is Cystic Fibrosis (CF). This has been the
driving force for the research and development of drugs to treat specific ion channel
mutations, genetic therapy, and drug-like molecules for channel replacement therapies
(CRT).
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1.2. Cystic Fibrosis

CF is the most common lethal genetic disease in Caucasian populations.* ® It affects
over 70 thousand people worldwide,® of which 48 thousand are present in the 35 European
countries covered by the European Cystic Fibrosis Society (ECFS).” Moreover, in the
European Union, one in every 2000-3000 babies is diagnosed with CF at birth. Regarding
patient mortality, according to ECFS’s 2018 report, the most frequent age range at death is
between 21 and 30 years, and very rare for small children.’

CF is a channelopathy caused by a mutation in the gene that encodes cystic fibrosis
transmembrane conductance regulator (CFTR) protein — an ABC transporter (ABCC7)
expressed in many epithelial and blood cells.> 8% There are more than 1700 known
mutations,” 8 that produce a wide variety of effects on CFRT, classified in functional
categories. Class | mutations prevent the synthesis of a functional protein, by premature
stop codons or frame shifts,> 8% while Class 1l mutations lead to protein processing
defects, retention or even degradation. Both mutations prevent an adequate CFTR CI-
channel expression and can be associated with multiorgan diseases like infertility,
progressive pulmonary disease, and pancreatic deficiency.> 1% Class Il missense or
deletion mutations are responsible for the biosynthesis of channels insensitive to cyclic
AMP activation and regulation.> 8% Class IV mutant CFTR present normal expression and
sensitivity to regulation, but reduced chloride conductance, generally associated with
milder diseases.® ' Class V mutations are responsible for a substantial reduction in the
mRNA or protein, or both. At last, Class VI mutations revolve around substantial plasma

membrane instability.®

The diagnosis of CF is a multistep process, composed by a new-born screening, a
sweat test (measurement of the chloride concentration present in the patient’s sweat), a
genetic or carrier test (to verify if the patient carries a mutation of the CFRT gene), and a
clinical evaluation.® Hence, it is of utmost importance to have an early diagnostic, with
75% of the CF patients being diagnosed by age 2, as CF is dominated by chronic lung
disease, the main cause of morbidity and mortality.”
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1.2.1. Cystic Fibrosis Transmembrane conductance Regulator (CFTR)

CFTR is an ATP-binding cassette (ABC) transporter that distinctively functions as
an anion channel, located in the apical membrane of respiratory and intestinal epithelial
cells.!? In contrast to other ABC transporters, in which ATP-driven conformational
changes drive substrate transport against their electrochemical gradient, CFTR gated

channel allows for transmembrane flow of ions down this gradient.

The CFTR protein is composed by two transmembrane domains (TMDs) and
regulated by two cytosolic nucleotide binding domains (NBDs) and one regulatory (R)
domain, also located in the cytosol.®® The gating of the CFTR channel is a two-way
process: first, phosphorylation of the R domain by cyclic AMP dependant protein kinase
(PKA) is required for channel activation; subsequently, pore gating of the phosphorylated
channel is driven by binding and hydrolysing ATP in the NBDs.™

1.2.2. Therapeutic Approaches

To adequately find viable therapeutic strategies for CF, a clear understanding of the
CFTR CI- channel dysfunction mechanisms is required. Based on the nature of these
defects, small molecules were found to restore some activity to the mutant protein, thereby
mitigating disease manifestations.!* CFTR potentiators were the first class of drugs to be
successfully developed, small molecules that increase the opening probability of the
mutant channel, improving the anion efflux across the plasma membrane.™ ¢ By contrast,
CFTR correctors are responsible for the enhancement of the defective protein processing

and trafficking.'*

Effective CFTR modulators (small molecules designed to restore the activity of
mutant CFTR) such as ivacaftor, an FDA approved drug to treat certain CF mutations,*’
can slow or prevent lung disease progression if administrated early enough.® The positive
results provided by ivacaftor accelerated the development of CFTR modulators for more
common mutations. However, the usage of a single CFTR modulator was found to be
ineffective in Class Il CFTR defects,'® whilst the CFTR corrector-potentiator combination
therapy proved to be efficient in some specific mutations (such as homozygous patients for
p.Phe508del,?° but not heterozygous).?:
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Besides CFTR modulators, novel small-molecule drugs are in development as
alternative pharmacological treatments for CFTR mutations not yet covered, or to yield
long-term benefits via gene replacement therapy.?? Additionally, alternative CI- pathways
have been suggested as a compensation, such as the voltage gated CIC family, cAMP-
activated, Ca?*-activated, and volume-regulated Cl- channels.! 2® However, the
requirement for specific target therapies present a burdensome challenge in the

development of CF treatments.

To overcome the need for multiple therapies, low molecular weight synthetic ion
transporters can be used to mimic the action of natural ion channels, exerting powerful
effects on biological systems. These molecules also proved to be very valuable in the study
of membrane transport, biochemistry, and physiology.?® Moreover, synthetic transporters
are promising CRTs, not only for CF but for channelopathies in general. Thus, this thesis
focuses on this alternative with high potential.

1.2.3. Synthetic lonophores

To date, significant efforts have been devoted in the design and development of a
plethora of effective ionophores, aiming to facilitate the transport of ions across the lipid
bilayer, in defective ion channels, using various mechanisms (vide infra — carrier, channel,
or relay). An ionophore can be defined as A compound which can carry specific ions
through membranes of cells or organelles.?* This class of compounds typically has
hydrophilic pockets that form specific ion binding sites, and an exterior surface to allow
the complex to cross the lipidic membrane.? lonophores can be naturally occurring
compounds such as peptides, macrotetrolides, polyethers and cyclic depsipeptides, or small

synthetic molecules.?

In contrast with cation ionophores, such as valinomycin and gramicidin A, natural
anionophores are not as common. Natural occurring anion ionophores include duramycins,
pamamycins, prodigiosins, and amphotericin B.2” The different compounds are represented

in Scheme 1-1.
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Scheme I-1. Structures of well-known natural ionophores.
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The lack of natural anionophores greatly impacted the study and development of
novel synthetic anion transporters, molecules with potential as therapeutic agents in the
treatment of channelopathies, aiming to replace deficient channels. Moreover, these studies
brought new insights on the fundamentals of the ion transport processes.?® To date, the
number and diversity of synthetic transporters still continues to increase apace. Detailed
reviews on the most recent advances on anion receptors and synthetic transporters can be

found on references 2% 27-39,

Synthetic ion transporters that mimic the action of natural ion transporters can be

classified as mobile carriers or ion channels, as illustrated in Figure 1-3.

Extracellular

2000000
NG o A

‘n‘mm‘mm
YU b L UuyuyY
\ O

Figure 1-3. Visual representation of the synthetic transporters' carrier and channel mechanisms, respectively.

As demonstrated in Figure 1-3, synthetic transporters that form complexes with the
ionic species, recognising it and carrying it in or out of the cell, are designated as carriers.
This mechanism displays low rates of transport, but compensates with its high selectivity.?®
In contrast, ion channels span the entire bilayer, forming ion-conductance pathways that
allow the flow of ions across the membrane, at high transport rates.?® These structures can
be composed by a single unit (monomeric channel), or several self-assembled molecular
entities (self-assembled pores).?® Moreover, the synthetic anionophores can also use the
more unconventional relay mechanism to promote the transport of ions across the bilayer.
In this mechanism, the receptor contains two binding motifs positioned in opposite sides of
the membrane, which permits the sweeping of the anion between both leaflets of the

bilayer, as illustrated in Figure 1-4.
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Figure 1-4. Visual representation of the relay mechanism.

In the recent years, significant progress was made in the design of novel synthetic
ion transporters. Saha et al. used small bis(diol) molecules to promote selective
transmembrane transport of chloride ions, achieved by a supramolecular nanotubular
assembly formation. Moreover, this system established an antiport mechanism with
considerable chloride selectivity.®® This group also studied three macrocycles decorated
with different alkylated groups with varying chain-lengths up to 14 carbons, which are
interesting scaffolds for the development of gated or responsive channels.** The
intermediate dialkylated macrocycle (R1 = tetradecane and R = H) is of particular interest,
due to its good balance between the hydrophobicity for insertion in the membrane, and
hydrophilicity for anion transport, allowing for the formation of a synthetic ion channel.

The above-mentioned molecules are illustrated in Scheme 1-2.
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Scheme 1-2. Examples of recent synthetic compounds able to promote the transmembrane transport via a
channel mechanism.

Regarding carrier transporters, for instance, Quesada and co-workers developed a
series of prodigiosin-inspired triazole based derivatives, capable of exchanging chloride
with nitrate or bicarbonate in vesicle models.*? Gale et al. recently explored the excellent
anion-binding properties of squaramide receptors and transporters.** These squaramide
derivatives undergone thorough in silico studies that provided a comprehensive elucidation
of the transmembrane chloride transport mechanisms.** Reany and co-workers investigated
the ion-transport properties of bambusuril-based receptors, one of which sketched in
Scheme 1-3. In spite of all these receptors being great anion binders, only
semithiobabus[6]uril exhibited effective anion transport capabilities, by polarizing lipid
membranes through selective anion uniport.*® These are just some examples of the most

recent work conducted on this field of Supramolecular Chemistry.
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Scheme 1-3. Examples of recent synthetic anion carriers.

In 2008, the Smith group designed a series of phosphatidylcholine derivatives
containing chloride recognition units, that promoted the transport of the anion across the
lipid bilayer, by a relay mechanism. The structural similarity between these molecules and
the phospholipids, provides a high compatibility with the membrane environment.*® More
recently, Wang et al. reported a new synthetic phospholipid receptor decorated with benzo-
18-crown-6 macrocyclic binding motif (see Scheme 1-4), which can perform cation (Rb*

> Cs* > K* > Li* > Na")transport across the lipid bilayer, also using a relay mechanism.*’
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Scheme 1-4. Examples of synthetic ion transporters able to promote the ion transport through a relay
mechanism.

Typically, the ionophores anion recognition relies on hydrogen bonds or
electrostatic interactions. This thesis will focus on the effectiveness of thiourea based
receptors decorated with acylhydrazone binding motifs, allowing to evaluate the relevance
of the acylhydrazone moieties as secondary binding units for anion recognition and

transport.

