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The selective serotonin reuptake inhibitors (SSRIs), acting at the serotonin transporter (SERT), are one of
the most widely prescribed antidepressant medications. All five approved SSRIs possess either fluorine or
chlorine atoms, and there is a limited number of reports describing their analogs with heavier halogens,
i.e., bromine and iodine. To elucidate the role of halogen atoms in the binding of SSRIs to SERT, we
designed a series of 22 fluoxetine and fluvoxamine analogs substituted with fluorine, chlorine, bromine,
and iodine atoms, differently arranged on the phenyl ring. The obtained biological activity data, sup-
ported by a thorough in silico binding mode analysis, allowed the identification of two partners for
halogen bond interactions: the backbone carbonyl oxygen atoms of E493 and T497. Additionally, com-
pounds with heavier halogen atoms were found to bind with the SERT via a distinctly different binding
mode, a result not presented elsewhere. The subsequent analysis of the prepared XSAR sets showed that
E493 and T497 participated in the largest number of formed halogen bonds. The XSAR library analysis led
to the synthesis of two of the most active compounds (3,4-diCl-fluoxetine 42, SERT Ki ¼ 5 nM and 3,4-
diCl-fluvoxamine 46, SERT Ki ¼ 9 nM, fluoxetine SERT Ki ¼ 31 nM, fluvoxamine SERT Ki ¼ 458 nM). We
present an example of the successful use of a rational methodology to analyze binding and design more
active compounds by halogen atom introduction. ‘XSAR library analysis’, a new tool in medicinal
chemistry, was instrumental in identifying optimal halogen atom substitution.

© 2021 Elsevier Masson SAS. All rights reserved.
1. Introduction

Serotonin transporter (SERT) is a monoamine transporter-type
protein composed of a 630 amino acid chain that forms 12 trans-
membrane domains [1,2]. It is located at the presynaptic axon ter-
minal and somatodendritic end of neurons [3] and regulates
serotonin transmission by removing serotonin from the extracel-
lular space [2]. Extensive research has shown that patients with a
functional polymorphism in the promoter region of the SERT gene
exhibit more depressive behavior in response to life events, thus
supporting the role of SERT in the regulation of mood disorders
[4,5].

Halogen atoms are among the most popular substituents uti-
lized for the optimization of the properties of biologically active
).

served.
compounds. They can form both hydrophobic and electrostatic
interactions with biological targets. The latter are mainly repre-
sented by the halogen bond, which according to IUPAC definition is
“a net attractive interaction between an electrophilic region asso-
ciated with a halogen atom in a molecular entity and a nucleophilic
region in another, or the same, molecular entity” [6]. In particular,
the halogen bond is formed between the electron deficiency region,
called the s-hole, on top of the halogen atom and a Lewis base,
most often oxygen from the carbonyl group of the peptide chain
[7,8]. The size of the s-hole strictly determines the strength of the
halogen bond. It is greatest for iodine and smallest for chlorine.
Moreover, its size can be modified by the introduction of neigh-
boring electron-withdrawing groups. Several studies have shown
that additional fluorine atoms in halobenzenes greatly increase the
size of the s-hole [9e11]. The construction of a halogen bond
strictly defines its geometry. The optimal interaction is of near
linear nature, where the angle donor (D)-halogen (X)$$$acceptor
(A) is 160e180� and the distance between halogen and acceptor is
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much shorter than the sum of atomic van der Waals radii (80%) and
is equal to 3.06 Å for chlorine, 3.15 Å for bromine and 3.24 Å for
iodine [12].

All five approved selective serotonin reuptake inhibitors (SSRIs)
possess halogen atom(s) in their structure (Fig. 1); four possess
fluorine and one a chlorine atom. A limited number of biological
activity data of SSRI analogs with heavier halogens can be found,
and no consistent conclusion on the significance of halogen(s) can
be derived. Substitution of fluorine for chlorine in citalopram
caused a slight increase in binding affinity (IC50 ¼ 59 nM [13] to
IC50 ¼ 49 nM [13], respectively), whereas introduction of a bromine
decreased it (IC50 ¼ 121 nM [13]). In the case of fluoxetine (SERT
Ki ¼ 17 nM [14]), replacement of the trifluoromethyl group with
fluorine and chlorine caused a decrease in binding affinity
(Ki ¼ 142 nM [14] and 638 nM [14], respectively), while an iodine
Fig. 1. Structures of FDA-approved selective serotonin reuptake inhibitors (data from
http://www.fda.gov/Drugs/DrugSafety/InformationbyDrugClass/ucm283587.htm).

