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1. INTRODUCTION

1.1 Pharmacology

Pharmacology is derived from the Greek pharmakon, meaning ‘drug’, ‘medicine’ or
‘poison’, and logia, ‘study’ and is the study of how chemical agents affect living processes.
Though humans have been using drugs for many thousand years, the modern era of
pharmacology did not begin before in the early nineteenth century when major advances were
made in the fields of chemistry and physiology. In physiology, the understanding of normal
physiologic processes increased and led to an understanding of the dynamic actions chemicals
have on biological processes and materials. In chemistry, the development of isolation and
synthesis methods made natural compounds available and derivatives of natural compounds,
or completely new compounds, were synthesised. The first isolation of an active compound of
a medical plant took place in 1806 when Frederick W. A. Sertirner (1783-1841) isolated

morphine from opium, the dried latex obtained from the poppy Papaver somniferum.

During this time, the concept of drug interactions started to form. Felix Fontana
(1720-1805) was the first to suggest that crude drugs contain active constituents that interact
with one or more discrete parts of the organism to produce their characteristic effects (Levine
et al.,, 2000). This suggestion was 50 years later experimentally confirmed by French
physiologist Francois Magendie (1783-1841). His student Claude Bernard (1813-1878) later
concluded that in order to understand the action of a drug, it was essential to know both which
tissues primarily were involved and to explain how the drug interacted with the biologic
system to produce its effect, and the German pharmacologist Rudolf Buchheim (1820-1879)
noted that drug activity could be explained on the basis of physicochemical reactions between
cell constituents and the particular drug. Then, at the turn of the twentieth century, John
Newport Langley (1852-1925), a British physiologist, and the German scientist Paul Erlich
(1854-1915) both postulated that drugs specifically must bind to chemical constituents present
in cells (receptors) in order to be active (Levine et al., 2000). Not until the 1960s and -70s,
however, did receptors begin to be isolated as specific proteins of the cell membrane and no

longer remained hypothetical.

Today, the term receptor (or, more precisely, drug-target) is defined as a specialised
macromolecule that is able to selectively recognise drugs and, as a consequence of this

recognition, set in motion biochemical reactions that ultimately result in biologic response
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(Levine et al., 2000). The number of distinct molecular targets for all classes of approved
therapeutic drugs was recently found to be 324, of which 266 were human and 58 were
microbial, viral, fungal or parasitic in origin (Overington et al., 2006). 50 % of the drugs acted
on proteins from one of only four gene families: the rhodopsin-like G-protein coupled
receptor (GPCR), nuclear receptor, ligand-gated ion channel or voltage-gated ion channel
families. Furthermore, 60 % of the drug targets were membrane proteins, though only 22 % of

the genes in the human genome encode such proteins (Overington et al., 2006).

The era of 3D experimental structure determination began in the late 1950s. The first
X-ray crystal structure was that of the soluble protein myoglobin, which was solved at 6 A
resolution in 1958 and, two years later, at 2 A resolution (Kendrew et al., 1958; Kendrew et
al., 1960). In 1962, John C. Kendrew, together with Max F. Perutz, received the Nobel Prize
in Chemistry ‘for their studies of the structures of globular proteins’. Whereas the myoglobin
protein was solved in the late 1950s, the first x-ray crystal structure of an integral membrane
protein at nearly atomic resolution (3 A resolution), the photosynthetic reaction centre, was
not published before 1985 (Deisenhofer et al., 1985). Experimental structure determination of
membrane proteins is very challenging and in 2009, approximately 180 unique membrane
proteins x-ray crystal structures had been deposited in the protein data bank (PDB) (White,
2009), of approximately 10.000 unique proteins in total (Abagyan and Kufareva, 2009).

Whereas the era of modern pharmacology began in the early nineteenth century, the
revolution of psychopharmacology did not begin until the 1950s, when the tranquilisers (e.g.
chlorpromazine) and antidepressant drugs were discovered. Before this, treatment of
psychopathologies was mainly non-specific and speculative and e.g. included insulin shock
and lobotomy. The two first antidepressant drugs, iproniazid and imipramine - a monoamine
oxidase (MAOQ) inhibitor and a tricyclic antidepressant (TCA), respectively - not only
changed the psychiatric care of depressive patients, but also proved to be excellent research
tools. In fact, the discovery that the drugs centrally enhanced the levels of monoamines
ultimately led to the proposal of the ‘monoamine theory of depression’, which states that low
monoamine levels in certain brain regions leads to depression (Schildkraut, 1965). Though the
theory is oversimplified, all currently available antidepressant drugs act on the monoamine
system (more specifically, the serotonergic and noradrenergic systems) and the theory still

serve as a basis for understanding the action of antidepressants.
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1.2 The serotonergic system

The serotonergic system has been implicated in many physiological processes and
behaviours such as sleep, thermoregulation, satiety, neurogenesis, stress response and
aggression (Russo et al., 2009). Moreover, the system is associated with several psychiatric
disorders, including depression, anxiety and obsessive compulsive disorder (Murphy et al.,
2004).

In the CNS, serotonergic cell bodies form collections of clustered cells called the
raphe nuclei of the lower brainstem, the largest collection being the dorsal raphe. Unlike the
cell bodies, however, the serotonergic projections are extensive and innervate practically all
parts of the brain and spinal cord (Fuxe et al., 2007). Serotonin (5-hydroxytryptamine, 5-HT)
itself is derived from the essential amino acid tryptophan in the presynaptic serotonergic
neurons of the CNS. The hydroxylation of tryptophan, catalysed by a tryptophan hydroxylase,
yields 5-hydroxytryptophan (5-HTP), which is then decarboxylated by an aromatic amino
acid decarboxylase to 5-hydroxytryptamine — 5-HT. After its generation, 5-HT is taken up
into storage vesicles and is released from the nerve terminals (upon arrival of nerve impulses)
into the synaptic cleft where it may interact with 5-HT receptors located in the membrane of
postsynaptic neurons to yield its biological effects (Figure 1). Fifteen different 5-HT receptors
belonging to seven main classes of 5-HT receptors have been identified so far. Fourteen of the
receptors are G-protein coupled receptors (GPCRs), characterised by their seven
transmembrane-spanning o-helices, whereas one, the 5-HT3; receptor, is an ionotropic
receptor, i.e., a ligand-gated ion channel, consisting of five subunits that form an ion
conduction pore permeable to Na*, K* and Ca®* ions. Upon activation by 5-HT, the ion
channel opens, resulting in an excitatory response in the neuron. In contrast, the effects of
activation of the serotonergic GPCRs are mediated through different intracellular signal

transduction systems in the postsynaptic neuron.

The serotonin transporter (SERT) plays an important role in the termination of
serotonergic neurotransmission by transporting 5-HT from the synaptic cleft into the
presynaptic neuron, where it is either recycled into storage vesicles or is converted to an
inactive metabolite, 5-hydroxyindolacetic acid (5-HIAA), by the monoamine oxidase (MAO).
The serotonergic system is also auto-regulatory: 5-HT activation of 5-HTia or 5-HTig
receptors located in somatodendritic and nerve terminal regions of the presynaptic neuron,
respectively, reduces the amount of 5-HT in the synaptic cleft and hence regulates

serotonergic signal transduction (Figure 1).
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Inhibitor

Figure 1. The serotonergic system. Trp, tryptophan; TH, tryptophan hydroxylase; 5-HTP, 5-hydroxytryptophan; AADC, aromatic amino acid decarboxylase; 5-
HT, 5-hydroxytryptamine (serotonin); SERT, serotonin transporter; MAO, monoamine oxidase; 5-HIAA, 5-hydroxyindolacetic acid; 5-HT,, G-protein coupled
5-HT receptors
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1.3 The serotonin transporter (SERT)

1.3.1 SERT classification and function

The serotonin transporter (SERT) belongs to the neurotransmitter:sodium symporter
(NSS) family of transporters (transporter classification code 2.A.22) (Saier, 2000), also
known as the solute carrier 6 (SLC6) family (Chen et al., 2004). A large number of
transporters belong to this family, which contains both eukaryotic and prokaryotic
transporters (Beuming et al., 2006). In addition to SERT and the closely related dopamine and
noradrenaline (norepinephrine) transporters (DAT and NET, respectively), multiple other
transporters, such as the glycine (GlyT), y-aminobutyric acid (GABA, GAT-1), tryptophan
(TnT), tyrosine (Tytl) and leucine (LeuT) transporters, are classified as NSS transporters.
Beuming et al. identified 177 eukaryotic and 167 prokaryotic NSS transporters (sequences
with less than 95% identity) (Beuming et al., 2006).

The NSS family members are secondary transporters that couple the potential energy
stored in pre-existing ion gradients to the uptake of molecules across the cell membrane
against the concentration gradient of the molecule. The alternate access model of substrate
translocation states that the centrally located substrate binding site is connected with the
intracellular and extracellular environments of the cell through permeation pathways
(Jardetzky, 1966; Tanford, 1983). The binding site is only accessible to one permeation
pathway at a time; hence, the alternate access model involves a conformational cycle between
inward- and outward-facing conformations of the transporter (Jardetzky, 1966; Tanford,
1983). SERT utilises an electrochemical gradient of sodium and chloride ions to transport 5-
HT (Rudnick, 1977; Gu et al., 1996; Rudnick, 1998; Rudnick, 2006). 5-HT, Na* and CI™ are
transported in a 1:1:1 stoichiometry and all solutes must probably bind before SERT can
undergo the conformational changes leading to translocation (Nelson and Rudnick, 1979;
Zhang and Rudnick, 2006). Simultaneous efflux of one K ion also takes place (Nelson and
Rudnick, 1979).