A key factor that defines the performance of a synthetic receptor as a
transmembrane transporter, is its binding strength. Indeed, the molecules of interests must
have a delicate balance between strong binding constants (forming a strong complex with
the anion, preventing its release after the diffusion) and weak binding constants (inhibiting

the complexation with the solvated anion), to be potential transmembrane transporters.*3 4°

The same balance is required regarding the lipophilic character of the molecules.
LogP values (logarithm of the molecules’ octanol/water partition coefficient) for higher
anion effluxes to be achieved.®® Moreover, the ability of a synthetic receptor to partition
into the lipid bilayer (partition coefficient) can be fine-tuned by adding structural motifs
with different lipophilicities, such as alkyl chains, and fluorinated units or aromatic

groups.?’
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Therefore, a delicate equilibrium of lipophilicity and anion binding must be
considered in the design of a synthetic anion transporter. With this is mind, molecular
modelling methods have proven to be of extreme importance in the development of new
synthetic anion transporters, allowing the prediction of several relevant properties as well

as the study of the interaction between ionophores and lipid bilayers.2": 3% 44.50

1.3.  Molecular Dynamics

Molecular Dynamics (MD) is a computer simulation deterministic method that
allows to follow the evolution of a given system’s properties throughout time, by
predicting its configurations while generating trajectories.>*>® These trajectories can be
determined by integrating Newton’s equation of motion for the interacting particles, whilst
their forces and potential energies are calculated using Molecular Mechanics (MM) force
fields, giving the total energy as presented in Eq. 1-1:

Etotar = Epotentiar + Ekinetic Eq. I-1

The interval of time between each Newton’s equation of motion integration during a MD
simulation is called a “time step”. The time step should sample the fastest vibration of the
system (typically C-H, O-H, and N-H bonds) — generally 1-10 femtoseconds (fs) —
considering its impact in the quality and cost of the MD simulation.>5® However, covalent
bonds between the heavy atoms and hydrogens can be constrained to allow larger
timesteps, typically 2 fs,>* using well-known algorithms like SHAKE,*® SETTLE® or
LINCS.%" Additionally, the trajectory recorded along a MD simulation can be used to
determine macroscopic thermodynamic properties of the system, as long as it represents an
ergodic system (i.e., all accessible microstates are equiprobable over a long period of

time).%% 52

Typically, MM force fields can be described in terms of the intra- and inter-
molecular forces within the system, corresponding to bonded (bond lengths, bond angles
and torsion angles) and nonbonded (van der Waals and electrostatic) interactions,
respectively. Pre-determined functional are used to estimate these interactions, allowing to
calculate the potential energy (Epotentiar OF V(r"N)) of the system, typically as presented

in Eq |_2.51, 58, 59
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positions (r) of N atoms of the system. The first two terms represent the interaction
between pairs of bonded atoms and valence angles in the molecule, respectively. These are
modelled by harmonic potentials that give the energy penalty as the bond length (I;) or
angle (6;) deviates from its equilibrium value, [; , and 6; o, respectively. The third term is a
torsional potential that describes the energy variations as a bond rotates. The fourth and
final contribution represents the non-bonded interactions, calculated between all pairs of
atoms (ij) that are in different molecules or separated by at least three bonds. Non-bonded
interactions are usually modelled using Coulomb potential terms for electrostatic

interactions and Lennard-Jones potentials for van der Waals interactions. > °8: %9

The presented functional form is generally adopted by different atomistic force
fields developed following equivalent methodologies but with different values for the
parameters,® % % The parameterisation of the force field is carried out according to the
desired property prediction that is expected from it. Therefore, it is not necessarily a failing
if a force field is unable to predict a parameter that had not been included in the
parameterisation process.® In the Generalized AMBER Force Field (GAFF), the
equilibrium values for bond lengths and angles were taken from other AMBER force
fields, ab initio calculations and crystal structures, and the corresponding force constants
were estimated empirically.%® % A second generation of the GAFF force field is currently
in development (GAFF2), aiming to achieve improved performances, and its beta version
has been available since ca. 2016/2017.%°

For some systems, where high accuracy is required, it is desirable to develop a
specific force field to predict a particular property of the system. However, usually it is

preferable to have a given set of parameters able to model a series of related molecules.
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This is called transferability of the functional form and parameters, and it is an important
feature of force fields.>* On the other hand, a force field suitable for modelling a given
family of compounds is usually not fit to accurately model the properties of another one,
which led to the development of specific force fields for proteins, nucleic acids,
phospholipids, carbohydrates, as well as for ions and even water. On the other hand, the
compatibility between force fields is of paramount importance in the simulation of
complex systems composed by different types of molecules (e.g., the diffusion of a drug
across a phospholipid bilayer), which necessarily requires requiring the combination of

parameters of different force fields.

The distinction between atoms of the system is defined by their “atom types”. The
atom types property identifies the element, hybridisation state, and local environment of
each atom. Furthermore, the charge distribution in a molecule is commonly represented by
an arrangement of fractional point charges, reproducing its electrostatic properties.>! When
the charges are restricted to the nuclear centres they are called “partial atomic charges”.
These charges can be obtained through ab initio calculations, empirical or semi-empirical
methods. The selected method to estimate the partial atomic charges must be consistent
with charge derivatization method applied on the force field development. Thus, the
Restrained Electrostatic Potential (RESP) charges are used in GAFF, estimated at the
HF/6-31G* level of theory, following the Merz-Singh-Kollman scheme,5:% using six
points per layer across four concentric layers.®* However, in the case of large organic
molecules, AM1-BCC charges can also be used together with the GAFF versions, as they

were parameterised to reproduce the aforementioned RESP charges.% %

Force fields can be classified in three different types, in agreement with their
atomistic detail: all-atom, united atom, and coarse-grained force fields. The first explicitly
represent all atoms in the system, while united atom interatomic potentials treat nonpolar
hydrogens and their heavy atom as one interaction centre (e.g., methyl groups).®” The latter
uses larger particles to represent groups of atoms or functional groups, to increase
computing efficiency by sacrificing structural information in larger systems and/or longer
simulations.® ¢ Additionally, since standard atomistic force fields do not realistically
describe systems’ polarization in high-dielectric mediums (such as water), due to the fixed
atom-centred charges used to describe electrostatic interactions, polarizable force fields

were introduced to account for the charge variations in dielectric environment.®8
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In the most natural formulation, MD simulations are performed for an isolated
system, called microcanonical ensemble (NVE, constant number of particles — N, volume —
V and energy — E). For this, however, it is imperative to make sure the correct dynamic
trajectories are preserved. Different thermostats and barostats can be employed to obtain
static and thermodynamic properties, through thorough control of the temperature
(thermostat) and pressure (barostats) of the system, as long as they produce the correct
canonical ensemble (NVT, constant number of particles — N, volume — V and temperature
— T) or isothermal-isobaric ensemble (NPT, constant number of particles — N, pressure — P

and temperature — T).%-3

In classical MD simulations, the total energy is given by the sum of the potential
energy of the particles (Eq. 1-2) and their kinetic energy, associated with their motion and

is dependent of the temperature (Eq. 1-3):
C pil kT
Di
Ko=) PL =2 (3N - N e

Where p; and m; are the total momentum and mass of the particle i, respectively, kg the
Boltzmann’s constant, and T the temperature of the system. In a MD simulation, the total
linear momentum is often constrained to a value of zero, and so the number of constrains
on the system (N.) would be equal to three. Moreover, each particle in an equilibrium
system contributes kzT/2 to the kinetic energy, according to the theorem of the
equipartition of energy. Therefore, for a system with N particles, moving across three

dimensions, the kinetic energy is given by 3NkgT /2.5

The virial theorem of Clausius is usually used to calculate the pressure in a MD
simulation. It is defined as the sum of the products of the coordinates and forces acting on
a given particle.* This theorem states that the virial is equal to —3NkgT.%" © However,
since the only forces in an ideal gas are derived from interactions between itself and the
container, the virial equals to —3PV in these cases. The total virial for a real system equals
to the sum of the ideal gas and the interaction between the particles contributions, as given
in Eq. I-4:

24



N N

dv(rij)

W = —3PV + i = —3NikpT Eq. 14
drij

i=1 j=i+1

With the interactions between particles i and j being represented by v(rij).51 If the
derivative dv(r;;)/dr;; is written as the force acting between those two particles, f;;, the

pressure is given by Eq. I-5:

1 1 N N
P=V NkBT—§2 2 Tijfij Eq. I-5

Since the forces are routinely calculated during the MD simulation, the virial and the

pressure of the system can be obtained with little computational effort.>*

To be able to calculate macroscopic properties using a relatively small number of
particles, the correct treatment of boundaries and boundary effects must be considered. In
bulk phenomena studies, periodic boundary conditions (PBC) can be used, so that the
particles may experience forces as if they were in a bulk fluid.> * This makes all particles
in a simulation box independent of their distance to the edge. The box is replicated in all
dimensions of the system, which is surrounded by 26 images of itself. When a particle
leaves the box during a simulation, it is immediately replaced on the opposite side,
maintaining the number of particles constant throughout the simulation,® as illustrated in
Figure I-5. Besides the most common and simple cubic or orthorhombic cell shapes, there
are others like the hexagonal prism, truncated octahedron, rhombic dodecahedron, and the
elongated dodecahedron, that can be used depending on the geometry of the system in
mind (e.g., if simulating spherical molecules like globular proteins, truncated octahedron
and rhombic dodecahedron periodic cells requires fewer solvent molecules due to its

shape, resulting in increased computational performance).>
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Figure 1-5. 2D schematic representation of the periodic boundary conditions.

1.3.1. Enhanced Sampling techniques

Although MD simulations provide an adequate method for the study of the dynamic
behaviour of a given system, stochastic MD simulations are likely to result in a poor
dynamic characterisation, due to entrapment of the system in irrelevant free energy minima
for a long time, thus impairing the sampling process.”? In the case of transmembrane
transport, channels and transporters suffer big conformational changes. These processes are
too complicated and time-consuming for stochastic MD simulations, requiring the

implementation of enhanced sampling algorithms.”?

Some enhanced sampling methods are Umbrella Sampling (US),”® Steered
Molecular Dynamics (SMD),’* MetaDynamics (MetaD),”® and Replica-Exchange
Molecular Dynamics (REMD),’® of which US will be explained further below due to its
application in this thesis. The mentioned techniques allow the calculation of the potential
of mean force (PMF), which describes how the free energy varies along a given reaction

coordinate & (such as the torsion of a bond, separation of two atoms, and more).*!
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1.3.2. Umbrella Sampling

The US technique aims to tackle the sampling problems in complex systems by
segmenting the reaction coordinate along separate parallel “windows”. Not only does this
approach increase the efficiency of the overall simulation, as it is also possible to improve
the sampling with intermediate windows or increased simulation time. In the US method,
the system sampling is restricted around a given part of the reaction coordinate, on each
window, defined by a harmonic restrain. The harmonic bias potential along the reaction

coordinate w (&) of strength k; is given by:*: 3
2
w(f) = kl(f - fi,O) Eq. 1-6

In EqQ. 1-6, k; defines the force constant that restricts the centre of the window i to
the equilibrium position ¢;,. The overlap of sampling in adjacent windows is a crucial
requirement for the calculation of the PMF, thus imposing a fine-tuning of the force
constant and distance between windows for this purpose. The PMF is then calculated by
combining the data from the different windows, with proper reweighting, and unbiased, as
explained further below.” The two above-mentioned variables have a direct effect upon
the probability distribution P (&) of the biased system, usually attained through binning
methods to generate a histogram. The PMF along the reaction coordinate (biased system)
and for individual windows (unbiased system) are given by Eq. I-7 and Eqg. I-8,

respectively.

1
AP (§) = _Eln PP (&) Eq. I-7
1
YHOE _Eln PP (&) —wi(§) + F; Eq.1-8

Where F; constant varies between windows or biasing potentials,”’ is independent

of &, and cannot be directly attained from sampling.

Variational Free Energy Profile (vFEP)"® was the preferred methodology for the
reconstruction of the PMF of the synthetic transporters’ transmembrane diffusion in this

thesis.
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1.3.2.1. Variational Free Energy Profile

A wide variety of methods have been developed to obtain free energy profiles from
MD simulations, such as multistate Bennet acceptance ratio method (MBAR), umbrella
integration (UI), weighted histogram analysis method (WHAM) and its unbinned derivate
(UWHAM), and the VFEP method.”® The VFEP is a methodology to attain an unbiased free
energy surface/profile (FES) from a set of umbrella window simulations, biased by
energetic restraints.”® ® Like the other methods, VFEP constructs an analytical
representation of the global unbiased FES from the umbrella biasing potentials (restraints)
and the time series of observed reaction coordinate values for each window.”® Some
important advantages mark a clear distinction between vVFEP and the remaining methods,
such as the ability to provide a robust analytical representation of the free energy profile

with a smaller number of samples.”