Scheme 1. Synthesis of fluoxetine and fluvoxamine analogs. (a) PPh3, DIAD, THF, conc. H3

hydrochloride, KOH, DMF, rt.

2

derivative exhibited a slight increase in binding affinity
(Ki ¼ 14.4 nM [15]). Fluvoxamine substitutions with fluorine,
chlorine, and bromine can be found in the patent literature, but no
complimentary biological data allowing comparison are available
[16]. In turn, the SAR of the different halogenatedmodafinil analogs
can be found in a study by Okunola-Bakare et al., where substitu-
tion of chlorine with bromine slightly increased the binding affinity
to SERT (29.8 nM for chlorine derivative and 26.1 nM for bromine
derivative) [17]. Additionally, biological data for bromo-paroxetine
were also reported. Substitution of fluorine to bromine decreased
the binding affinity 13-fold (from Ki ¼ 0.08 nM, for paroxetine to
Ki ¼ 1.07 nM for Br-paroxetine); however, the new compound
maintained high activity [18]. A survey of the ChEMBL database
(release 25) revealed that out of 3529 stored SERT ligands (with
activity < 1000 nM), 145 contain the CF3 group, 768 contain fluo-
rine, 1207 contain chlorine, 101 contain bromine, and 48 contain
iodine. It is apparent that there are significantly fewer derivatives
with heavier halogens e bromine and iodine e than with fluorine,
despite their often greater affinity for SERT. The small number of
heavier halogens can be explained by a general tendency in the
pharmaceutical industry to avoid these atoms in drug chemical
structures.

Even less information can be found regarding the analysis of the
role of halogen atoms in binding to SERT. The only remark about a
halogen binding pocket in SERT was published in 2009 by Zhou
et al. in a study investigating the specificity of serotonin transporter
inhibitors: sertraline and both isomers of fluoxetine [19]. Zhou et al.
found that SSRIs bind to the extracellular vestibule in the LeuT
protein (a bacterial leucine transporter) in a manner in which
halogen atoms from all compounds align in a pocket formed by L25,
G26, L29, R30, Y108, I111, and F253, which was called the halogen
binding pocket (HBP). Moreover, the HBP sequence homology
PO4, rt; (b) Mg, Et2O, reflux; (c) NH2OH$HCl, NaOAc, EtOH, rt; (d) 2-chloroethylamine
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Table 1
Binding affinity values for synthesized fluoxetine and fluvoxamine analogs.

Cmpd R1 R2 R3 SERT Ki [nM]

2 (ST-213) H H H 1458
3a (ST-129) CF3 H H 31
4 (ST-143) F H H 543
5 (ST-215) H F H 349
6 (ST-141) Cl H H 55
7 (ST-214) H Cl H 66
8 (ST-132) Br H H 24
9 (ST-137) I H H 14
10 (ST-130) Cl H F 52
11 (ST-133) Br H F 41
12 (ST-138) I H F 23
13 (ST-131) Cl F H 31
14 (ST-134) Br F H 19
33b (ST-110) CF3 H H 458
34 (ST-111) F H H 1617
35 (ST-112) Cl H H 61
36 (ST-113) Br H H 23
37 (ST-201) I H H 15
38 (ST-118) Cl H F 202
39 (ST-121) Br H F 137
40 (ST-119) Cl F H 62
41 (ST-120) Br F H 21

Binding affinity, Ki, expressed as the average of at least two independent experi-
ments; themaximum S.D. did not exceed 10% (see Supplementary Information, page
20, Table 4).

a Fluoxetine.
b Fluvoxamine.
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between LeuT, SERT, NET, and DAT is high. The only difference be-
tween NET (norepinephrine transporter), DAT (dopamine trans-
porter), and SERT is one amino acid, i.e., A77, A81, and G100,
respectively. This suggested that in human SERT, these SSRIs might
bind similarly. To test their hypothesis, Zhou et al. analyzed the
binding of SSRIs to SERT mutants with, among others, mutated
amino acids forming or neighboring the HBP. All reported muta-
tions caused a decrease in affinity.