All members of the NSS family require sodium for transport of their substrates;
however, the requirement of chloride varies. The biogenic amine transporters (SERT, DAT
and NET) and GAT-1 are strongly CI -dependent, whereas LeuT, Tytl and Tnal are CI -
independent (Forrest et al., 2007). Studies show that mutation of the serine in position 372 in

SERT, and amino acids in the equivalent positions in other Cl -dependent transporters, to
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either glutamate or aspartate found in CI "-independent transporters removes the chloride
requirement of the transporters (Forrest et al., 2007; Zomot et al., 2007).

The Na* and CI™ ions also play important roles in inhibitor binding in SERT. Na" is
known to stimulate the binding of all SERT inhibitors, the only exception being ibogaine,
which has been proposed to stabilise an inward-facing SERT and whose affinity increased
when Na® was removed (Cool et al., 1990; Humphreys et al., 1994; Jacobs et al., 2007;
Tavoulari et al., 2009). Some SERT inhibitors are also stimulated by CI ", notably imipramine,
fluoxetine, citalopram and sertraline, whereas cocaine and paroxetine binding is not affected
by CI" (Humphreys et al., 1994; Tavoulari et al., 2009).

1.3.2 Drugs interacting with SERT

Together with the other monoamine transporters, DAT and NET, SERT is one of the
most studied drug targets in the CNS. In addition to playing a major role in the termination of
serotonergic neurotransmission, SERT is targeted by the tricyclic antidepressants (TCA) as
well as the newer selective serotonin reuptake inhibitor (SSRI). The transporter is furthermore
a target of illicit psychostimulants such as cocaine and amphetamines, including 3,4-
methylenedioxy-N-methamphetamine (MDMA (‘ecstasy’)) (Rudnick and Wall, 1992). The
TCAs are high-affinity binders of both SERT and NET, while SSRIs are high-affinity binders
of SERT though also have low affinity to the other monoamine transporters (Owens et al.,
1997; Tatsumi et al., 1997; Eshleman et al., 1999). The in vivo pharmacological effects of the
TCAs and SSRIs appear to be mediated almost exclusively by inhibition of SERT and NET
(Zhou et al., 2007).

The current antidepressant drugs, however, have numerous unwanted side effects,
including cardiovascular, dermatological, gastrointestinal, neuropsychiatric and genitourinary
effects (Omori et al., 2010). Moreover, as many as 2 in 5 may not respond to the currently
available antidepressant treatment (Dubovsky and Warren, 2009). The antidepressant effect of
TCAs and SSRIs may also take from two to six weeks to develop, an effect most likely due to
the autoinhibitory regulation of the serotonergic system. Thus, though multiple antidepressant

drug therapies are available today, the need for new antidepressants is still great.
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1.3.3 SERT structure

The first 5-HT transporters to be cloned and expressed were from rat and human
(Blakely et al., 1991; Ramamoorthy et al., 1993). Multiple other SERT sequences, including
fruit fly (Drosophila melanogaster), guinea pig, bovine, monkey, chicken, and the parasitic
flatworm Schistosoma mansoni, have later also been cloned and expressed (Corey et al., 1994;
Demchyshyn et al., 1994; Chen et al., 1998b; Mortensen et al., 1999; Miller et al., 2001;
Larsen et al., 2004; Patocka and Ribeiro, 2007).

Hydropathy plots and experimental data predict that the 630 amino acid long human
SERT contains 12 transmembrane a-helices (TMs) connected by intra- and extracellular loops
(ILs and ELs, respectively) and that the N- and C-termini are intracellular (Ramamoorthy et
al., 1993; Chen et al., 1998a; Androutsellis-Theotokis and Rudnick, 2002). Strong evidence
also suggests that SERT, like most eukaryotic NSS members, functions as a homo-oligomer
(Jess et al., 1996; Chang et al., 1998; Kilic and Rudnick, 2000; Schmid et al., 2001; Kocabas
et al., 2003; Ozaslan et al., 2003; Just et al., 2004; Fjorback et al., 2009). Furthermore, the
homologous prokaryotic leucine transporter (LeuT, see 1.3.4 LeuT crystal structures) was also
crystallised as a dimer (Yamashita et al., 2005). In LeuT, the interface between the two
protomers are formed by EL2 and TMs 9 and 12, where TMs 9 and 12 of both protomers
form a four-helix bundle (Yamashita et al., 2005). TMs 11 and 12 have been indicated to
participate in oligomerisation in SERT (Just et al., 2004).

The 3D structure of SERT, or any other eukaryotic NSS transporter, has not been
experimentally determined. Overexpression of SERT is required to obtain sufficient material
for x-ray crystallisation studies; however, like many other mammalian membrane proteins,
SERT cannot be functionally expressed in bacteria or yeast cells, and although functional in
mammalian cell lines, SERT expression levels are low and large scale expression and
purification is difficult (Tate, 2001; Tate et al., 2003).

1.3.4 LeuT x-ray crystal structures

A major breakthrough in 3D structure determination of NSS members came in 2005
with the x-ray crystallisation of the Aquifex aeolicus leucine transporter (LeuT), which was
crystallised in complex with its substrate leucine and two sodium ions (Yamashita et al.,
2005). The crystal structure shows that the transporter core is made up of the ten first TMs

and that TMs 1-5 and 6-10 are pseudosymmetrical (Yamashita et al., 2005). Interestingly,
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approximately 70% of the prokaryotic NSS members contain only 11 TMs, and the first
functional 11 TM transporter, the tyrosine transporter (Tytl) from Fusobacterium nucleatum,
was cloned in 2006 (Quick et al., 2006). The 11 TM NSS transporters all contain TMs 1-11
but not TM12, which hence supports the notion that the first ten TMs constitute the functional

core of the NSS transporters.

The substrate binding site of LeuT is located approximately halfway across the
membrane and is made up by amino acids from TMs 1, 3, 6 and 8. Moreover, TMs 1 and 6
are partially unwound in this region. Two sodium binding sites (Nal and Na2) are also
located in close proximity to the leucine binding site: the Nal sodium atom is directly
coordinated to the leucine substrate and has been suggested to be cotransported, whereas the
Na2 sodium ion has been proposed to play a structural role (Yamashita et al., 2005). The
amino acids coordinating the Nal and Na2 sodium ions are highly conserved and the Nal and

Na2 sodium ion binding sites are most likely present in SERT (Beuming et al., 2006).

LeuT shares an overall sequence identity of 21, 20 and 24% with SERT, DAT and
NET, respectively, however, the TMs involved in substrate binding - TMs 1, 3, 6 and 8 —are
much more conserved (Beuming et al., 2006). The similarities in sequence as well as in
function between LeuT and SERT hence provide the possibility of generating a model of
SERT using the LeuT structure. Furthermore, several other LeuT x-ray crystal structures have
been published and structures of LeuT in occluded and outward-facing conformations are
deposited in the PDB databank (Singh et al., 2007; Zhou et al., 2007; Singh et al., 2008; Zhou
et al., 2009). LeuT has also been crystallised with TCAs and SSRIs (see 1.3.5 SERT ligand
binding sites).

1.3.5 SERT ligand binding sites

Both the sequence homology to LeuT and mutational studies suggest that the substrate
binding site of SERT is located in the region corresponding to the LeuT substrate binding site
(Beuming et al., 2006; Celik et al., 2008; Kaufmann et al., 2009). A central localisation of the
substrate binding site is also in accordance with the alternate access hypothesis of transport,
which implies that the substrate binding site has a central location from which the
extracellular and intracellular environments alternately are accessible (see 1.3.1 SERT

classification and function).
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Recent studies have, however, also suggested that a second substrate binding site is
located in the extracellular vestibule of the NSS transporters and that substrate binding in this
site allosterically triggers intracellular release of Na* and substrate from the primary site (Shi
et al., 2008; Shan et al., 2011; Zhao et al., 2011). However, another study concludes that LeuT
has one high-affinity central substrate binding site and that transport follows a single-substrate
kinetic mechanism (Piscitelli et al., 2010).

LeuT has been cocrystallised with clomipramine, imipramine and desipramine (TCA
antidepressants) and sertraline, (R)- and (S)-fluoxetine (SSRI antidepressants) (Singh et al.,
2007; Zhou et al., 2007; Zhou et al., 2009). In these crystal structures, the inhibitors, which
are low-affinity LeuT binders, also bind in the extracellular vestibule of LeuT (Singh et al.,
2007; Zhou et al., 2007; Zhou et al., 2009). The localisation of the extracellular vestibular
binding site as the primary binding site of the SSRI and TCA drugs in SERT is, however,
controversial as several studies indicate that these inhibitors interact with amino acids in the
central binding site (Chen et al., 1997; Barker et al., 1998; Barker et al., 1999; Henry et al.,
2006; Plenge et al., 2007; Walline et al., 2008; Andersen et al., 2009; Andersen et al., 2010;
Sinning et al., 2010; Thompson et al., 2011). It has also recently been suggested that the
tricyclic nucleus of the TCAs may be located in the extracellular vestibular region whereas

the amine side chain points towards the substrate binding site (Sarker et al., 2010).