1.3.3. MD simulation of phospholipid bilayers

MD simulations can currently model a wide variety of lipids, including saturated
and unsaturated hydrocarbon chains, various head groups, sterols, and lipid linkages
between the glycerol backbone and tail. These simulations often include membrane-bound

proteins, peptides, ions, and a water model.®

Although membrane structure has been widely studied experimentally via X-ray
and neutron scattering, IR/Raman, or NMR spectroscopy, resolution to the atomistic level
can only be obtained by MD simulations. Its validity, however, is highly dependent of the
potential energy function or force field that is used.®! The need for a force field able to
correctly describe bond distances, angles, and dihedral states, along with the intermolecular
interactions required for the formation of self-assembled structures, instigated the
development of lipid specific force fields in the recent years.8 8! Table I-1 lists force

fields that have been developed along the last decade.
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Table I-1. Common lipid force fields used in MD simulations of lipids, from 2010 onwards.

Type Force Field Lipids

All-atom CHARMMS36 (20100 DLPC, DMPC, DPPC, DOPC, POPC and POPE®?
GAFFLipid (2012 DLPC, DMPC, DPPC, DOPC, POPC and POPE®
SLipid (012, 2013) DOPC, POPC, SOPC, DLPE, DPPE, DOPE, POPE?

DLPG, DMPG, DPPG, DSPG, DOPG, POPG, DOPS, 16:0
SM and 18:0 SM®

Lipid14 (2014) DLPC, DMPC, DPPC, DOPC, POPC, POPE® and
cholesterol®
OPLS-AA (014 DPPC,":8 POPC, DOPC, PEPC, and cholesterol®®
United atom TraPPE-UA (2013 DPPC, DMPC, DLPC, DOPC, DOPS, DOPG, DMPG,
DLPG, POPC and POPE®°
C36-UA (014 DMPC, DPPC, DOPC, POPC and cholesterol®
Coarse-grained  SDK (2010 DPC, DMPC, DPPC, POPC and POPE®

Dry MARTINI 015y POPC, DPPC, DMPC, DOPC, DLiPC, DOPE and
cholesterol®?

Polarisable Drude (2013) DPPC®

Regarding AMBER family force fields, despite GAFF being initially used to
parameterize phospholipids in very specific cases,® 8 % only after a concerted effort of
AMBER researchers, with the development of Lipid1l and GAFFLipid, it was possible to
develop Lipid14,%! a robust force field for lipid simulations that supports up to 32 different
types of lipids, using combinations of parameterised fragments, developed for the lipids
presented in Scheme 1-5.8% 81 Moreover. Lipid14 was able to reproduce the assembly of
lipid bilayers from phospholipids randomly distributed in aqueous solution.®* Previously,
this was only available in less specific force field types, like united atoms or coarse-
grained. Further parameterization work was carried out on negatively charged
phospholipids head groups, which are now also supported in the recent Lipid17.%
Noterworthy, these force fields are available in the AMBER package, %8 which permits

the use of GPU acceleration to significantly increase the simulation’s performance.®® 1%
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DOPC

Scheme 1-5. Six examples of phospholipids supported by Lipid14 force field.8!

Finally, the simulated phospholipid bilayer must be validated according to
experimental data. Structural properties like area per lipid, volume per lipid and bilayer
thickness can be ascertained from MD simulations and compared with reference values,
which give a good indication of whether the bilayer is in the correct phase at a given
temperature.8! The relative orientation of the acyl chain with respect to the bilayer normal
may be determined by calculation of the order parameters (S;p) and compared with the
experimental NMR values.®! Lastly, electron density profiles and scattering form factors
can also be compared with experimental data to validate the results of the membrane

simulation.®
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Objectives

As the most lethal genetic disease in Caucasian population, it is of utmost
importance, the development of a therapy that tackles not only specific mutations, but
instead acts as a generalized viable solution for CF and other chloride channelopathies’
patients. As such, this work focuses on a comprehensive theoretical study on the anion

transport promoted by synthetic transmembrane transporters, as follows:

e Characterise the interaction between the synthetic anionophores and the
phospholipid bilayers, at the atomistic level.

¢ Investigate the mechanisms of chloride transport by the transporters, together with
the role of the acylhydrazone binding units.

e Evaluate the impact of the synthetic transporters’ permeation with the lipid bilayer.

Finally, achieving the proposed objectives will grant a useful insight on the
behaviour and properties of synthetic transporters with additional hydrazone-based
functional groups, and allow for the development of more efficient anion transporters and

potential channel replacement therapies.

The work reported in this thesis was developed within the scope of a collaboration between
Professor Vitor Félix’s Molecular Modelling and Computational Biophysics group (University of
Aveiro) and Doctor Hennie Valkenier’s Engineering of Molecular NanoSystems group (Université
Libre de Bruxelles). The computational and the experimental work is already published as: L.
Martinez-Crespo, L. Halgreen, M. Soares, I. Marques, V. Félix and H. Valkenier, Org Biomol
Chem, 2021, DOI: 10.1039/d10b01279g.
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Chapter I1.

Hydrazone-based molecules as anion receptors:
molecular modelling by DFT calculations

Summary

Over the last decades, channelopathies like CF have motivated the development of
synthetic carriers for anion transport. The design of these molecules depends on a wide
variety of factors, like the balance between the lipophilicity and binding affinity of the
receptor. The binding affinity of thiourea-based synthetic anion receptors (Scheme 11-1)
for chloride were ascertained through DFT calculations performed at the PBEO-D3(C-
PCMbpwmso)/Def2-TVZP theory level. The results of this comprehensive study are described
in this chapter. It is demonstrated that receptors’ multiple binding motifs, behave
independently, with the thiourea one having a stronger binding ability for chloride when
compared to the hydrazone binding unit.
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11.1. Introduction

Recent studies on synthetic ion receptors gave considerable insights on the main
structural properties that impact the activity of artificial receptors. These transporters can
be either channels, spanning the entire membrane and permitting the efflux of ions, or
mobile carriers, that facilitate the diffusion of ions throughout the bilayer by associating
with the ion on one side of the membrane and releasing it on the other side.'®> A common
strategy to obtain efficient anion mobile carriers is by developing receptors ureas,
thioureas, and squaramides, which possess two polar N—H units able to bind chloride
through convergent hydrogen bonding interactions.!% Additionally, the synthetic receptors
must be lipophilic enough to remain inside the bilayer and to form anion-receptor
complexes able to diffuse through the membrane’s hydrophobic core.1%1% Very efficient
mobile carriers often contain multiple urea or thiourea binding units organized in rigid
structures that bind a single anion in a cooperative fashion, with the formation 1:1
complexes with high stability.%1% Furthermore, groups with acidic hydrogens, such as
amides, sulphonamides, protonated imines, and pyrrole and indole rings, and even C—H
units from benzo[b]thiophenes have been also combined in the development of efficient

transporters with multiple binding units for anion recognition.10%-13

Acylhydrazones are characterised by a polar N—H amide group, able to coordinate
anions, adjacent to imine and carbonyl functional groups, and can be used in dynamic
combinatorial libraries (DCL)41!6 for the design of structurally complex anion receptors.
Additionally, hydrazones can be conformationally manipulated with resort to
photosensitivity or metalation.!*”*® A family of phenylthiosemicarbazones structurally
related to acylhydrazones and thioureas have been reported as pH dependent chloride
transporters.t?® However, the efficient binding and transport of the chloride anion was
reliant on the protonation of the thiosemicarbazone group, limiting the interest on the
development of complex transporters with multiple dynamic bonds. To the best of our
knowledge, it is the first time acylhydrazone binding groups are used in the development

of synthetic anion carriers.

The chloride binding affinity of mono-thioureas derivatives (1-8), acylhydrazone
(9) and a bis-thiourea (10), presented in Scheme 11-1, were experimentally assessed by *H-

NMR titrations. The anion binding abilities of these molecules will be rationalised
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throughout this chapter, with resort to DFT calculations and several quantum descriptors

(vide infra).
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Scheme 11-1

The chloride binding properties of receptors 1-10 were assessed by 'H-NMR
(typical protons of interest are illustrated for 5 in Scheme 11-2) titrations with
tetrabutylammonium chloride (TBACI) in dimethyl sulfoxide (DMSO) with 0.5% of

H.0.2! The binding constants (Ka) were computed by fitting the experimental data to 1:1
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or 1:2 receptor:anion models (see Table 11-1).222 Mono-thioureas 1-8 presented
comparable binding constants for the 1:1 stoichiometry model (K11 ranging from 27 to 44
M1, vide infra). However, the acylhydrazone derivative 9, with a single binding unit,
showed an association constant one order of magnitude lower (K11 = 3.5 M™1). Moreover,
due to the rigidity of compound 10, the titration data was directly fitted to the 1:2 model
with each thiourea binding a chloride. The values of the K11 and K1, are slightly higher

than those for the hydrazone thiourea derivatives 3, 5 and 6.

CF3
~N
F,C N N SN
a H H q H
b (] e
5
Scheme 11-2

Table 11-1. Lipophilicity (log P values), chloride binding constants (Ka), intravesicular chloride at 300 s
([CIT7in at 300 s), and relative chloride transport activity (RTA) of receptors 1-10. Adapted from reference 122,

Ka (CI) (ML)

[CI-]in at 300 s

Molecule Log P 1:1 model 1:2 model (mM) RTAC
Ku (M) Ku (M) K2 (M)
1 55 31 - - 235 Good
2 53 42 - - 24.8 Good
3 6.8 - 44 7 0.8 Poor
4 5.2 37 - - 24.7 Good
5 6.8 - 30 4 1.4 Poor
6 6.9 - 24 5 25 Poor
7 5.5 32 - - 11.9 Moderate
8 5.3 32 - - 8.9 Moderate
9 52 4 - - 0.6 Poor
10 9.0 - 49 10 1.0 Poor

2 Values attained from ChemDraw 20.1.
b) Determined by *H-NMR titration in DMSO-d6:H20 99.5:0.5.
° Relative CI- transport activity.
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11.2. Methods

The structures of molecules 1-10 used in the quantum calculations were either
directly obtained from the Cambridge Structural Database (CSD),!? or produced by atomic

manipulation of suitable X-ray single crystal structures of analogous compounds.

All quantum calculations were performed with Gaussian 16.1%* The chloride
complexes 1-10, as well as the corresponding free receptors, were geometry optimised by
DFT with the PBE-0 functional, using Grimme’s D3 empirical correction for dispersion,'%®
along with the Def2-TZVP basis set. Additionally, to mimic the DMSO solvation effects,
the Conductor-like Polarizable Continuum Model (C-PCM)!?® 127 was employed.
Receptors with a single binding unit, such as 1, 2, 4, 7, and 8 were optimised with a
chloride bonded to the thiourea moiety, or to the acylhydrazone in the case of 9. In
contrast, receptors 3, 5, 6, and 10 were optimised with a chloride in each binding unit, in
agreement with the 1:2 receptor:anion stoichiometry in line with the *H-NMR titration
results . The optimised structures were found to correspond to relative minima, as no

imaginary frequencies were found for the achieved geometries.

The energetic data were computed directly from the structures of the complexes,
free receptors, and anion, DFT optimised in C-PCM DMSO model. The interaction energy
(AE), given by AE = Ecompiex — (Ereceptor + Eanion)s With Ecompiex: Ereceptor and
E nion, COrresponds to the electronic energies of the optimised geometries of the complex,
receptor and anion, including the Zero-Point Energies (ZPE) and Thermal corrections for
298.15 K.