In this study, we performed an analysis of halogen substitution
on two of the FDA-approved (Food and Drug Administration) SSRIs,
fluoxetine and fluvoxamine, to investigate the role of halogen
atoms in SERT ligand binding. In the synthesized fluoxetine and
fluvoxamine analogs, the trifluoromethyl group was substituted
with fluorine, chlorine, bromine, and iodine. Moreover, for chlorine,
bromine, and iodine derivatives, an additional fluorine atom was
introduced to alter the electron density distribution on the halogen
atom. Here, the results of a radioligand displacement binding
experiment performed for SERT and an analysis of the binding
mode based on induced fit docking and molecular dynamics are
presented.

2. Chemistry

Fluoxetine, together with its analogs, was synthesized using a
two-step, one-pot procedure involving a Mitsunobu reaction of
tert-butyl N-(3-hydroxy-3-phenylpropyl)-N-methylcarbamatewith
appropriate phenol and subsequent deprotection (Scheme 1). In
turn, the synthesis of fluvoxamine analogs consisted of three steps:
Grignard reaction of 1-bromo-4-methoxybutane with appropriate
nitrile, condensation with hydroxylamine, and finally, substitution
with 2-chloroethylamine (Scheme 1).

3. Results

3.1. Biological activity

Binding affinity constants for SERT were measured using a
radioligand displacement experiment (Table 1). Among the syn-
thesized analogs, the exchange of trifluoromethyl groups into
heavier halogens (chlorine, bromine, and iodine) generally causes
an increase in binding affinity (Fig. 2). Additionally, the simulta-
neous introduction of a fluorine atom results in more active com-
pounds (13, 14, 38e41). This is true for all compounds except the
2,4-substitution of fluoxetine, where the fluorine atom decreases
the binding affinity 1.6- and 1.3-fold (compounds 10 and 11,
respectively). Changing the CF3 group into a fluorine atom in both
cases (compounds 4 and 34) lowers the binding affinity 17- and 3.5-
fold, respectively. In turn, shifting the fluorine to the C-3 position in
fluoxetine analog 5 slightly increases (1.9-fold) the binding affinity.
A similar effect can be observed in the case of 3-chloro fluoxetine
analog 7, with a 1.2-fold increase.

3.2. Molecular modeling

An induced fit docking protocol (IFD) was used to investigate the
phenomenon behind the observed structure-activity relationship.
The protocol utilized the SERT model based on the SERT crystal
structure (PDB ID: 5I6X). Among all of the ligand poses that were
returned, each of the docked analogs was found in two different
binding modes (Fig. 3). In the first mode, the compound is located
analogously, as can be found in the published crystal structures of
SERT-SSRI complexes [20,21]. The trifluoromethyl/halogen moiety
is located in a lipophilic pocket between helixes TM3 and TM8,
surrounded by residues I172, A173, Y176, and L443, and the basic
nitrogen atom forms a hydrogen bondwith aspartic acid D98. In the
3

case of the fluoxetine complex, the phenyl ring lies in proximity to
F335 and F341. In turn, the oxygen atom of the fluvoxamines’
methoxybutyl chain forms a hydrogen bond with the hydroxyl
group of Y175. In the second mode, the compound is flipped, and
now the trifluoromethyl/halogen moiety is directed towards helix
TM10, pointing into residues E493 or T497. In this position, the
halogen atom (chlorine, bromine) was found to be engaged in a
halogen bond with the backbone oxygen of these residues. In turn,
the iodine atom of 9 positioned itself between helixes TM10 and
TM3, where it is surrounded by a net of interactions with three
residues: hydroxyl of T497, guanidine of R104, and hydroxyl of
T176. In most cases, the geometrical parameters of the formed
halogen bonds fit into the optimal boundaries (Fig. 4, Table 3). The
basic nitrogen atom still maintains a hydrogen bond with D98.

To further analyze the observed SAR, extensive molecular dy-
namics simulations were carried out for the most active derivatives
(8, 9, 35, 36, 37, 41). The starting poses were picked only from a
group representing the secondmode of binding, because only there
halogen atoms may find a partner for interaction. For every
investigated analog, the halogen atom quickly forms and maintains
a directed interaction (numerical analysis of the geometrical pa-
rameters of halogen bonds is presented in Supplementary Infor-
mation). For chlorine and bromine derivatives (8, 35, 36, 41), the



Fig. 3. Two ligand poses were obtained through IFD (compound 3 - fluoxetine as an
example). A cyan structure marks a pose found in the SERT crystal structures. In this
position, the trifluoromethyl group is located between helixes TM3 and TM8 and is
surrounded by residues I172, A173, Y176, and L443. A green structure marks a pose
that was a result of induced fit docking. Here, the trifluoromethyl group faces towards
helix TM10.