The existence of allosteric binding sites have been suggested in SERT as the
dissociation of several drugs, e.g. imipramine, paroxetine, (S)-citalopram, sertraline, and
fluoxetine, can be attenuated by other drugs (Plenge and Mellerup, 1985; Plenge et al., 1987;
Plenge et al., 1990; Chen et al., 2005). The potency of (S)-citalopram for inhibiting 5-HT
uptake is reduced by the Y95F (TM1), 1172M (TM3) or the Y95F/1172M mutations, whereas
the mutations do not affect the potency of paroxetine for inhibiting 5-HT transport. However,
in UM concentrations, (S)-citalopram can attenuate the dissociation of [*H]-paroxetine from
wild type SERT as well as from the Y95F (TM1), 1172M (TM3) and Y95F/1172M mutants,
which hence indicates that there is an (S)-citalopram allosteric binding site that is distinct
from the high-affinity binding site (Plenge et al., 2007).

1.4 Computer-based methods in structural biology and drug discovery
Most drugs on the market today were discovered either by chance observation or by

systematic screening of a large numbers of natural and synthetic substances. These traditional
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methods of drug discovery are now being supplemented by a more direct rational drug design,
partly made possible by improved understanding of the biology of the disease process, and
partly by knowledge about the 3D structure of drug target protein(s). Computer-based
prediction of drug binding geometries and affinities through docking and scoring of
compounds may complement the experimental binding analysis by adding molecular insight
into the binding process.

1.4.1 Molecular mechanics

In computational chemistry, the classical molecular mechanics representation is most
often used to model molecular systems. In classical molecular mechanics, the atomic structure
of a molecule is not represented explicitly but is rather considered a collection of masses
interacting with each other via harmonic forces where the different atoms of the molecules are

represented as balls connected by springs (i.e., bonds) (Holtje et al., 2008).

1.4.1.1 Force fields

In molecular mechanics, the total energy of a molecule is calculated using terms of
deviations from reference ‘unstrained’ bond lengths, angles and torsions as well as nonbonded
interactions. Collections of such unstrained values together with empirically derived fit
parameters (the force constants) are called force fields (Holtje et al., 2008). In general, force

fields can be written as:

Etot = Ebonded + Enonbonded; OF
Etot = (Ebond + Eangle + Eginedrar) + (Eelec + Evaw)

where Eq is the total potential energy and the Eponged and Enonbonded 1S the covalent and non-
covalent bonding energy terms. The Epondeq term can be further subdivided into the Epond, Eangle
and Eginedral, 1.€., the bond stretching, angle bending, and torsional energy terms, respectively,
and the Enonbonded term into the electrostatic and van der Waals (Eeiec and Eyqw, respectively)

energy terms (Holtje et al., 2008).

[10]



1.4.1.2 Energy minimisation, Monte Carlo and molecular dynamics methods
Conformational analysis of molecules using molecular mechanics may be performed

using energy minimisation, Monte Carlo and molecular dynamics (MD) methods.

Drugs are assumed to interact with low-energy conformations of their targets, which is
the conformation of molecules that is spontaneously obtained in nature. In computer-based
methods, energy minimisation methods are used to obtain the favourable low-energy
conformations of molecules. A commonly used energy minimisation method for larger
systems is the conjugate-gradient method, where information is accumulated from one
iteration to the next and is used to continually refine the direction of the minimisation towards
the minimum (Hoéltje et al., 2008).

Monte Carlo is a conformational analysis method based on random (stochastic)
searching (Holtje et al., 2008). An iteration of a Monte Carlo simulation consists of a random
conformational move followed by energy minimisation of the new conformation and
comparison with previously generated conformations. A conformation is only saved when it

represents a unique, low-energy structure.

MD simulation methods aim to reproduce the time-dependent motional behaviour of
molecules. At regular time intervals during the simulations, Newton’s second law of motion is

solved:

Fi(t) = mia; (t)
Fi is the force on atom i at time t, m; is the mass of atom i and &; is the acceleration of atom i
at time t. At time t, new positions and velocities of the atoms are calculated and the atoms are
moved, hence generating a new conformation which is recorded in a trajectory. The procedure

is repeated for a certain number of predefined time steps (Holtje et al., 2008).

1.4.2 Homology modelling
For many drugs, the 3D structure of the target they interact with to produce their
biological effects is not known. In such cases, the homology modelling approach may be used

to generate theoretical models of the protein targets.

The homology modelling approach takes advantage of the observation that 3D
structure is a more conserved property during evolution than is the sequence of proteins

belonging to the same family (Chothia and Lesk, 1986). The 3D structure of a known protein
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(the ‘template’, e.g. LeuT) can hence be used to generate a theoretical model of a protein of
unknown structure (the ‘target’, e.g. SERT) as long as the proteins are homologous, i.e., that
they have evolved from a common ancestor. The conserved regions of a protein (the protein
core) - for instance the 12 transmembrane spanning a-helices of the NSS transporters - are the
regions where the sequence identity, and hence the structural similarity, between a template
and a target is the highest and are the easiest to model. In contrast, the non-conserved regions,
usually corresponding to the loop areas, may vary significantly in sequence as well as in

length and are the most unreliable regions of a homology model.

The homology modelling approach consists of several distinct steps: (1) template
identification, (2) amino acids sequence alignment, (3) model construction, and (4) refinement
and evaluation of the model.

For many target structures, the template may already be known as only one or a few
structures may have been solved by x-ray crystallisation. If, however, the template is
unknown, a template structure must be identified by comparing the target sequence to all
sequences of structurally known proteins in the protein data bank (PDB). The two major
searching methods are FASTA (Pearson, 1990) and BLAST (Altschul et al., 1997).

Once a template has been identified, alignment of the target and template amino acids
sequences is performed. Alignment of sequences may, however, not be straight-forward as the
sequence identity between the two proteins in question may be very low and the sequences
may vary in length. A multiple sequence alignment, where several homologous protein
sequences are aligned, is thus always recommended in order to decrease the probability of
incorrectly aligning amino acid sequences which again may result in incorrect homology
models (Leach, 2001). Mistakes in the alignment step of the homology modelling process
may result in the construction of incorrect homology models. Alignments should hence also
be verified using experimental data if available. In some cases, sequence alignments of

homologous proteins have been published, as for the NSS family (Beuming et al., 2006).

The construction of homology models consists of (1) generation of the amino acid
backbone of structurally conserved regions, (2) construction of the non-conserved regions

(loop modelling) and (3) placing of side chains. Loops are not always included in the models.

Following model construction, refinement of the homology model is often performed

to remove close contacts between amino acids residues that have been added in the model
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construction step and to relax high-energy structures. It may be performed using energy

minimisation, Monte Carlo and/or molecular dynamics methods.

A very important step in the homology modelling procedure is the evaluation of the
constructed models. The stereochemical properties of a model may be evaluated using the

Structural analysis and verification server (SAVES; http://nihserver.mbi.ucla.edu/SAVES/)

which contains computer programs that examine the quality of the 3D structure and report any
significant deviations from the norm. In addition, evaluation of the model using experimental
data (e.g. site-directed mutagenesis data, accessibility data) should be performed. Docking of

known binders may also help evaluating the generated model.

The homology modelling approach was originally developed for soluble proteins,
however, the approach can also be used for membrane protein modelling (Forrest et al.,
2006). The accuracy of the constructed models depends on (1) the sequence identity between
the template and target proteins, (2) the sequence alignment between the template and target,
(3) the resolution at which the template protein crystal structure was solved. If an accurate
alignment of the template and target sequences can be achieved, a sequence identity between
the template and target structures of 50 % may yield models with C,-RMSD of approximately
1 A from the native structure in the transmembrane regions, whereas a C,-RMSD of 2 A may
be obtained if the sequence identity between the template and target is approximately 30 %
(Forrest et al., 2006).

1.4.3 Docking and scoring

Docking is a widely used method to predict the binding orientation of ligands in their
macromolecular targets. In an ideal docking, both the ligand and receptor molecules are fully
flexible. However, the degrees of freedom involved in such a docking makes it
computationally unfeasible, and most docking programs today use a semi-flexible docking
approach where the smaller ligands are flexible but the protein macromolecule is rigid (Leach,
2001). One approach to include some protein flexibility in the docking may also be to perform
refinement of the protein side chains (and sometimes also the backbone) in the presence of the
docked ligands, a method often called induced-fit docking (Sherman et al., 2006). Another
method for incorporating protein flexibility in docking is by docking the ligands into several

protein binding site conformations (ensemble docking). During ensemble docking, the
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conformations may be experimental crystal structures, computationally generated structures

(e.g. generated using Monte Carlo or MD methods), or consist of both.

Docking is often regarded to be successful when the root-mean-square-deviation
(RMSD) between the predicted ligand orientation and the experimentally determined ligand
orientation is < 2 A (Gohlke et al., 2000). In general, semi-flexible docking protocols have
high success rates when a ligand is docked into its native crystal structure (self-docking).
However, due to the structural rearrangements proteins undergo upon ligand binding, which
may range from local movements of side chains to large domain movements, prediction of
ligand orientation during docking of a ligand into a non-native structure (cross-docking) is
more difficult and the success rates are significantly lower than in self-docking experiments.
Protein flexibility in docking may hence be very important.

Scoring is used to describe the interaction between a protein and a ligand. Scoring
functions may be used to rank the multiple orientations of one ligand in a binding site (pose
ranking), or to predict the absolute binding affinity between a protein and a ligand and/or
identify potential hits/leads for a given target by searching large ligand databases (virtual
screening) (Huang et al., 2010). The free energy of binding (AG) is given by the Gibbs-
Helmholtz equation:

AG = AH —TAS = -RT In K;

where AH is the enthalpy, T is the temperature (Kelvin), AS is the entropy, K is the binding
constant and R is the gas constant (Holtje et al., 2008).