The distribution of electrostatic potential (I/s) of 1-10 was assessed via single point
energy calculations on the receptor’s binding conformation within the complex (i.e., the
receptors’ geometry upon anion(s) removal), at the same level of theory. The electrostatic
potential created by the receptor’s nuclei and electrons, at any given point r, is given by
V(r):

Z [pCdr
vy =) -
D=2 k=17 ) T Eq. 11
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where p(r") is the electronic density of the receptor, and Z, the charge of nucleus A
located at R4. The distribution of Vs was subsequently evaluated on the 0.001 electrons
Bohr-* molecular surface of each receptor, and its surface points (e.g., Vs max, the maxima)

were obtained with resort to Multiwfn.128

The energy of the hydrogen bonding interactions between receptors 1-10 and
chloride ions, in 1:1 or 1:2 binding stoichiometries, was calculated via the Quantum
Theory of Atoms In Molecules (QTAIM)!? analysis, using Multiwfn.*?® In this approach,
topological curvature descriptors of density, along a given spatial position r, allow to
locate a continuous bond path BP(r) between two distinct atoms A and B. In particular, the
electron density along this bond path descends abruptly from each nucleus towards a
distinctive bond critical point.** Moreover, the strength of these intermolecular
interactions was also assessed via Natural Bond Orbital (NBO) analysis,®*! using NBO6,1%2
in which transformed molecular orbitals are computed to arrange the ideal Lewis structure
of a given molecule. This methodology grants insights regarding the interaction between
donor Lewis type NBOs (bonding or lone pair), and acceptor non-Lewis NBOs
(antibonding or Rydberg). The interaction energy between the acceptor and the donor in
the NBOs was evaluated through Fock matrix’s second-order perturbation theory
analysis,®® ascertaining the interaction strength. The stabilization energy E? is related to

the delocalization between the donor (i) and acceptor (j) orbitals, given by

2
Fa j)

Si—Ej

E? = AE;; = q; Eq. 11-2

with g; representing the donor orbital occupancy, F; j, the Fock matrix elements, and ¢;

and ¢; the orbital energies.

11.3. Results and Discussion

The DFT geometry optimization of chloride complexes 1-10 provided useful
insights of their anion binding affinity. The computed structures of 1:1 chloride complexes
1-9 are presented in Figure 11-1 while the optimised structures of 1:2 complexes are shown
in Figure 11-2.
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Figure 11-1. DFT-optimized structures of the 1:1 chloride complexes 1, 2, 4, 7, 8, and 9. The N-H---CI-
hydrogen bonds at the thiourea binding sites are drawn in blue, while the N-H---Cl- and C-H:--CI-
interactions at the acylhydrazone binding unit are drawn in red.

Figure 11-2. DFT-optimized structures of the 1:2 chloride complexes of 3, 5, 6, and 10. Remaining details as
given in Figure 11-1.

The computed dimensions of the N—H---Cl~ and C—H---Cl~ hydrogen bonds in the
optimised chloride complexes are gathered in Table I1-2. Overall, the thiourea N---ClI-
distances and N—H---ClI- angles, ranging between 3.15 and 3.20 A and 161.6 and 165.3°,

are comparable in associations of 1-8 and 10. However, following the variations of the
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resonances of protons b and ¢ (Scheme 11-2), observed along the *H-NMR titrations,*?! the
distances computed between the N—Hy, thiourea binding motif contiguous to the fluorinated
ring and chloride are slightly shorter (ca. 0.04 A) than the second thiourea binding unit
(N—-Hc), indicating that these two convergent hydrogen bonds have different binding
strengths, as demonstrated further below, mainly through the QTAIM analysis.

In the isomeric complexes 3, 5 and 9, the chloride binding by the acylhydrazone
motif mainly occurs through a N—H---ClI- hydrogen bond (proton e in Scheme 11-2),
assisted by two convergent C—H---Cl- supramolecular contacts established by the
hydrazone proton (Chye-H, proton d in Scheme 11-2) and by an aromatic proton (Ca—H)
adjacent to the acyl group (see Figure I1-1 and Figure 11-2). The N—H---Cl~ hydrogen
bonds display shorter distances and more linear angles than the Chyg—H---Cl~ ones (3.26
0.01 vs. 3.57 + 0.01 A and 166.5 + 0.4 vs. 144.3 + 0.5°, see Table 11-2), demonstrating
stronger hydrogen bonds, consistent with the variations on the chemical shifts of receptor
5’s protons e and d, depicted in Scheme 11-2.'2 In contrast, the dimensions of the
Ca—H---CI- hydrogen bonds (3.59 + 0.01 A and 142.9 + 3.0°) present a similar bond
strength to the Cnyg—H---CI- ones. Finally, while the N—H arylhydrazone binding unit of 6
has a binding strength equivalent to the acylhydrazone analogous, the C—H groups point to
the anion at larger distances (ca. 0.3 A), reflecting the absence of the acyl group electron-

withdrawing effect.

Table 11-2. Hydrogen bond dimensions (distance in A; angles in °) for the N—H---CI- interactions in the
thiourea binding site and for the N—H---Cl-, Cng—H-:-ClI- and Cs—H---Cl~ interactions in the hydrazone
moieties, computed from the DFT optimised structures.

Thiourea Hydrazone
Molecule Stoichiometry
N—Hp N—Hc N—He Chya—H Car—H
1 1:1 3.152; 164.9 3.195; 161.9
2 1:1 3.147; 164.8 3.180; 163.2
3 1:2 3.147; 165.1 3.191; 162.4 3.274; 166.5 3.584; 144.8 3.585; 145.4
4 1:1 3.149; 164.6 3.181;161.9
5 1:2 3.152; 164.7 3.194; 161.7 3.259; 167.0 3.583; 1445 3.586; 138.7
6 1:2 3.150; 165.3 3.201; 161.6 3.212;179.2 3.890; 134.8 3.935; 135.0
7 1:1 3.151; 165.2 3.200; 161.6
8 1:1 3.157; 164.4 3.186; 162.3
9 1:1 - - 3.248; 165.9 3.554; 143.6; 3.593; 144.6
10 1:2 3.151;165.32  3.193; 162.02

3 The same distances and angles were observed in both binding units.
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Having established the structures of the receptors in the chloride complexes, the
distribution of electrostatic potential plotted onto their electron density surface (Vs)
allowed to ascertain the binding ability of receptors 1-10. The distribution of Vs is depicted

in Figure 11-3 and Figure I1-4, with the most relevant values of Vs gathered in Table 11-3.

CF,

S
N
c NJLN = \N/
H H

Fs

Figure 11-3. Distributions of the electrostatic potential of 1, 2, 4, 7, 8, and 9, mapped on their molecular
surfaces (0.001 e Bohr™* contour). The surface colour ranges from -30 (blue) to 70 kcal mol™? (red). The
location of the V4, in front of the thioureas is shown with a black sphere, while the location of the highest
value of V¢ in front of the acylhydrazone is show with a pink one. Corresponding structures are presented
below.
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Figure 11-3.
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Table 11-3. Relevant electrostatic potential values (V, kcal molt) computed on the electron density surface
of the thiourea and hydrazone binding units.

Thiourea Hydrazone
Molecule Vs Vs
N-H N-He Chya—H Ca—H

1 91.7

2 97.0

3 96.7 61.1 53.6 54.9
4 99.3 - - -

5 95.4 60.0 52.8 54.1
6 92.9 51.0 427 417
7 89.7

8 90.0 - - -

9 - 715 65.2 64.5
10 100.32 - - -

) The V; values for the two thiourea N—H binding units are undistinguishable.

Overall, the thiourea binding units of receptors 1-8 and 10 are enclosed in red areas
of highly positive potential and with the most positive value of Vs (Vs ,4,) located in front
of the N—H binding sites, as depicted in Figure 11-3 and Figure 11-4 by one (1-8) or two
(10) black spheres. The Vs 4, Values range between 89.7 kcal mol-* for the N,N-dimethyl-
hydrazone derivative 7 and 100.3 kcal mol- for 10, with both thiourea motifs adjacent to a
3,5-bis(trifluoromethyl)phenyl electron withdrawing group. The hydrazone moieties of 3
and 5 are characterised by comparable values of Vs for the N—H binding sites (ca. 60 kcal
mol-1), and similar values of Vs for the Chya—H (ca. 53 kcal mol) and Ca4—H (ca. 54 kcal
mol-1) binding sites. The replacement of a benzoyl fragment by an arylhydrazone leads to a
significant decrease of Vs of the hydrazone binding motif, as given by the comparison
between the values of 6 for N-H (51.0 kcal mol?), Chya—H (42.7 kcal mol?) and Co—H
(41.7 kcal mol?t) with the ones calculated for 3 and 5. Receptor 9, having the 3,5-
bis(trifluoromethyl)phenyl and benzoyl electron-withdrawing groups, linked by an
hydrazone bridge, naturally displays the highest Vs values for the N—H, Cnys—H and Ca—H
binding sites of 71.5, 65.2 and 64.5 kcal mol?, respectively. This electrostatic potential
analysis suggests a higher binding affinity of thiourea for chloride, although the Vs values
estimated for the hydrazone binding units are consistent with the existence of 1:2 chloride
species, as suggested by the fitting models assessed from the *H-NMR titration binding
data.'?!
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The energy of the hydrogen bonds (Eng) interactions between 1-10 and ClI- were
evaluated using QTAIM as Eng = %V, with V being the potential energy of the critical
point located between the hydrogen donor (N—H, Chy—H or Ca—H binding site) and the
anionic hydrogen acceptor. Alternatively, in the NBO approach, the strength of N-H---CI-
and C—H---ClI- hydrogen bonds were assessed through the second-order perturbation
theory, with the E? values corresponding to the stabilisation energies between the
antibonding orbitals of the N—H or C—H binding units (Q*n-+ or Q*c-H) and the lone pair
orbitals of CI- (nci). The Eng and E? energy values are gathered in Table I1-4. These
values follow a nearly linear relation (R?> = 0.97), demonstrating the complementarity of
both analyses for the chloride complexes 1-10, despite the differing characterisations.

Thus, the following discussion will be focused only on the Enxg energies.

Table 11-4. Energy of the hydrogen bonds (Ens, kcal mol) at the bond critical points in the N—H---CI- or
C—H---CI" interactions between the thiourea or hydrazone binding units and chloride, together with the E2
stabilisation energies (kcal mol), between the antibonding orbitals of the N—H or C—H binding units (Q*n-n
or Q*c-y) and the lone pair orbitals of CI~ (ncr).

Thiourea Hydrazone
Molecule ErB E? ErB E2
N-Hbp N-Hc N-Hp N-Hc N-He Chya—H Ca—H N-He Chya—H Ca—H
1 -6.5 -54 20.8 16.4 - - -
2 -6.6 -5.8 21.2 18.2 - - -
3 -6.6 -5.5 21.3 17.0 -4.2 -2.0 -2.0 15.6 35 2.3
4 -6.5 -5.7 21.0 174 - - -
5 -6.5 -5.4 20.7 16.4 -4.5 -2.0 -1.8 16.8 3.5 1.6
6 -6.5 -5.3 211 15.9 -55 -0.9 -0.8 204 0.8 0.5
7 -6.5 -5.3 21.0 15.9 - - -
8 -6.3 -5.6 20.2 17.2 - - -
9 - - -4.6 -2.0 -1.9 17.2 3.7 2.1
10 -6.52 -5.42 21.12 16.52 - - -

2) The thiourea binding units are undistinguishable.