Fig. 2. Structure-activity relationship for the synthesized fluoxetine and fluvoxamine
analogs. Binding affinity (Ki [nM]) is given above substituent symbols. Color codes
represent general binding affinity change relative to trifluoromethyl reference com-
pounds: red e large decrease, orange e moderate decrease, and green e no change or
increase.
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interaction is formed with the backbone oxygen of G493 or T497. In
the case of iodine derivative 37, the halogen bond is also formed
with the backbone oxygen of G493. In turn, the iodine derivative of
fluoxetine 9 forms a halogen bond with the backbone oxygen of
T497 and guanidine nitrogen of R104. To further investigate the
correlation between the type of halogen atom and the strength of
ligand-receptor interactions, the magnitude of the s-hole was
calculated (Table 2). The highest value is represented by compound
12 (45.7 kcal/mol), and the lowest value is represented by com-
pound 6 (23.5 kcal/mol). Four analogs 9, 12, 37, and 39 exhibit high
4

values (41.8, 45.7, 45.3, and 42.8, respectively), five analogs 11, 14,
36, 38, and 41 moderate values (37.3, 36.7, 37.10, 39.5, and 37.6,
respectively) and another five analogs 8, 10, 13, 35 and 40 low
values (33.3, 33.4, 32.3, 33.5 and 33.4, respectively) of the s-hole
magnitude (a table with all of the data is shown in Supplementary
Information).

3.3. Using XSAR sets to evaluate the role of halogens in
Ligand�Protein complexes

Most of the identified halogen bonds are formed either with the
T497 or E493 of SERT. The QPLD/GBSA (quantum-polarized ligand
docking/generalized Born and surface area solvation) docking
procedure and XSAR data were used to probe the SERT binding site
to determine the amino acids most frequently targeted by halogen
bonding. This particular methodology was previously used for a
case study of the 5-HT7 and D4R receptors [22,23]. It is based on
docking of a library of ligands to receptor proteins (either homology
models or crystal structures) and subsequent analysis of ligand-
receptor complexes with QPLD and GBSA. The obtained XSAR li-
brary for SERT was clustered into 79 sets and used to create an
XSAR matrix showing positive changes in SERT activity upon ex-
change of hydrogen to halogen (simplified, representative data
shown in Table 4, full matrix shown in Supplementary Informa-
tion). We found one primary (E493) and three secondary (T497,
S438, and S439) halogen bonding hot spots (a representative
binding mode of two selected sets of compounds is presented in
Fig. 5). The average increase in activity caused by the halogen bonds
is equal to 95.52, whereas the median activity increase is equal to
8.3. A remarkable 1885-fold change in activity was recorded for
set177, where two vicinal chlorine atoms formed two halogen
bonds with E493 and T497. Similarly, two chlorine atoms in set124
yielded a 1760-fold increase in activity.

3.4. Synthesis of 3,4-dichloro analogs of fluoxetine and fluvoxamine

The outstanding activity reported for compounds with two
vicinal chlorine atoms prompted us to synthetize 3,4-dichloro an-
alogs of fluoxetine and fluvoxamine. The synthesis of both com-
pounds was performed according to Scheme 1 (see Supplementary
Information). To our great surprise, both derivatives were found to
be more active than the best binding 4-iodo analog (Table 5). The
Xeffect of compound 42 is equal to 291 (compared to compound 2).
Compound 46 is 51-fold more active than the parent fluvoxamine
(compound 33). To visualize the halogen bond interactions
responsible for the increase in activity, induced fit docking was
performed (Fig. 6).