Four main scoring functions are available: the empirical, force-field, knowledge-based
and consensus functions (Huang et al., 2010). The different functions differ significantly in
accuracy and speed, and in general the most accurate scoring functions are the most time-
consuming. Empirical scoring functions consist of weighted energy terms that describe known
drug binding properties, e.g. hydrogen bonding, ionic, lipophilic and aromatic interactions and
loss of ligand flexibility (entropy), whereas force-field scoring functions are based on the
nonbonded interaction energy terms of molecular mechanical force fields (Huang et al.,
2010). In comparison, knowledge-based scoring functions uses energy potentials derived from
the structural information embedded in experimentally determined structures. Consensus
scoring functions combine the empirical, knowledge- and force field-based functions (Huang

et al., 2010). Due to their speed, the empirical scoring functions are the preferred scoring
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functions for virtual screening of large databases. Training sets of protein—ligand complexes
with known three-dimensional structures are, however, needed to generate empirical functions
and scoring of ligands containing structural scaffolds not represented in the training set may

be problematic (Huang et al., 2010).

1.4.4 Virtual screening

Virtual screening (VS) is a rapid in silico assessment of large compound libraries that
Is performed with the aim of detecting novel bioactive compounds. VS is performed using
either structure-based or ligand-based methods, or a combination of the two. A
comprehensive study of published VS papers show that more structure-based than ligand-
based VS have been published so far (322 vs. 107 papers, respectively) (Ripphausen et al.,
2010).

Structure-based VS is performed predominantly by docking. Of the 322 structure-
based virtual screening papers identified, 215 contained docking into x-ray crystal structures
and 73 into homology models (Ripphausen et al., 2010). In addition to docking, ‘implicit’
structure-based virtual screening methods are also available; for instance may structure- or
structure-docking-based pharmacophore models be used for screening (Ripphausen et al.,
2010). A pharmacophore model is ‘the ensemble of steric and electronic features necessary to
ensure the optimal supramolecular interactions with specific biologic target structure and to
trigger (or to block) its biologic response’ (Wermuth, 1998). Ligand-based VS is often
performed using ligand-based 3D pharmacophore models generated by superimposing a set of
active molecules (reference ligands) and determining ligand conformations that can be
overlaid in such a way that a maximum number of important chemical features geometrically
overlap (Wolber, 2008). Ligand-based VS screening may also be performed using 2D

methods, for instance using fingerprint similarity searching methods.

Pharmacophore model generation involves conformational sampling of the ligands and
alignment of the multiple generated conformations to determine their common chemical
features and construct the pharmacophore models (Yang, 2010). The ligand sampling may be
performed using either pre-enumeration or on-the-fly methods, i.e., either though
precomputation of multiple ligand conformations or by performing ligand sampling during
the pharmacophore modelling process. Alignment of the multiple conformations of the

reference ligands may be performed using either point-based methods (superimposing pairs of
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atoms, fragments or chemical features) or property-based methods (using molecular field
descriptors, which are usually represented as sets of Gaussian functions) (Yang, 2010). The
screening step in pharmacophore-based VS involves conformational sampling of the ligands
in the database, and is performed using pre-enumeration or on-the-fly methods as for the
sampling of the reference ligands during pharmacophore modelling step, and pharmacophore
pattern identification (substructure searching), checking whether a pharmacophore pattern is

present in a given ligand conformation (Yang, 2010).

Numerous commercial databases are available for virtual screening and the number of
compounds included in the databases is increasing rapidly. Due to the large number of
compounds available, screening of entire databases is computationally demanding and
reduction of the number of compounds in a database through filtering is usually performed
prior to screening. The best known filter may be the Lipinski ‘rule of 5°, which is a filter that
predicts the ‘druggability’ of a compound. The rules predicts that poor absorption or
permeation is more likely when a ligand has 1) more than 5 hydrogen bond donors or 2) more
than 10 hydrogen acceptors, 3) the molecular weight (MW) is greater than 500 and 4) the
calculated Log P (octanol-water partition coefficient, ClogP) is greater than 5 (Lipinski et al.,
2001). The term ‘rule of 5° hence reflects that the cutoffs for each of the four parameters are 5
or a multiple of 5. Multiple other filters may also be used, for instance absorption-
distribution-metabolism-excretion-toxicity (ADME/Tox) filters. Virtual screening protocols
that incorporate filtering are named multi-step protocols (Yang, 2010).
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2. AIM OF STUDY

The serotonin transporter has a pivotal role in the central nervous system. By

removing 5-HT from the synaptic cleft, the transporter plays a major role in the termination of
serotonergic neurotransmission. Moreover, numerous therapeutic and illicit drugs also interact
with the transporter. Knowledge about the 3D structure of SERT is of vital importance in
order to understand how substrate transport in SERT occurs and how antidepressants and
psychostimulant drugs such as cocaine prevent this transport. Such knowledge may be used
for the development of new SERT inhibitors. Currently, however, no experimentally
determined 3D structure of any eukaryotic NSS transporter has been solved by x-ray
crystallisation. Instead, theoretical 3D homology models of SERT based on experimentally
determined 3D structures of a prokaryotic homologous leucine transporter are used to study
SERT.

The aim of the present study was to gain insight into the structure, function and ligand

interactions in SERT using computational methods. The sub-goals were to:

a) construct homology models of SERT in occluded and outward-facing conformations

b) study the molecular mechanisms of substrate transport and inhibitor binding by
performing molecular dynamics simulations of SERT-5-HT and SERT-(S)-citalopram
complexes

c) study SERT-inhibitor interactions by flexibly docking of known inhibitors from
several classes of drugs

d) perform virtual screening of three commercial databases to discover new SERT
inhibitors

e) study the interactions of a series of potential antidepressants, 6-nitroquipazine alkyl

analogues, by flexible docking
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3. METHODS

In the present section, the methods used in the current work are described.

3.1 Software
Homology modelling and docking was performed using ICM software version 3.5
(www.molsoft.com). In paper 1, the POPC lipid bilayers were generated using the

CHARMM-GUI membrane builder module (www.charmm-qui.orqg) and the MD simulations

were performed using NAMD molecular dynamics simulator versions 2.6 and 2.7b1 (Phillips
et al., 2005. The VMD molecular dynamics viewer version 1.8.6 was used to analyse the MD
simulations and to generate average structures (Humphrey et al., 1996). The NAMD and
VMD programs have been developed by the Theoretical and Computational Biophysics
Group in the Beckman Institute for Advanced Science and Technology at the University of
lllinois at Urbana-Champaign (Phillips et al., 2005) and are available at
http://www.ks.uiuc.edu/Development/. In paper 3, the Instant JChem, GenerateMD and

ScreenMD (JChem command line tools) of ChemAxon (www.chemaxon.com) were used for

database management and 2D similarity searching, the Schrédinger software module QikProp

(www.schrodinger.com) was used for calculation of the ADME/Tox descriptors and the

Catalyst module of Accelrys Discovery studio 2.5 (www.accelrys.com) was used for

generation of the 3D pharmacophore models and for screening of the Enamine, ChemBridge

and ChemDiv databases.

3.2 Homology modelling

The comprehensive alignment of prokaryotic and eukaryotic NSS family members
(Beuming et al., 2006) was used to adjust the alignment of the LeuT and SERT amino acids
sequences generated by ICM. To generate homology models, ICM uses a rigid body
homology modelling method where the target is constructed by transferring the backbone
conformation of the core regions from the template to the target. The non-conserved loop
regions are constructed through PDB loop searching by matching the loop regions in regard to
sequence similarity and steric interactions with the surroundings of the model. The side chains
of the identic amino acids are transferred directly from the template, while the side chains of

non-conserved amino acids are either modelled (conservative change in amino acids) or are
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added to the target without reference to the template (non-conservative change in amino
acids), using the most probable rotamer of the side chains (Abagyan, 1994).

The ICM refineModel macro was used to energy optimise the constructed models
(Abagyan and Totrov, 1994). The macro performs 1) side chain sampling using the program
module Montecarlo-fast, 2) iterative annealing with tethers (harmonic restrains that pull an
atom in the model to a static point represented by a corresponding atom in the template) and
3) a second side chain sampling. Iterations of Montecarlo-fast consist of a random move
followed by local energy minimisation of a subset of the side chains and each iteration is
accepted or rejected based on the energy. Selection of side chains for minimisation is based
on the energy-gradient generated during the random move, and side chains above the energy
gradient threshold are minimised. These side chains usually belong to the residues that are not

conserved between the template and target structures and their neighbouring residues.

3.3 ICM PocketFinder

The ICM PocketFinder macro was used to detect possible binding pockets in the
SERT 3D structures. The algorithm is based on a transformation of the Lennard-Jones
potential calculated from the 3D protein structure and does not require any knowledge about
potential ligands (An et al., 2005).