In agreement with the computed hydrogen bonding dimensions for 1-8 and 10, the
thiourea’s N—Hp, contiguous to the fluorinated ring, has the strongest interaction with
chloride, followed by the N—H¢ moiety, with average Eng values of -6.5 and -5.5 kcal
mol-!, respectively. The chloride recognition by the acylhydrazone binding unit in
receptors 3, 5 and 9 is primarily driven by the N—H binding site, with a lower Eng of -4.4
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kcal mol-, with the Chye—H and Ca—H binding units, respectively contributing only with -
2.0 and -1.9 kcal mol-L. The arylhydrazone motif in 6, presented slightly higher Evg for the
N—H site (-5.5 kcal mol-?), but marginal contributions from the Cnye—H and Ca—H binding
units, with Exg values around -1.0 kcal mol-t. Thus, the global Ens contributions at the
thiourea binding unit amount to ca. -12.0 kcal mol-%, followed by the acylhydrazones with
ca. -8.3 kcal mol! and by the hydrazone binding unit in 6 with a global Eng of ca. -7.3
kcal mol-, in line with the thiourea’s binding unit experimental higher binding affinity for
chloride. Noteworthy, the molecules with only a thiourea binding motif (1, 2, 4, and 7, 8),
display a straightforward relation between the computed Exg values and the experimental
Ka values (R? = 0.95), regardless of their low values.

The interaction binding energies between receptors 1-10 and chloride were
determined by AE = E¢opm — (Egec + ELig) (vide supra), as a global binding quantum
descriptor. Ec,,, Was obtained from the above-mentioned DFT optimised structures, Ej;,
was obtained from a free chloride, and Eg.. was obtained by the removal of the anions
from each chloride complex, followed by the optimisation of the free receptor. Moreover,
for 3, 5, and 6, to establish the independent contributions of the thiourea and hydrazone-
based binding sites, two alternative binding scenarios with a 1:1 stoichiometry were
optimised: A, with the thiourea hydrogen bonded to a chloride, or B, with the anion
recognized by the acylhydrazone (3 and 5) or arylhydrazone binding motif (6). For 10,
only the A 1:1 additional scenario was necessary. The AE values determined for all anion
associations are gathered in Table 11-5. The average interaction energy ascertained for 1-2,
4, and 7-8 is ca. -14.4 kcal mol2, close to the value computed for the complexes of 3, 5, 6
and 10 in scenario A, with an average AE of -14.5 kcal molL. In contrast, the interaction
between the chloride and the acylhydrazone motif (scenario B) in 3 and 5, results in AE
values of ca. -8.3 kcal mol, in agreement with the -8.7 kcal mol* assessed for 9, with a
single acylhydrazone binding unit. The arylhydrazone 6 presented a slightly lower AE of -
7.2 kcal molt. The sum of the individual energy contributions for the hydrazone
derivatives 3, 5, 6 (scenarios A + B) and the bis-thiourea 10 (scenario A x 2) leads to AE
values comparable to those computed for the corresponding 1:2 associations, with an offset
of ca. 1.0 kcal mol. These energetic findings indicate that the thiourea and hydrazone
binding motifs in 3, 5, 6, and both thiourea motifs in 10, recognise chloride non-

cooperatively.
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Table 11-5. Uncorrected electronic binding energies (4&,), Zero-Point Corrections (AZPE) and thermal
corrected binding energies (AE), in kcal mol2, for the chloride complexes of 1-10.

Molecule Stoichiometry Binding site A€, AZPE AE
1 11 -14.8 0.3 -14.2
2 11 -15.5 0.2 -14.9
3 1:2 -234 0.5 -22.1
3 1:1 thiourea -15.4 0.2 -14.9
3 1:1 acylhydrazone -9.0 0.3 -8.3
4 1:1 -15.2 0.2 -14.7
5 1:2 -23.0 0.5 -21.7
5 11 thiourea -15.0 0.2 -14.4
5 11 acylhydrazone 9.1 0.4 -8.3
6 1:2 -21.8 0.5 -20.4
6 11 thiourea -14.8 0.3 -14.2
6 11 arylhydrazone -7.9 0.3 -1.2
7 1:1 -14.7 0.3 -14.0
8 1:1 -14.9 0.2 -14.3
9 1:1 -9.5 0.3 -8.7
10 1:2 -29.1 0.4 -28.0
10 1:1 thiourea -15.1 0.2 -14.5

11.4. Conclusions

Overall, the DFT calculations show a superior binding affinity of the thiourea
binding unit for chloride, although the electrostatic potential values for the hydrazone
motifs corroborate the existence of 1:2 receptor:chloride species, as indicated by the H-
NMR binding data. Through the QTAIM, NBO and energetic analyses, the DFT
calculations also demonstrated that the binding units in receptors 3, 5, 6 and 10 recognized

chloride in a non-cooperative independent manner.
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Chapter I11.

Passive diffusion of hydrazone-based receptors
across phospholipid bilayers: a molecular
dynamics simulation investigation

Summary

Having established the structures of the different chloride complexes, and
ascertained the receptors’ binding properties, this chapter focuses on the transport
properties of 1-10. According to the experimental chloride efflux studies approached in the
previous chapter, the additional binding motif results in a decreased transport ability.
Hence, it was suggested that the additional interactions with the membrane phospholipids,
caused by the secondary binding site in receptors 3, 5, 6 and 10, hinder the chloride
transmembrane transport. In agreement, MD simulations show that the receptors position
themselves below the water/lipid interface, driven by the interaction of the thiourea and of
the acylhydrazone motifs with the phosphate head groups and water molecules.
Additionally, the interaction energies calculated through MM demonstrate that the
transporters with poorer transport capabilities have stronger interactions with the
membrane phospholipids. Thus, the impact of the hydrazone functional groups on the
transport ability was confirmed, and it is important to consider this kind of effect when

designing new synthetic ionophores.
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I11.1. Introduction

The chloride transport properties of receptors 1-10 were experimentally assessed
using the well-established lucigenin assay as follows: The POPC and cholesterol (7:3 ratio)
large unilamelar vesicles (LUVSs) were prepared with an encapsulated chloride sensitive
dye (lucigenin).'?* The chloride influx was monitored via the quenching of the lucigenin’s
fluorescence over time. The chloride efflux into the vesicles was assumed to be
compensated by the transport of NOs~ out of the vesicles, maintaining the membrane
potential (C1/NOs~ antiport).?!

Compounds 1-10 were studied at a 1:100 transporter to lipid molar ratio (1 mol%),
resulting in the transport ability presented in Table Il-1. In these conditions, mono-
thiourea 1 presented a good transport activity, whilst acylhydrazone 9 was almost
inactive.!? Although the functional groups of 2 and 3 (ester and acylhydrazone,
respectively) have similar electronic effects on the aromatic ring (validated by the
comparable Ka values for CI"), their transport activities were remarkably different. While
the activity of transporter 2 was almost identical to 1, compound 3 was nearly inactive,
with a low transport activity. Receptor 5 possesses an acylhydrazone functional group,
alike 3, and showed an almost negligible transport, which contrasted with the much higher
transport activity of its precursor aldehyde 4.!?' Arylhydrazone 6, lacking the acyl
functional group, in comparison to 5, showed a slightly better transport activity than the
latter (5), although not significantly. In stark contrast, compound 7, without acidic
hydrazone N—H units, performed much better than structurally related receptors 5 and 6.
Moreover, receptor 8, the acetal-protected version of compound 4, presented a moderate
transport activity, similar to 7. Finally, bis-thiourea 10 showed a very low chloride
transport ability, despite of the higher binding affinity of two thiourea binding units for
chloride characterised by high binding constants. Ki1 and Kiz of 49 and 10 M,

respectively.

As demonstrated with DFT studies presented in Chapter 11, the thiourea and
acylhydrazone binding units in receptors 3, 5 and 6 are far away to cooperatively bind the
same anion. A thiourea-based receptor, with a single binding unit, may interact with the
phospholipid head groups and swap interaction to a competitor chloride anion that

approaches the water/lipid interface, transporting it through the membrane. In stark
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contrast, molecules with two binding sites (such as the hydrazone derivatives 3, 5 and 6,
and bis-thiourea 10) could bind to the anion with one motif, while the other is able to
firmly bind with phospholipid head groups, which prevent the passive diffusion of the

receptor across the phospholipid bilayer.

All these questions will be investigated by MD simulation studies in this chapter.

I11.2. Methods

Molecular Dynamics (MD) simulations of the chloride complexes of 1-10 were
carried out in a POPC membrane model. The transporters were described with GAFF2
force field parameters, the second iteration of the General AMBER Force Field (GAFF),*®
% and employing RESP charges,®* calculated at the HF/6-31G(d) theory level, using 4
concentric layers per atom and 6 density points in each layer. Both charges and atomtypes
were attributed using the antechamber software available in the AMBER suite.’** MD

simulations were performed using AMBER 18% with resort to GPU acceleration.®®: 1%

11.2.1. X-n2-ns-X reparameterization

Preliminary MM optimisations of acylhydrazone derivatives 3, 5, and 9 with
default GAFF2 parameters for torsional terms and default atom types (see Scheme I11-1),
yielded structures distorted around the N—N central bond of the acylhydrazone fragment,
with the C=N-N-C and C=N—-N-H torsion angles (see the highlighted bonds in Scheme
I11-1) distant from the expected values, as follows. The MM minimised structures of 3, 5,
and 9 presented C=N—N—C angles around £70°, whilst CSD presented 797 structures with
acylhydrazone moieties® C=N—N—C dihedral angle values ranging from 152.4° to 208.3°
(normalised for the 0 to 360° range). Ten acylhydrazone derivatives, listed in Table 111-2,
were optimised in gas-phase at the B3LYP/6-31G(d) theory level, in agreement with the
development of GAFF2’s parameterization. The DFT computed structures resulted in
torsion angles close to those observed in the solid state, in contrast to the MM optimised
structures with default parameters. This preliminarily modelling studies revealed the need

for the adjustment of the X—n2—ns—X (with ns being an amide N, attached to one hydrogen
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atom) default force field parameters used in GAFF2 to describe the torsional energetic
barriers around the N—N bond. These parameters were replaced by the torsional terms used
for fragments described by the X—n2—n2—X dihedral term (with n2 being an aliphatic sp?

N with two connected atoms), as given in Table I11-1.

o

h4 hn

Scheme I11-1

The MM optimisation of these ten structures, using the modified dihedral angle
terms led to a significant improvement of the fitting between the MM structures,
experimental structures and DFT ones, as shown by the root-mean-square deviation
(RMSD) values given in Table 111-2.

Table 111-1. GAFF2’s default parameters and the modified parameters used in this work (based on the
X—n2-n2—-X dihedral angle).

Dihedral Angles? Scaling Factor Vn/2 (kcal-mol ™) Y (°) Periodicity N
default parameters
ce—n2-ns—c 2 0.800 0.000 2.000
ce—n2-ns—hn 2 0.800 0.000 2.000
modified parameters (based on X—n2-n2-X)
X—n2—ns—X 1 3.000 180.000 -2.000
X-n2-ns—X 1 2.800 0.000 1.000

3 The n2 atom type corresponds to an aliphatic sp> N with two connected atoms, whilst the ns one corresponds to an
amide N, with one hydrogen atom attached.
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Table 111-2. RMSD values (A) ascertained between reference X-ray single crystal structures (XRD) or
B3LYP/6-31G(d) optimised structures and the MM optimised structures with GAFF2’s default and updated
parameters for the X—n2—ns—X dihedral angle.