3.4 Docking

3.4.1 Semi-flexible docking

Binding pose prediction in ICM is performed using a Monte Carlo global optimisation
procedure (Abagyan, 1994). In order to speed up the global optimisation procedure, the
protein is included as a set of rigid pre-calculated grid potential maps representing van der
Waals, hydrogen-bonding, electrostatic and hydrophobic ligand-receptor interaction terms.
The energy function that is optimised during docking is then the internal conformational
energy of the ligand (the ligand internal strain) based on the Empirical Conformational
Energy program for Peptides (ECEPP)/3 molecular mechanics force field (Nemethy, 1992)
and a weighted sum of the grid map values in ligand atom centres (Abagyan and Kufareva,
2009).
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The global optimisation procedure begins by generation of a diverse set of ligand
conformations in vacuo through sampling of the rotational and torsional degrees of freedom
(Abagyan, 1994). The generated conformations are placed into the binding pocket are used as
starting points for global optimisation of the energy function. Iterations of the global
optimisation procedure consist of a random move of two types, either torsional, i.e., complete
randomisation of a single arbitrarily chosen torsion angle, or positional, i.e., a pseudo-
Brownian random translation and rotation of the ligand. The random move is followed by a
local energy minimisation using an analytical gradient minimiser and the ligand conformation
is either accepted or rejected based on the energy (Bursulaya et al., 2003). During the global
optimisation procedure, a stack of low energy conformations is saved and ranked using the

docking energy (see 3.6.1 Docking energy).

3.4.2 Flexible docking

Whereas a semi-flexible docking protocol was used in paper 1, a flexible docking
protocol was used in papers 2-4. The protocol consisted of three distinct steps: (1) detection of
a ligand binding pocket using ICM PocketFinder (An et al., 2005), (2) torsional sampling of
the side chains of the amino acids constituting the binding pocket using biased probability
Monte Carlo (BPMC) (Abagyan and Totrov, 1994) and (3) 4D flexible ligand docking
(Bottegoni et al., 2009).

Torsional sampling of the protein side chains took place in the presence of a repulsive
density representing a generic ligand. To calculate this repulsive density, the side chains of
the amino acids in the selected pocket (except the alanine, glycine and cysteine amino acids)
were simultaneously converted to alanine and an atom density grid map was generated for the
“shaved” protein (Abagyan and Kufareva, 2009). During the 4D docking step, 3D receptor
potential grid maps were generated for all the 47 binding pocket conformations generated
during BPMC sampling and stored as a single data structure, the 4D grid. In the 4D grid, the
first three dimensions represent regular Cartesian coordinates of the grid sampling nodes,
whereas the fourth dimension represents an index of the pocket conformations (Abagyan and
Kufareva, 2009). During Monte Carlo sampling, the ligand is allowed to change from the
fourth coordinate via a special type of random move alongside the regular Cartesian
translations and rotations. Because the receptor conformations are changed concurrently with

the ligand conformations, a 4D simulation convergence time is comparable with that of a
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single receptor docking — significantly shorter than an ensemble docking (Bottegoni et al.,
2009).

3.5 Refinement

In paper 4, the refinement option in ICM was used to optimise two SERT-ligand
complexes. During the refinement, the ligands were tethered to their original docking
positions while the side chains of the amino acids surrounding the two selected ligands were
sampled using BPMC (Abagyan and Totrov, 1994).

3.6 Scoring

Scoring is used to a) rank ligand conformations/orientations (pose ranking), b) predict
the absolute binding affinity between the protein and ligand and/or c) identify potential

hits/leads for a given target by searching large ligand databases (virtual screening).

3.6.1 Docking energy

The ICM docking energy function consists of the ligand internal energy and the
intermolecular energy based on the grid maps used in the docking step. The docking energy is
used to rank the different poses of a ligand obtained during docking rather than comparing the
binding affinities of different ligands and does hence not account for the ligand entropy loss

(decrease of conformational freedom upon binding).

3.6.2 Binding energy
In paper 1, the binding energy was calculated using the ICM calcBindingEnergy
macro. The macro evaluates the binding energy using electrostatic, hydrophobic and entropic

energy terms. The parameters for this macro were derived by (Schapira et al., 1999).

3.6.3 VLS score
In papers 2-4, the empirical ICM virtual ligand screening (VLS) scoring function was
used to compare the binding energies of different ligands. In order to calculate the score, the

scoring function uses steric, entropic, hydrogen bonding, hydrophobic, and electrostatic terms
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and also includes a correction term that is proportional to the number of atoms in the ligand to
avoid the bias toward larger ligands (Schapira et al., 2003).

3.7 Molecular dynamics simulations
Molecular dynamics (MD) simulations are used to simulate the time-dependent motion
of molecules. In paper 1, five MD simulations of SERT-ligand complexes embedded in lipid

bilayers were performed.

3.7.1 Membrane

The automated CHARMM-GUI membrane builder module (Jo et al., 2007) was used
for the generation of the palmitoyloleoylphosphatidylcholine (POPC) lipid bilayers around the
five SERT-(ligand) complexes. The membrane builder module is divided into 5 steps: 1)
uploading of PDB structure, 2) protein orientation, 3) system size determination, 4)
generation of lipid, ion, and water components, and 5) assembly of the components generate
during the previous step.

The pre-orientated LeuT structure (Yamashita et al., 2005) from the Orientations of
Proteins in Membranes (OPM) database (Lomize et al., 2006) was used to orient the SERT
model in the membrane by superimposing the LeuT and SERT. The replacement method, in
which SERT was packed with lipid-like spheres whose positions were used to place randomly
chosen POPC lipid molecules from a lipid library composed of 2000 different lipid
conformations of lipids generated by MD simulations of pure lipid bilayers (Jo et al., 2007),
was used to generate the membrane. A total of 115 lipids were included in the outer bilayer
and 121 in the inner bilayer and TIP3 water molecules and K* and CI™ ions were added to
fully solvate the system. The system size measured approximately 100x100x100 A in the x, y

and z directions.

3.7.2 CHARMM force fields

Equilibration of the generated SERT-(ligand)-membrane complexes and the longer
MD simulations were performed using CHARMM force fields. The CHARMMZ22/CMAP
protein force field (Mackerell et al., 1998; Mackerell et al., 2004), CHARMMZ27 lipid force
field (Feller and Mackerell, 2000; Feller et al., 2002) and CHARMM36 force field for ligands

(Vanommeslaeghe et al., 2010) were used.
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During the simulations, Nosé—Hoover—Langevin dynamics were used to simulate the
NPT ensemble, in which the number of atoms (N), the pressure (P) and temperature (T) are
fixed. This method combines the Nosé—Hoover constant pressure method with piston
fluctuation control implemented using Langevin dynamics by coupling the piston to a heat
bath. During the simulations, a flexible cell was used, allowing the height, length, and width
of the cell to fluctuate independently during the simulation, which is very useful for

anisotropic systems such as membranes.

3.8 Virtual screening
In paper 3, virtual screening of the Enamine, ChemBridge and ChemDiv databases

was performed. The multi-step combined virtual screening protocol is outlined in Figure 2.
FILTERING
Prefiltering using Lipinski ‘rule of 5” and Veber filters
2D fingerprint-based screening
Physicochemical property filter
ADME/Tox filter
l
LIGAND-BASED SCREENING
3D pharmacophore-based screening
l
STRUCTURE-BASED SCREENING
Flexible docking
Visual inspection
l
BIOLOGICAL EVALUATION

Radioligand competition binding assays

Figure 2. The multi-step combined virtual screening protocol.
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3.8.1 Filtering of databases

The Lipinski ‘rule of 5* (Lipinski et al., 2001) and the Veber filters (Veber et al.,
2002) were used to obtain drug-like compounds. 2D similarity searching was performed using
the ChemAXxon software. The pharmacophore-based structural (chemical hashed) fingerprints
were constructed using the GenerateMD command line tool, whereas the metrics optimisation
and the 2D similarity searching was performed using the ScreenMD command line tool of
ChemAxon. Physicochemical and ADME/Tox filters were also included in the protocol to
ensure that all ligands contained positively ionisable moieties and to remove ligands with

unfavourable ADME/Tox profiles.

3.8.2 3D ligand-based screening

The HypoGen module of Catalyst was used to generate the 3D pharmacophore
models. HypoGen uses a pre-enumeration method to sample ligand conformations. The FAST
algorithm was used to perform conformational sampling of ligands. The pharmacophore
models were constructed by feature-based molecular alignment of the ligands to determine the
essential common chemical features. The HipHop algorithm (Barnum, 1996) of Catalyst was
used for pharmacophore pattern identification. The algorithm identifies common features by a
pruned exhaustive search, starting by finding all two-feature models and expands the model
until no more configurations can be found. Each conformation is then scored based on the
degree to which it is common to the input and its estimated rarity (Barnum, 1996). During
pharmacophore mapping, the compounds were allowed to deviate from the pharmacophore
models with maximum one feature (except positively ionisable (PI) group) in order to pass the

screening.

3.8.3 Structure-based screening

The flexible docking protocol was used to dock the ligands in SERT (3.4.2 Flexible
docking and 3.5.3 VLS scoring). The ligands were docked into 47 binding pocket
conformations of the outward-facing SERT homology model constructed using the LeuT
3F3A x-ray crystal structure as template using the 4D docking approach (Bottegoni et al.,
2009). The VLS scoring function was used to score the different ligands. The top-scored

ligands were visually inspected and ligands that interacted with D98 (TM1) were selected for
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biologic evaluation. A PubChem (http://pubchem.ncbi.nlm.nih.gov/) similarity search was

also performed in order to avoid evaluating known SERT binders.