CSD Refcode Ref. default vs XRD modified vs XRD default vs B3LYP/E- modified vs
31-G(d) B3LYP/6-31-G(d)

HEFSUH 135 145 0.46 1.04 0.19
HOJCUG 136 1.16 0.20 1.28 0.17
IHINEV 137 1.39 0.70 1.38 0.72
IHINIZ 187 141 0.25 1.42 0.24
IHIPEX 137 1.18 0.32 0.95 0.14
LIFXIK 138 0.60 0.52 0.85 0.31
LUHFIE 139 1.24 0.34 0.93 0.20
QORSOG 140 1.59 0.64 1.40 0.36
VOVPOOO01 141 1.14 0.26 1.28 0.08
VUHMOAO02 142 1.03 0.20 0.91 0.13
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Scheme I11-2. Structures of the compounds mentioned in Table 111-2, with the corresponding refcodes.

111.2.2. Membrane MD simulations

The MD simulations were performed using the structures of the chloride complexes
of 1-10 optimised by DFT in 1:1 or 1:2 receptor:anion stoichiometry. Two starting
positions were considered: with the chloride complex immersed in the aqueous phase of a

POPC membrane model (A), or in the core of the phospholipid bilayer (B), as shown in
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Scheme 111-3. These two alternative scenarios were built using Packmol,**® from a
previously equilibrated membrane model, composed by 128 phospholipids described with
Lipid17,% 6500 TIP3P model water molecules,*** and 18 C1- and 18 Na* ions (ca. 0.15 M).
Suitable Lennard-Jones parameters were employed to describe the ions, using Li/Merz’s
12-6 10D set.!* The systems’ neutral net charge was achieved with the removal of one or
two solvated anions from the system. Moreover, three (1, 2, 4, and 6-10) or nine (3 and 5)
independent MD runs were carried out for each starting scenario, which resulted in a total

sampling time of 1.35 us for the prior and 4.05 us for 3 and 5 (vide infra).

Scheme I11-3. Representation of simulations’ starting scenarios <4 and B.

During the equilibration period of the MD simulations, the initial configuration of
each system undergone 20000 steps of MM energy minimisation, of which the first half
was carried out with the steepest descent algorithm and the second half with the conjugated
gradient algorithm, with a 500 kcal-mol*-A-2 positional restraint was applied to the lipid
molecules and chloride complex. Subsequently, the positional restrain was removed and
the entire system was relaxed. Then, each system undergone a NVT ensemble run of 100
ps, heating from 0 to 303 K, with a positional restraint of 10 kcal-mol *-A-2 on the same
residues as the initial minimisation. The systems went through an equilibration phase of 5
ns in the NPT ensemble, with a 5 kcal'mol-A-2 positional restraint on the chloride
complex. Afterwards, the positional restraint was removed, and each equilibrated system’s
simulation was extended for further 200 or 250 ns, in the 4 and B MD simulation
scenarios, respectively. The long-range electrostatic interactions were described with the
Particle Mesh Ewald (PME) algorithm,**6 using a real-space cut-off at 10 A, the same cut-

off as for Lennard-Jones interactions. The Langevin thermostat!4” was used to maintain the
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bath temperature at 303 K, with a collision frequency of 1.0 pst. The Berendsen
barostat'*® preserved the pressure at 1 atm and compressibility of 44.6x107° bar!, with a
relaxation time of 1.0 ps. The SHAKE algorithm*® constrained the covalent bonds to
hydrogen atoms, allowing a time step of 2 fs. Finally, the trajectory frames were saved

every 10.0 ps of simulation, and posteriorly processed and analysed using cpptraj.t>

111.2.3. MM interaction energies

The MM interaction energies between chloride transporters 1-10 and the
phospholipids of the POPC phospholipid bilayer were calculated with the concatenated
data of the last 50 ns of 3 MD runs carried out for each system, removing the water

molecules, using Eq. 111-1:

AEyy = AEgec + AEyqyw + AEjNT Eq. 11-1

where AE,;.. and AE, 4y correspond to the non-bonded electrostatic and van der Waals
energy terms, while AE;y corresponds to the sum of bond, angle, and torsion energies.

The three individual MM energy components are given by Eq. 111-2 through Eq. 111-4:

AEgiec = Eelec_gystem - (E€l€CpopC + Eelechnsporter) Eq. I11-2
AEUdW = EUdWSystem - (EVdWPOPC + EVdWTransporter) Eqg. 111-3
AEINT = EINTSystem - (EINTPOPC + EINTTransporter) = 0 Eq- 11-4

In the MM energy calculations, the POPC corresponds to the 128 POPC molecules,
Transporter to the 1-10 isolated compounds, whilst the System corresponds to both (water
molecules and ions are excluded from the calculations). The bonded term (AE; ) amounts
to zero, given that the individual terms EinTsysiem EINTpope: and EINTrransporter WETE
calculated considering only MD simulations’ “single-trajectories” where the transporters
were already embedded and equilibrated into the membrane. Hence, according to Eq. 111-1,
the intermolecular interactions between the POPC membrane and the transporters were

calculated using only the contributions from the non-bonded energy terms.
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11.2.4. Umbrella Sampling MD simulations

The starting configurations required for the US simulations were obtained from MD
simulations of the passive diffusion of the chloride complexes of 1 and 3 across
phospholipid bilayer as follows: the final frame of the equilibration phase of both
transporters, in starting scenarios 4 and B, was used as the starting point for 200 ns long
production phases, following the same protocol as the previous MD simulations (vide
supra). The complex was preserved throughout MD simulation saving an harmonic
restraint distance of 5 kcal-mol*-A-? and with the distance between the chloride and the
nitrogen atoms of the thiourea binding units oscillating around 3.5 A. Configurations with
a spacing of ca. 1 A between centres of mass (COM) of the receptors, completing a total of
42 evenly spaced starting points (from 0 to +41 A along the z dimension/bilayer normal),
were gathered from the restrained MD simulations of 1 and 3. Noteworthy, only windows
for one side of the membrane were simulated, as a symmetric behaviour would be expected

in the remaining half (-41 to 0 A along the z dimension/bilayer normal).

The US simulations were run using the collected configurations, with distance
restraints of 5 kcal-mol*-A~2 relative to the z dimension, between the COM of the heavy
atoms of the receptor, and the COM of the phosphorous atoms of the lipid head groups and
the terminal carbon atoms of the lipid tails. A harmonic restraint of 5 kcal-mol*-A-% was
also used to maintain the receptor-chloride complex throughout the US simulations. Each
independent US window was properly minimised and heated prior to the production phase,
following the same protocol as the passive diffusion (vide supra), apart from the distance
restraints. Although the production stage was composed of 120 and 130 ns (for complexes

1 and 3, respectively), only the last 50 ns were considered as sampling time.

The VFEP method® was used to assess the free energy profiles from the US
simulations of complexes 1 and 3. Subsequently, the profiles were plotted with the
bootstrap errors calculated from 100 random data sets of equal size.

54



111.3. Results and Discussion

111.3.1. Diffusion of the transporters within the membrane

The interaction and the passive diffusion of 1-10 were investigated at the atomistic
level with MD simulations in a POPC membrane model. In accordance with the chloride
efflux studies, the molecules were categorized as good — 1, 2 and 4; moderate — 7 and 8;
and poor transporters — 3, 5, 6, 9 and 10. Additional details are given in 111.2. Methods

section.

The diffusion of the synthetic transporters was monitored by assessing the relative
distances between the COM of the aromatic rings (designated A, B and C, as shown in
Figure 111-1) and the water/lipid interface, which allowed to deduce the relative position
and orientation of the transporters along the bilayer normal (z coordinate) throughout the
MD simulation. The positive distances relative to the water/lipid interface (averaged from
the z coordinates of the leaflet’s 64 phosphorus atoms) suggest that the given molecular
fragment is in the aqueous phase of the system (above the phosphorus), while negative
values indicate that it is embedded in the POPC bilayer (below the phosphorus). The most
representative run of the passive diffusion of transporters 1-10, for each starting scenario,
is depicted in Figure 111-3 and Figure Al to Figure A3, representing the relative position
of the reference points and the total count of hydrogen bonds to chlorides. Overall, within
the first ns of each MD simulation, the associated chloride is rapidly solvated and released
to the water phase, regardless of the starting scenario. Moreover, transporters in scenario
A diffuse in the water phase of the system prior to bilayer permeation, and despite the
higher lipophilicity of the fluorinated aromatic ring (A), this fragment is not necessarily the
first one to permeate the membrane. However, once the molecules are nested below the
water/lipid interface and acquired their preferential orientations, the lipophilic fluorinated
ring A (red line in in Figure 111-3 and Figure Al to Figure A3) is closer to the bilayer
core, and the remaining aromatic rings B or C are found near the water phase (blue and
pink lines, respectively). This preferential relative position for 1, 3, 5 and 9 is depicted
with MD snapshots in Figure I11-2. Having observed the ergodicity between the spatial
disposition observed in the individual stochastic MD runs, relatively to the water/lipid
interface, the MD sampling data (last 80 and 130 ns of each run for scenarios A4 and B,

respectively) were merged, affording 0.63 ps of sampling time for transporters 1, 2, 4, and
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6-10, and 1.89 ps for 3 and 5. Hence, the following structural and energetic analyses of the
synthetic transporters’ MD simulations were performed with the concatenated data, except

where otherwise stated.

Bilayer Normal (z coordinate)

CF3

a=0° o =180° o=90° o =90°
B =90° B =90° B =180° B=0°
¥ =90° ¥ =90° ¥ =180° y=0°

Figure I11-1. Schematic identification of the A, B and C reference points, illustrated for the aromatic rings of

5. The vectors AB, SC and NH, used to assess the a, B and vy angles with the bilayer normal, are also
illustrated for this molecule.

Figure 111-2. Snapshots of MD runs of transporters 1, 3, 5, and 9, illustrating the orientations acquired at the
water/lipid interface. Water molecules, aliphatic protons, and ions are omitted for clarity.
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Figure I11-3. Evolution of the relative position of the A, B and C (red, blue and magenta lines, respectively)
reference points in illustrative MD runs in the A4 (left) and B (right) scenarios. The plotted green lines
correspond to the evolution of the total number of N—H---CI- hydrogen bonds. The black line at z = 0 A
represents the water/lipid interface.

A more thoughtful and complementary approach to establish the preferential
orientation of the different synthetic transporters towards the water/lipid interface is given
by the o, B and y angles, between the vectors AB (from aromatic ring A to B), SC (from the
thiourea’s sulphur atom to the adjacent carbon atom) and NH (the hydrazone N-H bond),
and the z coordinate, as described in Figure Il1-1. For instance, an angle o of 0° is
observed when a given transporter is parallel to the membrane normal, with the fluorinated

aromatic ring (A) closer to the bilayer core, while an 180° angle indicates that it is near the
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interface. By contrast, a 90° a angle is observed when the molecule is parallel to the
interface. The B and y angles give the orientation of both binding units, whether they point
towards the water phase (~0°) or to the bilayer core (~180°). The histograms for the
mentioned angle values are plotted in Figure I11-4, and Figure A4 to Figure A5, while

their average values and corresponding standard deviations are listed in Table 111-3.

Frequency (%)

0 30 60 90 120 150 180 0 30 60 20 120 150 180

Angle (°)

Figure I11-4. Frequency profiles showing the distribution of the a (red line), § (blue line) and y (magenta
line) angles, assessed during the sampling period of the MD simulations of 1-4. Data were smoothed using
Bézier curves.
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Table 111-3. Average o, B and y angles (°), with their standard deviations, assessed for the cumulative
sampling time in the MD runs of the different transporters.