3.8.4 Biological evaluation

The biological evaluation of the purchased compounds was performed using rat
neocortical tissue. The compounds were screened for their ability to inhibit the binding of
[*H]-citalopram and compounds that caused at least 60 % inhibition of [*H]-citalopram
binding were included in a detailed examination. The estimated log 1Csy was used to obtain
the K; by applying the Cheng-Prusoff approximation (Cheng and Prusoff, 1973). The

biological evaluation was performed by our cooperation partners in Krakow, Poland.
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4. SUMMARY OF RESULTS

4.1 Paper 1
Substrate binding and translocation of the serotonin transporter studied by docking and

molecular dynamics simulations
Journal of Molecular Modeling, 2011, DOI 10.1007/s00894-011-1133-1

An occluded SERT homology model based on the LeuT 2A65 template (Yamashita et
al., 2005) was constructed and used for docking of 5-HT and ten tryptamine derivatives and
the SSRI (S)-citalopram. The ligands were docked into the putative substrate binding site
detected by ICM PocketFinder using a semiflexible docking approach, and two possible
ligand binding orientations for each ligand were observed. Based on the docking results, two
SERT-5-HT- and two SERT-(S)-citalopram complexes were selected for molecular dynamics
simulations. The apo-SERT structure was also included in the MD simulation study.

Following the MD simulations, average structures based on the ten last nanoseconds
of each of the five simulations were generated and ICM PocketFinder (An et al., 2005) was
used to detect possible pockets in the structures. Interestingly, the results showed that the
substrate binding pocket in the SERT-5-HT® average structure had started to elongate towards
the cytoplasmic region, whereas another pocket had started to form from the cytoplasm and
up towards the elongated substrate binding pocket. Based on the MD results, we suggest that
formation and breakage of ionic bonds between amino acids in TMs 6 and 8 and IL1 and their

interaction partners may play a role in substrate translocation.

4.2 Paper 2
Molecular mechanism of serotonin transporter inhibition elucidated by a new flexible
docking protocol
Submitted to European Journal of Medicinal Chemistry, 2011

An outward-facing SERT homology model based on the LeuT 3F3A template (Singh
et al., 2008) was generated and 58 known SERT inhibitors were docked using a new flexible
docking protocol. The new protocol consisted of (1) detection of a ligand binding pocket
using ICM PocketFinder, (2) sampling of the side chains of the amino acids using biased
probability Monte Carlo (BPMC) procedure (Abagyan and Totrov, 1994), and (3) 4D docking
of the ligands (Bottegoni et al., 2009). The side chain sampling of the amino acids belonging
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to the binding pocket resulted in the generation of 47 binding pocket conformations into
which the known inhibitors were docked using the 4D docking procedure (Bottegoni et al.,
2009). The flexible docking suggested that the ligands occupy the putative substrate binding
site of SERT as well as the lower regions of the extracellular vestibule. Structure-docking-
based pharmacophore models were also generated to illustrate the observed binding modes of
the ligands in the four most populated binding pocket conformations.

4.3 Paper 3

Identification of novel serotonin transporter compounds by virtual screening and

experimental verification
Manuscript, 2011

Virtual screening of the Enamine, ChemBridge and ChemDiv databases was
performed using a multi-step combined protocol. The number of compounds to screen was
reduced using several filters prior to the 3D ligand-based screening step. Ten 3D
pharmacophore models generated based on the 58 known SERT inhibitors (paper 2) were
used in this step. The 3D pharmacophore-based screening step was followed by flexible
docking of the identified compounds. The 47 binding pocket conformations that had been
generated through side chain sampling and used for docking of the known inhibitors (paper 2)
were used in the 4D docking procedure (Bottegoni et al., 2009). The compounds to purchase
and biologically evaluate through radioligand competition binding studies were selected by
visual inspection of the docking results. In total, 182 compounds were purchased and
biologically evaluated in vitro using radioligand binding studies and 37 novel SERT inhibitors
were identified. Several of the identified binders had nM SERT binding affinities.
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4.4 Paper 4

Synthesis, docking and antidepressant evaluation of long-chain alkylnitroquipazines,
inhibitors of the serotonin transporter

Manuscript, 2011

Twelve alkyl analogues (1-12) of the highly selective and potent SERT inhibitor 6-
nitroquipazine (6-NQ) were synthesised and the SERT binding affinities were determined. In
order to explain the varying affinities of the analogues, the compounds were docked into the
outward-facing and occluded SERT homology models using the NMR structure of the octyl
analogue (8) solved in the present study to construct the ligands. The docking results showed
that the outward-facing SERT model best accommodated the compounds and indicated that
the analogues interact with SERT in an orientation where their 6-nitro-quinolone moieties are
located near extracellular loop 4 (EL4) in the extracellular regions of the transporter whereas
the ligand alkyl side chains are located in the hydrophobic lower regions of the transporter. In
this orientation, the protonated amine moiety of the analogues was in the vicinity of D98
(TM1). The antidepressant activities of the analogues with the highest affinities, 8-12, were
also evaluated using the in vivo forced swim and locomotor tests. The tests suggested that 8,

10 and 12 have weak antidepressant activity.

[29]



[30]



5. DISCUSSION

The serotonin transporter (SERT) is one of the most studied drug targets in the CNS.
Several drugs interact with the transporter, including the TCA and SSRI antidepressants and
psychostimulants such as cocaine and amphetamines. The exact 3D structure of SERT is,
however, not known and in the present study, SERT homology models were thus constructed

in order to study the structure and function of the transporter.

5.1 LeuT as a template for homology modelling of SERT

Two theoretical SERT homology models were constructed based on x-ray crystal
structures of the prokaryotic homologous leucine transporter (LeuT) (YYamashita et al., 2005;
Singh et al., 2008). The homology models represent occluded and outward-facing SERT

conformations.

Though the overall sequence identity between LeuT and SERT is as low as 21%, the
substrate binding and extracellular vestibular regions detected by ICM PocketFinder have
higher sequence identity and similarity (approximately 40 % identity and 60 % similarity)
(Table 1). One major difference between the two transporters is the substitution of G24 in
LeuT to D98 in SERT (corresponding to D79 and D75 in DAT and NET, respectively). In the
LeuT crystal structures, the leucine carboxylate coordinates the Nal sodium ion and it has
been proposed that the aspartic acid in the monoamine transporters replaces the leucine
carboxylate, complementing the difference between the amino acid and monoamine

transporters (Yamashita et al., 2005).

All'in all, LeuT is considered to be a good template for modelling of SERT. However,
the homology modelling approach in general has its weaknesses and errors e.g. in the crystal
structure template or in the alignment between the template and target sequences may have
profound impacts on the generated models. The sequence identity between the template and
target structures is also an important factor, and though some regions may be relatively
conserved between the template and target structures and hence may be used to construct a
probable structure of the target protein, other regions may be more uncertain. TMs 4 and 12
are for instance less conserved between LeuT and SERT than are the TMs involved in

substrate binding (Beuming et al., 2006). Considerable differences between LeuT and SERT
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also exist in certain loop regions, especially in EL2, where SERT contains a large insert not
present in LeuT (Beuming et al., 2006). One of the loops, EL4, is located in the outer regions
of the binding pocket detected in the outward-facing SERT homology model and hence also
in the extracellular vestibular pocket detected in the occluded homology models, and may be
of importance in ligand binding in this region of SERT. A comparison of the LeuT, SERT,
DAT and NET amino acids in the binding pockets detected in the occluded and outward-

facing SERT homology models is presented in Table 1.

5.2 Molecular mechanism of substrate translocation

The docking of 5-HT into the putative substrate binding site of SERT (paper 1)
resulted in the identification of two possible binding modes of 5-HT in SERT. In both binding
modes, the amine moiety of 5-HT formed a salt bridge with D98 (TM1) and the C6 position
of the indole ring was oriented towards A173. The differences between the two binding
modes was the orientation of the C5 position of the indole ring, which in the SERT-5-HT*
binding mode was pointing in the direction of Y176 (TM3), S438 and T439 (TM8) and in the
direction of A169 (TM3) and F341 (TM6) in the SERT-5-HT® binding mode. Very similar 5-
HT binding modes have also been found by two other groups (Celik et al., 2008; Kaufmann et
al., 2009). Similarly, two possible (S)-citalopram binding modes were also detected by
docking of the inhibitor into the putative substrate binding pocket in occluded homology
model. In both binding modes the amine moiety of the inhibitor was located in the vicinity of
D98 (TM1) and the cyanophtalane moiety in the hydrophobic region of the binding pocket
(near A169, A173 (TM3), V343 (TM6) and G442 (TM8). The localisation of the fluorophenyl
moiety of (S)-citalopram, however, differed in the two binding modes: in the SERT-(S)-
citalopram™ binding mode this moiety was pointing towards F335 (TM6), whereas it in the
SERT-(S)-citalopram® binding mode this moiety was juxtaposed between Y95 (TM1) and
S438 (TM8). The docking results of (S)-citalopram clearly showed that the putative substrate
binding detected in the occluded SERT homology model was small for the large (S)-
citalopram inhibitor.
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Table 1. Comparison of amino acids in LeuT and SERT, DAT and NET based on the comprehensive
alignment of NSS transporters (Beuming et al., 2006). a) Amino acids in the putative SERT substrate
binding site, b) Additional amino acids in the extracellular vestibular region. Red amino acids: non-
conserved amino acids between the transporters.

LeuT SERT DAT NET Location
2) N21 Y% F76 F72
G24 D98 D79 D75 ™1
G26 G100 A81 AT7
P101 AL69 S149 AL45
V104 1172 V152 V148
A105 A173 G153 G149 ™3
Y108 Y176 Y156 Y152
F253 F335 F320 F317
T254 $336 321 $318
$259 G338 G323 G320 T™6
F259 F341 F326 F323
A261 V343 V328 V325
S355 S438 $422 S419
$356 T439 Ad23 5420
A358 AdAl G425 G422 ™8
1359 G442 G426 G423
b) L25 199 180 L76
G26 G100 A81 ATT
R30 R104 RS5 RS1 ™I
V33 Y107 Y88 v84
Y107 Y175 F155 Y151
1111 1179 1159 1155 ™3
L255 1337 L322 L319 T™6
G318 A398 A383 A380
i K399 K384 T381
i D400 D385 E382
. A4O1 i ]
A319 G402 G386 G383 EL4
F320 P403 P387 A384
1322 L405 L.389 L386
G323 L406 1390 V387
F324 F407 F391 F388
D401 K490 T473 T470
D404 E493 D476 D473 TM10
G408 T497 A480 A4TT

(S)-citalopram was also docked into the binding pocket detected in the outward-facing
SERT homology model using a flexible docking approach (paper 2). The latter binding pocket
better accommodated the inhibitor and the results of docking into this pocket suggested that

the cyanophtalane moiety of (S)-citalopram may protrude out of the putative substrate binding
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pocket and interact with amino acids in the lower parts of the extracellular vestibule, while the
fluorophenyl moiety may interact in the hydrophobic region of the putative substrate binding

site.

X-ray crystal structures are rigid snapshots of the most stable conformation of a
protein. However, SERT and other NSS transporters are flexible proteins and the LeuT crystal
structures, which are occluded or outward-facing, do not reveal much about how substrates
are transported. Thus, in paper 1, MD simulations of SERT in complex with its substrate 5-
HT and the SSRI (S)-citalopram were performed in order to study conformational changes

that may take place upon substrate and inhibitor binding.

Interestingly, we observed that the substrate binding pocket of one of the two SERT-5-
HT complexes, the SERT-5-HT® complex, started to elongate towards the cytoplasm during
the MD simulation. Simultaneously, a vestibule stretching from the cytoplasm towards the
elongated substrate binding pocket began to emerge. Our results suggest that the
rearrangement of TMs 6 and 8 as well as IL1 may result in opening of a permeation pathway
leading from the substrate binding site to the cytoplasm. Furthermore, the extracellular
vestibular pockets that were detected by ICM PocketFinder in the initial SERT model could
not be detected in the SERT-5-HT® average structure, indicating that while the cytoplasmic

pathway started to open, the extracellular pathway closed.

A mechanism for transport in SERT and the other NSS transporters has been proposed
by Forrest el al. (Forrest et al., 2008). By extensively mutating amino acids predicted to be
buried in the cytoplasmic region of SERT to cysteine and measuring the reactivity of the
cysteine residues, they show that many of the amino acids predicted to be buried in fact were
accessible to reagents from the cytoplasmic side of the membrane. The accessibility changes
were detected according to which ligand was tested: 5-HT and ibogaine, an inhibitor that
presumably stabilises SERT in an inward-facing conformation (Jacobs et al., 2007), increased
the reactivity of several of the inserted cysteines, whereas almost all positions in this pathway
were less accessible in the presence of cocaine, which most likely stabilises an outward-facing
conformation of SERT (Zhang and Rudnick, 2006; Forrest et al., 2008; Tavoulari et al., 2009;
Torres-Altoro et al., 2010). The accessibility data suggested that amino acids from TMs 1, 5,
6 and 8 contribute to the cytoplasmic permeation pathway (Forrest et al., 2008). These TMs
have also been suggested to form the cytoplasmic permeation pathway in DAT (Shan et al.,
2011).
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Though our results indicate that a conformational change in SERT from an occluded
to an inward-facing conformation had started to take place during the MD simulation of the
SERT-5-HT® complex, the MD simulations performed were relatively short. The
prolongation of the SERT-5-HT® simulation to 49 ns indicated that the structure had
stabilised, however, no major conformational changes occurred during the prolongation and
hence indicates that the simulation length should be further increased. Due to the short
simulation times, no major helical conformational changes were observed and a direct role of
TMs 1 and 5 in formation of a cytoplasmic permeation pathway hence cannot be observed in
our models. However, our results indicate that further movement of TMs 6 and 8 may result
in relocation of TMs 1 and 5, making the cysteine mutants in the helices more solvent

accessible.

5.3 Binding of inhibitors

In papers 2-4, the ligands were docked into an outward-facing SERT homology model
using a flexible docking protocol. This homology model was used as studies indicate that
SERT inhibitors may interact with SERT in an outward-facing conformation (Zhang and
Rudnick, 2006; Forrest et al., 2008; Tavoulari et al., 2009; Torres-Altoro et al., 2010). The
binding pocket detected in the outward-facing model was also significantly larger than the
binding pockets detected in the occluded model and was hence believed to better

accommodate the SERT inhibitors, which in general are larger compounds than the substrates.

SERT flexibility was furthermore taken into consideration when docking in the
outward-facing model of SERT. Torsional sampling of the binding pocket amino acid side
chains resulted in the generation of 47 binding pocket conformations into which the ligands
were docked using the 4D docking approach (Bottegoni et al., 2009). Including protein
flexibility in docking is known to be important in order to obtain as good docking results as
possible (Abagyan and Kufareva, 2009). Importantly, there are also indications that inhibitors
interacting with the transporter may stabilise different SERT conformations (Tavoulari et al.,
2009).

The side chain torsional sampling of the amino acids in the binding pocket detected in
the outward-facing SERT model indicated that the extracellular gate in this model was not
fully opened. Interestingly, docking of the known SERT inhibitors (paper 2) and the docking
of the ligands during the virtual screening (paper 3) indicated that the ligands preferred a

[35]



conformation where the distance between the Y176 (TM1) and F335 (TM6), the aromatic
amino acids of the extracellular gate, was approximately twice that of the outward-facing
model, i.e., 8.7 A in binding pocket conformation 24 vs. 4.4 A in the initial outward-facing
homology model. The equivalent distance in the occluded homology model was 2.3 A. The
results of the evaluation docking performed in paper 2 also showed that the initial outward-
facing homology model could not accommodate the majority of the ligands.

Amino acids that are located in the putative substrate binding pocket and extracellular
vestibular region of SERT and that have been found to affect inhibitor binding in site-directed
mutagenesis studies are shown in Figure 3. The flexible docking of the ligands in papers 2
showed that the ligands occupied a region corresponding to the putative central substrate
binding site and the lower parts of the extracellular vestibule. Though no docking restraints
were used, the docking of the 58 known SERT inhibitors revealed that the amine moieties of
the ligands interacted with D98 (TM1), located in the putative substrate binding region of the
pocket. In fact, of the 58 inhibitors docked, only four of the inhibitors did not interact with
D98 (only the top-scored binding orientation of each ligand was evaluated). The docking
results showed that the majority of the inhibitors also had an aromatic moiety located
juxtaposed between the extracellular gating amino acids Y176 (TM1) and F335 (TM6) and a
hydrophobic or aromatic moiety near A169, 1172 and A173 (all TM1) and V343 (TM6).
Furthermore, the halogen atoms of the inhibitors containing such moieties were in the
majorities of cases located in the lower parts of the extracellular vestibule. Interestingly, the
LeuT-SSRI crystal structures (PDB id 3GWU, 3GWV, 3GWW) reveal that the halogen atoms
of sertraline and fluoxetine in LeuT are located in the same region of the transporter, in a
region the authors name the halogen-binding pocket (HBP) (Zhou et al., 2009). The HBP
consists of amino acids L99, G100, W103, R104 (TM1), Y176, 1179 (TM3) and F335 (TM6)
in SERT (Zhou et al., 2009). This region is highly conserved among LeuT and the
monoamine transporters, and of the seven amino acids, only one differs between SERT and
DAT/NET (an alanine in DAT and NET corresponds to G100 in SERT) and only one amino
acid is non-conserved between LeuT and SERT (SERT W103/LeuT L29) (Table 1). Our
docking results hence suggest that the HBP can be occupied even if the ligands bind in the

central substrate binding pocket.

Analysis of the docking results from the 37 compounds that were identified in the
virtual screening of the Enamine, ChemBridge and ChemDiv databases (paper 3) also showed

that the compounds occupied the same regions of SERT as the known inhibitors (paper 2).
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Docking of 6-nitroquipazine and the twelve alkyl analogues (paper 4) suggested that these
ligands, which are quite different in structure from the ligands docked in papers 2 and 3,
orient their 6-nitro-quinoline moiety in the extracellular region of the binding pocket near
EL4 whereas the protonated piperazine nitrogen moiety may interact with D98 (TML1).
Importantly, docking of 6-NQ and the twelve analogues revealed that including multiple
SERT binding pocket conformations during the docking of very flexible ligands may not be
optimal. The results also show that refining the binding pocket in the presence of a ligand
may further improve the docking results. Refinement of the SERT-ligand complexes in paper

2 may also have been performed to improve the docking scores.