Molecule Angle (9
o p Y
1 58.8+21.8 46.8+19.9
2 62.3+21.1 446 £22.7 -
3 739+21.9 374 +£20.1 77.1+414
4 57.8+17.4 448 £17.7 -
5 62.0+21.6 449+209 76.2+£37.1
6 66.8 + 25.6 47.0+245 415+20.2
7 68.3+21.5 444 +23.1
8 63.6 £20.2 40.6 £18.8 -
9 63.2+21.3 - 38.7+253
10 (Thiourea 1) 65.0 £ 25.2 55.4+22.1
10 (Thiourea 2) 65.2+ 26.7 56.1 +22.5

Overall, molecules 1, 2, 4 and 8 have average a angle values of 60.6 + 20.9°
suggesting that these mono-thioureas frequently adopt oblique spatial dispositions, while
the corresponding thiourea binding motifs are often pointing to the water phase, enabling
them to interact with phosphate head groups, water molecules or solvated chloride ions
(vide infra). The N,N-dimethyl-hydrazone derivative 7 adopted an equivalent orientation
inside the POPC bilayer, given the profiles of the a and B angles with average values of
68.3 £ 21.5° and 44.4 + 23.1°, respectively. The thiourea fragments of the acylhydrazones
3 and 5 are spatially oriented similarly to the mono-thioureas above-mentioned, as
indicated by the comparability between the a and  angles. Regarding the y angle values of
the acylhydrazone fragment of 5, they range from 0 to 180°, leading to a considerably large
standard deviation of 41.4°, whilst the distribution profile for 3 presents two local maxima
around 38 and 113°, as depicted in Figure I11-4. Thus, the orientation of the acylhydrazone
motif is variable, allowing it to easily interact with the phosphate head groups, water
molecules, and with the ester groups of the sn-1 and sn-2 phospholipid chains. In contrast,
the arylhydrazone derivative 6 presents a slighter variation of the y angle values (38.7 +
25.3°), suggesting a N—H binding unit with a well-defined orientation, pointing towards
the water phase. The high variability on the orientation of the acylhydrazones can be
attributed to the N—H unit’s higher Vs .4, 0f molecules 3 and 5 in comparison to 6 (vide
supra), giving them a higher propensity to alternate between different hydrogen bonding
acceptors. Molecule 9, in stark contrast to the other acylhydrazone derivatives, presents o
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and y angle average values of 63.2 + 21.3° and 38.7 + 25.3°, respectively, demonstrating
that it is possible for a receptor with a single acylhydrazone moiety to have a clear
orientation at the water/lipid interface. The bis-thiourea 10 displays well-defined o and B
angle profiles for both thiourea fragments and their corresponding average values are
comparable to the ones attained for the mono-thioureas. Additionally, the thiourea binding
units are indistinguishable and equally able to independently recognise chloride ions, water
molecules or phosphate head groups, at the water/lipid interface level, as shown in the

overlap between the a and B profiles (see Figure A5).

The hydrogen bonding contacts between the thiourea or hydrazone-based binding
units and water molecules, chloride ions or phospholipids were assessed throughout the
entire MD simulation time of the different MD replicates carried out for each receptor. The
total counting of these hydrogen bonds for 1, 2 and 3, as function of the z coordinate are
plotted in Figure 111-5, and in Figure A6 and Figure A7 for the remaining transporters.
Overall, along the diffusion in the water phase, for scenario <A, the thiourea binding motif
of molecules 1-8 sporadically recognises one of the eighteen solvated chloride ions. On the
other hand, in starting scenario B, the chloride hydrogen bonded to the thiourea binding
motif is promptly solvated and released to the water phase. Afterwards, the chloride uptake
events become occasional, as the number of N—H---Cl~ is close to zero. Regardless of the
starting scenario, as the transporters reach the water/lipid interface (z = 0 A), the hydrogen
bonds between both thiourea N—H binding motifs and water molecules are partially
replaced by interactions with phospholipids, primarily with the phosphate head groups and,
to a smaller extent, with the sn-1 and sn-2 ester groups. The total number of hydrogen
bonds between transporter 10 and the phospholipids naturally increases because of its two
independent thiourea binding units being equally able to establish hydrogen bonds with
phosphate head groups. Additionally, they were also found to occasionally be able to
simultaneously bind two phosphate head groups throughout the MD simulations (see
Figure 111-6). Therefore, the great binding affinity of this bis-thiourea for phospholipids is
possibly linked with its inability to promote the chloride transmembrane efflux.
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Figure 111-5. Average number of thiourea hydrogen bonds vs. the relative position of the centre of mass of 1,
2, and 3 (left for the thiourea and right for the acylhydrazone motif). The following colour scheme is used for
the interactions with the water molecules (blue), chloride ions (green), ester groups (magenta for the sn-1
chains and purple for the sn-2 chains) and POPC head groups (orange). The black line at z = 0 A represents
the water/lipid interface. Data were smoothed using Bézier curves.

Figure 111-6. MD snapshot illustrating the interaction of both thiourea binding units of 10 with two POPC
phosphate head groups.
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In contrast, and in agreement with the wide range of y angle values and Vs values in
the hydrazone binding units of 3 and 5, the hydrogen bonds established by these motifs
swap between water molecules, the phosphate head group, and sn-1 and sn-2 ester
phospholipid groups, forming intermittent N—H---O hydrogen bonds, putatively assisted by
C—H---O bonding contacts. Furthermore, 6 and 9 present comparable hydrogen bonding
interactions, although the hydrazone moiety’s orientation of these molecules is more
consistent, as shown by the narrower deviation of the corresponding y angles (see Table
111-3). Regardless of the small extent of the presented hydrogen bonds, they have a
substantial impact on the interaction of these hydrazone-based receptors with the POPC

membrane model, as corroborated by the following energy calculations.

111.3.2. Energetic analysis

The interaction between transporters 1-10 and the phospholipids was assessed from
the reported unrestrained passive diffusion MD simulations, via molecular mechanics
(MM) gas-phase interaction energies, considering the last 50 ns of each MD run. The
contributions of the non-bonded electrostatic (AE,;..) and van der Waals (AE,;,/) energy
terms in relation to the MM interaction energy (AE);,) were calculated as detailed in the
I11.2. Methods section and the average values obtained are listed in Table 111-4. The of
AE,;, values increase almost linearly with the AE,;,. (R? = 0.93) and AE, 4, (R? = 0.93)

values, the latter being the main contributors to the AE,,, values.
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Table 111-4. Molecular Mechanics interaction energies (kcal mol?)2 between the phospholipids and
compounds 1-10, listed together with their relative transport ability marks.

Molecule RTA (CI)P AEyuy AE,jec AE,qw
1 Good -57.1+11.3 -16.2 £10.7 -40.9+3.0
2 Good -63.5+13.3 -17.1+116 -46.4 £ 5.7
3 Poor -87.8+13.8 -28.6 £13.3 -59.2+43
4 Good -645+125 -209+12.1 -43.6 +3.3
5 Poor -87.0+£15.1 -28.6 £13.9 -585+4.8
6 Poor -73.9+£104 -16.8£9.7 -57.2+£3.7
7 Moderate -66.7 £10.7 -15.1+£9.7 -51.6£3.6
8 Moderate -69.0£12.6 -206 £11.7 -485+4.0
9 Poor -49.7£6.9 -8.0+£5.3 -41.7+£3.3
10 Poor -102.4 £ 15.6 -35.2+£15.6 -67.1+£4.2

3) Energetic analysis based on 1500 frames (extracted every 200 ps), apart from 3 and 5, for which 4500 frames were
considered; ) Relative transport ability.

The transport properties of the thiourea derivatives are largely dependent on the
strength of the van der Waals interactions between the phospholipid and these transporters.
Accordingly, the good transporters are smaller molecules like 1, 2 and 4, establish weaker
vdw interactions with AE,4,, values of -40.9, -46.4, and -43.6 kcal mol?, respectively.
These are followed by 7 and 8, moderate transporters with intermediate vdw interactions
with AE, 4y values of -51.6 and -48.5 kcal mol . Larger receptors containing hydrazone
moieties with equivalent lengths, such as 3, 5 and 6, present AE, 4, Values around -58 kcal
mol ! corresponding to higher vdw interactions and have poor chloride transport ability.
Stronger electrostatic interactions with the membrane also decrease the ability to promote
the chloride efflux. Receptors with a single thiourea binding motif (1-2 and 4 as good
transporters, and 7-8 as moderate transporters) show equivalent AE,;.. average values,
ranging from -20.9 to -15.1 kcal mol™. On stark contrast, the binding ability of the
hydrazone binding motif of 3 and 5 (evaluated with V) leads to increasingly stronger
electrostatic interactions with the bilayer (ca. -28.6 kcal molY), contributing to a poorer
transport capability. The meta-phenylene bis-thiourea 10, with two electron-withdrawing
and highly lipophilic 3,5-bis(trifluoromethyl)phenyl groups is naturally a poor transporter,
presenting the highest average values of -35.2 and -67.1 kcal mol?, for the AE,;,. and
AE, ;v terms, repectively. These electrostatic interactions mainly occur between the acid
thiourea N—H binding unit and phosphate head groups, including hydrogen bonds. In fact,
this molecule has the higher propension to establish these kind of interactions, as shown by
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their Vs.qqx Values. Alternatively, poor transporter 9 has weaker interactions the bilayer,
with AE,.. and AE, 4, average values of -8.0 and -41.7 kcal mol?, respectively. However,
9 is composed of a single acylhydrazone binding motif, with a low chloride affinity, as
indicated by DFT calculations and *H-NMR titration binding data.

111.3.3. Structural impact on the bilayer

The structural impact of the transporters 1-10 onto the membrane was assessed
throughout the MD sampling data. This was carried out by comparing structural
parameters such as the area per lipid, bilayer thickness, electron density profile and order
parameters |Scp| with a free membrane model. The average values for the area per lipid,
bilayer thickness and root-mean-square error (RMSE) between the order parameters of the
free bilayer and the systems with 1-10 are gathered in Table I111-5, whilst the density
profiles are plotted in Figure I111-7 to Figure 111-8. The structural parameters attained from
the MD simulations are comparable to the free membrane without transporters, with the
small deviations being attributed to the nesting of the transporters at the water/lipid
interface level, indicating that the impact of this series of small molecules has a marginal
impact on the POPC bilayer.

Table 111-5. Comparison between the area per lipid, bilayer thickness, and root-mean-square error (RMSE)
of the transporters’ MD simulations sampling time and a free membrane system (100 ns of sampling).

Area per lipid (A2)  Bilayer thickness (A) |Sco] RMSE
Molecule N
Avg £ SD Avg £ SD sn-1 sn-2
Free Membrane 67.63+1.21 37.23 £0.52 - - 10000
1 67.98 £ 1.26 37.19+£0.55 0.0023 0.0022 63000
2 68.13+£1.14 37.12£0.52 0.0018 0.0024 63000
3 68.05+1.21 37.17£0.53 0.0020 0.0022 189000
4 67.88 £ 1.25 37.21£0.56 0.0019 0.0026 63000
5 68.10 £ 1.25 37.15+0.56 0.0020 0.0019 189000
6 67.68+1.12 37.32+£0.49 0.0036 0.0032 63000
7 68.00 £ 1.22 37.18 £0.54 0.0020 0.0027 63000
8 67.89 +£1.23 37.23£0.54 0.0038 0.0029 63000
9 67.95+1.17 37.19+0.51 0.0025 0.0026 63000
10 67.65+1.19 37.01+£0.60 0.0030 0.0024 63000
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Figure I111-7. Electron density profiles of transporters 1-6, with the full system plotted in black,
phospholipids in green, water in blue, phosphorus atoms in orange, and the transporter in red. The free
membrane profile is also shown as a magenta line. The transporter’s profiles are scaled 5 times. The core of

the POPC bilayer corresponds to z=0 A.
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Figure 111-8. Electron density profiles of transporters 7-10. Remaining details are given in Figure 111-7.