During the visual inspection of the virtual screening docking results (paper 3), the
possible ionic interaction between the ligands and SERT was used as a criterion for selecting
compounds to purchase and biologically evaluate. Several studies have suggested that D98
(TM1) plays a key role in substrate and inhibitor binding through formation of an ionic
interaction with the protonated aminergic ligands (Barker et al., 1999; Celik et al., 2008;
Andersen et al., 2010; Sinning et al., 2010). In addition to the effects mutation of D98 (TM1)
has on inhibitors, there are several other studies that also indicate that inhibitors occupy the
putative substrate binding site of SERT. The conservative S438T (TM8) mutation in the
substrate binding site of SERT reduces the potency of several inhibitors to inhibit [*H]-5-HT
uptake and [°*H]-MADAM binding, including the SSRIs (S)-citalopram, paroxetine and
sertraline, the TCAs amitriptyline, clomipramine and imipramine and the cocaine analogue
RTI-55 (Andersen et al., 2009). Multiple studies also indicate that mutations of Y95 (TM1)
and 1172 (TM3) in the putative substrate binding site affect the potency of a wide range of
inhibitors (Chen et al., 1997; Barker et al., 1998; Henry et al., 2006; Plenge et al., 2007;
Walline et al., 2008; Andersen et al., 2010). Very recently, the importance of 1172 for
inhibitor binding was also shown in vivo using transgenic mice bearing the 1172M mutation
(Thompson et al., 2011). In the SERT M172 transgenic mice, 5-HT transport was not
affected; however, the potency of multiple inhibitors to inhibit [*H]-5-HT transport was
significantly reduced, especially the potencies of fluoxetine, cocaine, citalopram and (S)-
citalopram (Thompson et al., 2011). Studies also suggest that Y95, D98 (TM1), 1172, N177
(TM3), F341 (TM6) and S438 (TM8) are key determinants for (S)-citalopram binding in
SERT, whereas TCAs may form a salt bridge with D98 (TM1) and orient the tricyclic ring
between A173 (TM3)/T439 (TM8) and F335 (TM6) (Andersen et al., 2010; Sinning et al.,
2010).
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Figure 3. Localisation of amino acids suggested being involved in inhibitor binding in SERT. The references are

given in the text.

However, LeuT has been crystallised with both TCAs (imipramine, desipramine and
clomipramine) and SSRIs (sertraline, (R)-fluoxetine and (S)-fluoxetine), which are low-
affinity LeuT inhibitors (Singh et al., 2007; Zhou et al., 2007; Zhou et al., 2009). The x-ray
crystal structures show that the inhibitors are located in the extracellular vestibule, separated
from the substrate binding site by the aromatic amino acids of the extracellular gate (Singh et
al., 2007; Zhou et al., 2007; Zhou et al., 2009). Furthermore, the amine moieties of the ligands
form a salt bridge with LeuT D401, or D404/Q34 in the case of (R)-fluoxetine/(S)-fluoxetine.
In SERT, the corresponding amino acids to D401 and D404 in LeuT are K490 and E493
(TM10), respectively (Beuming et al., 2006). Mutations in the extracellular vestibular region
of SERT have also been shown to affect the affinity of several SERT inhibitors. For instance,
mutations of 1179 (TM3) cause great reductions in the affinity of sertraline, whereas the
K490T (TM10) mutation reduces the affinity of sertraline but improves the affinity of
desipramine (Zhou et al., 2007; Zhou et al., 2009). The latter mutation also slightly though
significantly reduces the affinity of (S)-citalopram, imipramine and clomipramine, as does
mutations of D400 (EL4) (Andersen et al., 2009).

In the present work, docking of the ligands was performed into the large binding
pocket of the outward-facing SERT homology model which consisted of both the putative
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substrate binding site and the extracellular vestibular regions (papers 2-4) or into the putative
substrate binding pocket in the occluded SERT model (paper 1). In addition, 6-nitroquipazine
and the twelve alkyl analogues were docked into the extracellular vestibular binding pocket in
the occluded SERT homology model (paper 4). The results, however, indicated that the
pocket was too small to accommodate these ligands.

Due to the presence of the flexible EL4 loop (Mitchell et al., 2004; Yamashita et al.,
2005; Singh et al., 2007; Zhou et al., 2007; Singh et al., 2008; Zhou et al., 2009), docking into
the extracellular vestibular binding site is more uncertain than docking in the putative
substrate binding site. In the flexible docking protocol presented, only side chain sampling
was performed in order to generate the multiple binding pocket conformations, however,
additional conformational sampling of the backbone of EL4 may be important when docking
ligands in this region. The comprehensive alignment of prokaryotic and eukaryotic NSS
transporters published by (Beuming et al., 2006) was used without any adjustments during the
homology modelling process. It was, however, observed that superimposition of the LeuT
TCA and SSRI crystal structures and the occluded SERT homology model based on the 2A65
LeuT crystal structure template (Yamashita et al., 2005) resulted in backbone collisions
between EL4 of SERT and the cocrystallised TCA and SSRI ligands. By adjusting the
alignment in the EL4 region, shifting the K399-D400-A401 region in SERT three steps to the
left, the backbone collisions may have been avoided and docking of the ligands may have
yielded better results.

5.4 Development of new SERT inhibitors

Virtual screening is a rapid and simple way of searching for novel inhibitors of SERT.
There are multiple commercially available databases that can be screened, and the number of
compounds is rapidly increasing. In paper 3, a multi-step combined virtual screening protocol
was used to screen the Enamine, ChemBridge and ChemDiv databases. Due to the large
number of compounds in the databases, different filters were used to reduce the number of
compounds to screen. As we were looking for compounds with therapeutic potential, the
Lipinski ‘rule of 5° and Veber filters were used to obtain drug-like compounds. In total,
approximately 2.5 million drug-like compounds were identified in the three databases

downloaded in November 2009. The drug-like compounds were then filtered using 2D
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fingerprint-based, physicochemical and ADME/Tox filters, further reducing the number of
compounds to approximately 12.000.

The structures of the 58 known SERT inhibitors that were docked to SERT in paper 2
were used during the 2D similarity searching step and for generation of the 3D
pharmacophore models. This large number of reference ligands and the diverse structures of
the compounds were used to obtain as diverse compounds as possible. The ligand-based
screening was followed by docking of the compounds into the 47 binding pocket
conformations previously generated for docking of the reference ligands (paper 2) and visual
inspection of the docking results and biological evaluation of the selected compounds was
then performed. The evaluation of the compounds resulted in the identification of 37 SERT
inhibitors.

Compared to other published SERT virtual screening protocols, the protocol used here
IS extensive. To our knowledge, only ligand-based virtual screening protocols using
pharmacophore models have been published. In these studies, only a limited number of
pharmacophore models were used for screening and fewer compounds were screened than in
the present work (Wang et al., 2000; Enyedy et al., 2001; Enyedy et al., 2002; Enyedy et al.,
2003; Macdougall and Griffith, 2008). The results of our study show that docking into SERT
homology models can be included in — and be an important part of — virtual screening
protocols. Our results furthermore show that protein flexibility may be included in docking of

ligands during virtual screening.

However, it is important to keep in mind that selecting compounds for biological
evaluation based on docking also may result in the loss of potential binders. Compounds may
for instance be misdocked due to steric clashes with the protein, they may be docked correctly
but score badly due to non-optimal ligand-protein contacts, they may be misdocked or score
badly because water molecules or ions are not present, or they may be misdocked due to
insufficient ligand sampling or docked correctly but scored incorrectly due to failures of the
scoring function (Cavasotto and Abagyan, 2004).

Evaluating the success of the virtual screening protocol is of course difficult as the
total number of SERT binders in the screening databases is unknown. The high number of
identified SERT inhibitors and the high binding affinities of multiple of the compounds,
however, suggest that the multi-step combined protocol was a good choice for virtual

screening in order to detect SERT inhibitors. However, more inhibitors may possibly have
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been detected if for instance the number of binding pocket conformations available for
docking had been reduced or if more than one parallel docking was performed. Furthermore,
though the docking results indicate that the identified compounds occupy the putative
substrate binding site and the lower regions of the extracellular vestibule and form ionic
interactions with D98 (TM1), other binding orientations cannot be ruled out as the compounds
were not docked into for instance the extracellular vestibular site that corresponds to the LeuT
TCA and SSRI binding site (Singh et al., 2007; Zhou et al., 2007; Zhou et al., 2009).

Using the multi-step combined virtual screening protocol, 37 compounds were
identified as SERT binders. The next steps will be lead optimisation of the current results.
Furthermore, due to the similarities between the three monoamine transporters (Table 1),
prediction of the binding affinities of the compounds in DAT and NET also should be
performed. The interaction of the compounds with other targets, e.g. 5-HT receptors, should

also be determined.

[41]



[42]



6. Conclusion

In this thesis, two SERT homology models representing the occluded and outward-
facing conformations of the transporter were constructed and used for docking of substrates
and inhibitors, for studying the transport mechanism and in the virtual screening of three large

commercial databases.

The MD simulations of the SERT-ligand complexes suggest that a rearrangement of
TMs 6, 8 and IL1 may contribute in the opening of a cytoplasmic permeation pathway in
SERT. Whereas docking into the putative substrate binding pocket in the occluded model
suggested that the larger inhibitors could not be successfully docked due to their size, docking
of inhibitors into the binding pocket detected in the outward-facing SERT model yielded
better results. However, including SERT flexibility was important, as our results suggested
that the extracellular gate (Y176, F335) was not fully opened. Docking of ligands into this
pocket using the flexible docking approach, however, suggested that the inhibitors occupy
parts of the putative substrate binding site and the extracellular vestibule. Flexible docking of
ligand detected through virtual screening of three large databases also suggested that the
outward-facing model can be used for virtual ligand screening. Using a multi-step combined
virtual screening protocol, 182 compounds were biologically evaluated and 37 compounds
were identified as SERT binders.

The work presented here may serve as basis for future studies of SERT structure and
function. In the long term, novel SERT inhibitors with antidepressant properties may be
developed based on hit compounds detected in this study. Furthermore, these methods may
also be used on other proteins such as DAT and NET.
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