111.3.4. Constrained MD simulations

Further structural insights in the anion transport ability of receptors 1, 3 and 5 were

obtained through constrained MD simulations of their thiourea bound chloride complexes.

These MD simulations with distance constraints to the chloride yielded results in
conformity to the passive diffusion, for the receptor orientation characterised by the angles
a, B and y (depicted in Figure A8) and for the hydrogen bonds to the binding units, as
would be expected. In spite of the thiourea motif being occupied with a chloride anion for
the entirety of the restrained simulation, the acylhydrazone motif presented a behaviour
similar to the passive diffusion MD simulations, as shown in Figure 111-9 consistent with

its weak interaction with phosphate phospholipid head groups.
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Figure 111-9. Average number of thiourea (left) and acylhydrazone (right) hydrogen bonds vs. the relative
position of the centre of mass of 1, 3, and 5. Remaining details are given in Figure I111-5.

Alike the passive diffusion simulations, the orientation of the complexes 1 and 3 in
the 41 US simulation windows was also ascertained, and a heatmap of the a,  and y angles
of the complex along the z coordinate was built using sampling data from the last 50 ns of
each window MD run, as depicted in Figure 111-10 and Figure 111-11. These results are in
complete agreement with the passive diffusion, evidencing the achievement of a well-
defined orientation once the complex is found within the highly packed membrane
medium, with frequent angle values comparable to those of the passive diffusion for

receptors 1 and 3 (Figure I11-4). Moreover, the interaction between 1 or 3 and the

67



phospholipids of the POPC membrane was also assessed via MM interaction energies (as
detailed in 111.2. Methods section) for the US simulations’ sampling time. The interaction
energies between the transporters and the phospholipids, as these permeate the membrane,
presented in Figure 111-12 agree with those presented in Table I11-4 for the unrestrained
passive diffusion, as the worse transporter 3 interacts with the phospholipids to a bigger
extent, mostly through van der Waals interactions. The ca 17 kcal mol! difference
between the US simulations and the respective unrestrained MD simulations is attributed to
the association to the chloride in the complex, resulting in the displacement of more water
molecules to the bilayer’s inside, therefore reducing the interaction between the receptors
and the phospholipids.

180 T T T T T T T . 200
180

150

120 S RCRIRRRRE == e R : B

R TS BRI — 0 RERNRwes  ————_— T — R
80 o ma— : . . i E - ; 4
] ] : ; : A
140
30 +
420
0 ]

Angle (®)
uno

180 T T T T T T T . 200
180

150

i 4 140
100 TR Nt 5 i

00 |t _ L d 100
8o | ; T it ; 7
: i 1 : : e
: : 1{ 40
30 F . e s o ...
1 20
0 L —0
0 5 10 15 20 25 30 35 40
Z coordinate (A)

Figure 111-10. 2D histogram created from the a (top) and  (bottom) angle values monitored along
the z coordinate positions of complex 1, throughout 41 independent US windows. The colour
ranges from white (no occurrence) to red (200 occurrences).
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Figure 111-11. 2D histogram created from the a (top), p (middle), and y (bottom) angle values
monitored along the z coordinate positions of complex 3, throughout 41 independent US windows.
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Figure 111-12. Molecular Mechanics interaction energies (kcal mol™?) from the 41 independent US
simulation windows, between the phospholipids and complexes 1 and 3, with the total energy
(black), and van der Waals (blue) and electrostatic (red) contributions along the z coordinate.

The chloride transport ability of 1 and 3 was energetically characterised with the
reconstruction of the PMF from their chloride complexes US MD simulations. The
convergence and equilibration of the PMF profiles was established by evaluating the data
in sequential intervals of 10 ns, until the different interval curves overlapped (Figure
111-13). In contrast to the previously mentioned MM energy studies, that accounts for the
receptor’s interaction with the phospholipids, the PMF indicates the receptor’s free energy

variations as it surpasses the lipid/water interface and diffuses to the bilayer’s core.
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Figure 111-13. The equilibration and convergence of the US simulation windows were evaluated in
10 ns intervals (coloured accordingly), of which the last 50 ns were used to calculate the PMF of
complexes 1 and 3.

The free energy profiles were computed using the VFEP method,” from the US
simulations’ sampling time (last 50 ns), and are plotted in Figure I11-14, while (the
individual profiles, plotted with the bootstrap errors calculated from 100 equal sized
random data sets are presented in Figure 111-15). As complexes 1 and 3 permeate the
POPC bilayers, a drop occurs in the free energy profile until minima of -5.91 and -6.05
kcal mol* was achieved at z = 10.05 A and z = 11.65 A for complexes 1 and 3,
respectively (with the phosphate heads located at ca. 18 A). Moreover, the free energy
corresponding to the complex with the larger receptor (3) starts to decline slightly sooner
than complex 1. Between the energy minima of both complexes and the bilayer core (z =0
A) there is an increase in the free energy, indicating the energy barrier that must be
surpassed for the complexes to cross the lipid tails towards the opposite leaflet. This
energy barrier is ca 1.1 kcal mol* larger for the poor transporter 3 (-0.90 kcal mol™?), in

comparison to 1 (-2.02 kcal mol 1).
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Figure 111-14. PMF of complexes 1 (red) and 3 (blue) as a function of the z coordinate throughout
the sampling period of 41 independent US simulation windows.
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Figure 111-15. PMF of complexes 1 and 3 as a function of the z coordinate throughout the sampling

period of 41 independent US simulation windows. The error bars correspond to the bootstrap errors
computed from 100 random data sets of equal size.
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111.4. Conclusions

This chapter’s results confirm that the addition of non-cooperative functional
groups to the structure of anion receptors hinder its transport capabilities rather than the
opposite. Receptors 3, 5 and 6, mono-thioureas functionalized with aryl- and
acylhydrazone groups in the meta or para positions, yielded transport activities
substantially lower when compared to the reference mono-thiourea 1. The comprehensive
membrane model MD simulations reported in this chapter show that the poor transport is
caused by the presence of an additional binding unit (whether it is an acylhydrazone or a
thiourea), which interacts strongly with the membrane. Moreover, the negligible transport
activity of bis-thiourea 10 (compound with two binding units unable to bind to the same
anion) compared to 1 supports the proposed hypothesis that a secondary non-cooperative
binding site hinders the diffusion of the transporter-anion complex by interacting with the
membrane. This also indicates that the detrimental effect of additional binding sites is not
exclusive for hydrazone groups, but also applies to urea, thiourea, and, potentially, to other

anion binding motifs.
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Chapter IV.
Conclusions & Future Work

IVV.1. Conclusions

The quantum calculations showed a superior binding affinity of the thiourea
binding units for chloride. Additionally, receptors with two binding sites (3, 5, 6, and 10)

were found to recognize chloride in a non-cooperative independent manner.

MD simulations on transporters 1-10 in a POPC membrane model revealed that the
molecules diffuse to the water/lipid interface, with all of them subsequently acquiring well-
defined orientations, with the more lipophilic fluorinated aromatic ring found deeper in the
membrane and the remaining aromatic rings closer to the water phase. While the thioureas’
N-H binding motifs frequently point to the water phase, allowing for interactions with
solvated anions, water molecules and phospholipid head groups, the acylhydrazone binding
units present variable orientations, interacting with water molecules and with the
phospholipids’ phosphate and ester groups. Furthermore, it was possible to establish a
relationship between the MM interaction energies of the different compounds and their
transport activities. Typically, the poorest transporters also present the strongest
interactions with the phospholipids, whereas the ones with moderate interaction MM
energies with the POPC bilayer are among the best transporters. It was also demonstrated
that the receptors 1-10 do not significantly impact the structural properties of the
phospholipid bilayer.

From the constrained MD simulations, it was noticeable that the presence of the
chloride in the complex shifted more water molecules to the membrane’s core, pushing
away the phospholipid tails and resulting in lower interaction energies than in the
unconstrained simulations, although the same tendencies were observed. In the passive
diffusion MD simulations of the chloride complexes, the orientation and hydrogen bond
findings were in line with the results obtained in the passive diffusion MD simulations of

the free receptors across POPC.
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The free energy profiles of complexes 1 and 3 indicated that the larger size and
secondary acylhydrazone binding site of the latter complex cause it to interact sooner with
the phospholipids’ head groups, in comparison to 1, as well as a free energy minimum
about 1 A closer to the interface. Moreover, the better transporter (1) presented a slightly

lower free energy barrier to overcome in order to cross the lipid tails to the opposite leaflet.

These in silico results strongly support the presented hypothesis, which proposes
that the membrane interactions (both polar and apolar) of a moiety with a second anion
binding site have negative effects on the transport activity of a thiourea derivative. It is also
noticeable that, albeit less than the hydrogen bond donors, the second hydrogen bond
acceptor groups have negative impacts on the transport activity. Furthermore, the
commonly used logP values, along with anion binding constants or quantum descriptors,
are not enough to assess the transport capability of a molecule, as they cannot predict its
interaction with the membrane, given that both polar (such as acylhydrazones binding units
— electrostatic interactions) and apolar groups (such as aromatic moieties — van der Waals
interactions) contribute to the total interaction energy between the receptor and the
membrane. Moreover, this work demonstrates that additional decorating and/or binding
groups in synthetic anion transporters can greatly disturb their transport activity, which
should be taken into consideration when designing new synthetic Channel Replacement

Therapies that rely on the anion carrier mechanism.

Finally, the mechanisms behind chloride transport by transporters 1-10 were
comprehensively studied, with the role of the acylhydrazone units properly clarified, it is

safe to say that all the proposed objectives were successfully fulfilled.
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1V.2. Future Work

All the work developed at the Molecular Modelling and Computational Biophysics
Group resulted in the acquisition of crucial know-how, relating to the pioneering

theoretical work that was reported on this dissertation and in the published article.?

The MD simulations methodologies and quantum descriptors used throughout this
work can be employed in the future study of novel synthetic transporters. Indeed, new
synthetic ion transporters can be idealised, having in consideration the drug design insights
and experimental results obtained from this work, which states that additional binding units
hinder the transport of anions if they are not cooperatively recognised. This
multidisciplinary approach has once again proven to be adequate to tackle the

rationalisation of the anion transport properties of a series of compounds.
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Figure Al. Evolution of the relative position of the A, B and C (red, blue and magenta lines, respectively)
reference points in illustrative MD runs in the A (left) and B (right) scenarios. Remaining details are given in

Figure 111-3.
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points in illustrative MD runs in the A (left) and B (right) scenarios. Remaining details are given in Figure
11-3.
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Figure A3. Evolution of the relative position of the A, B and C (red, blue and magenta lines, respectively)
reference points in illustrative MD runs in the A (left) and B (right) scenarios. Remaining details are given in

Figure 111-3.
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lines for a 3,5-bis(trifluoromethyl)phenyl thiourea moiety and dashed lines for the other one). Remaining
details are given in Figure 111-4,

D

25

20

15

5/ /

0
-5

-10

s }

el ——

=
=
k=]
Z 20
g8
e 25
=
]
T 20} 6 6
15
10 |
5{
-5
-10
N
-15
_20 L : L . " " " "
1 2 3 4 5 0 1 2 3 4 5

Number of Hydrogen Bonds
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position of the centre of mass of 5 and 6. Remaining details are given in Figure I11-5.
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Figure A7. Average number of thiourea hydrogen bonds vs. the relative position of the centre of mass of 4,
7, 8, 9 (acylhydrazone motif), and 10. Remaining details are given in Figure 111-5.
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Figure A8. Frequency profiles assessed during the sampling period of the constrained MD simulations of 1,
3, and 5. Remaining details are given in Figure 111-4.
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