3.5. Quantum mechanics calculations

The intriguing binding affinity changes, observed in the syn-
thesized series of compounds, prompted us to perform a thorough
analysis of the nature of interactions formed by halogen atomswith
the transporter residues. Because of the extensiveness of the cal-
culations, only a series of mono-substituted fluoxetine analogs
(compounds 4, 6, 8, 9), supplemented by the dichloro analog
(compound 42), were selected for this task. First, the refined poses
obtained from the IFD were again refined using quantum me-
chanics methods. The obtained poses were subjected to the
extended transition state-natural orbitals for chemical valence
(ETS-NOCV) and Bader's quantum theory of atoms in molecules
(QTAIM) analyses [24e26]. As a result, decomposition of halogen
interaction energy was obtained (Table S5, Supplementary Infor-
mation). The QTAIM analysis allowed us to identify that, in addition
to halogen bonds, hydrogen bonds are also a large contributor to



Fig. 4. Halogen bonds that were identified through the induced fit docking experiment. Next, to each figure, a 2D heat map representation of a halogen interaction is given, and the
red rectangle marks the best geometric parameters of the interaction, i.e., 140� < angle <180� and 3 Å< distance <4 Å. (A) The chlorine atom of 35 forms a halogen bond with a
backbone oxygen of T497, the distance X… O ¼ 3.12 Å, the angle CeCl/O ¼ 172.3�; (B) the bromine atom of 8 forms a halogen bond with a backbone oxygen of G493, the distance X
… O ¼ 3.09 Å, the angle CeBr/O ¼ 172.3�; (C) the bromine atom of 36 forms a halogen bond with a backbone oxygen of G493, the distance X … O ¼ 3.15 Å, the angle
CeBr/O ¼ 172.3� . The chlorine(bromine)�oxygen theoretical interaction sphere illustrates the projected qualities of the formed L�R halogen bonds.

Table 2
Calculated values of the magnitude of s-hole [kcal/mol] (s-hole mgnd).

Fluoxetine analogs

Cmpd 6 10 13 8 11 14 9 12
Halogen substitution pattern 4Cl 4Cl2F 4Cl3F 4Br 4Br2F 4Br3F 4I 4I2F
s-hole mgnd [kcal/mol] 29.7 33.4 32.3 33.5 37.3 36.7 41.8 45.7

Fluvoxamine analogs

Cmpd 35 38 40 36 39 41 37
Halogen substitution pattern 4Cl 4Cl2F 4Cl3F 4Br 4Br2F 4Br3F 4I
s-hole mgnd [kcal/mol] 33.5 39.5 33.4 37.1 42.8 37.6 45.3
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Table 3
Average geometric (distance and angle) parameters of halogen bonds formed be-
tween halogens of investigated structures and amino acids of the SERT, measured
during 100 ns of performed molecular dynamics. The most optimal parameters of
halogen bonds were described as distance <4.25 Å and angle >135� for iodine;
distance <3.75 Å and angle >145� for bromine; distance <3.75 Å and angle >150� for
chlorine [11].

Compound X atom Amino acid Distance X … A [Å] Angle C-X … A [�]

8 Br T497 3.74 ± 0.41 161.78 ± 12.88
9 I T497 4.14 ± 0.38 137.88 ± 9.62

R104 3.76 ± 0.37 87.34 ± 9.19
35 Cl T497 4.43 ± 0.64 148.08 ± 12.03
36 Br T497 3.97 ± 0.75 136.34 ± 30.24
37 I E493 4.95 ± 0.97 121.70 ± 11.33
41 Br E493 4.17 ± 0.87 134.63 ± 28.08

J. Staro�n, W. Pietru�s, R. Bugno et al. European Journal of Medicinal Chemistry 220 (2021) 113533
the interaction with the transporter (a representative data for
compound 42, shown in Fig. 7, full results in Supplementary
Table 4
A representative simplified XSAR matrix (full matrix shown in Supplementary Informatio
hydrogen with halogens: chlorine, bromine or iodine. Values depicted under aa. represen
with the most favorable and 0.25 for the least favorable interaction. Orange color states fo
formed with a heteroatom at side chain of an amino acid and blue for a hybrid halogen-
values is equal to 104.5. At the bottom of the table, this value is used to rate the frequen
formed with E493 (primary halogen bonds). The average activity increase for hydrophobi
hydrogen bonds, it is 141.45.

6

Information pages 20e24). For the mono-chlorine derivative 6,
halogen bonds share 40% of the total interaction energy. This
contribution increases slightly with the size of the halogen atom,
reaching 43% and 54% for the bromine 8 and iodine 9 analogs,
respectively. In turn, for the most active vicinal di-Cl analog 42, the
hydrogen bonds are responsible for 61% of the total interaction
energy Apart from the above, we also observed the presence of X-
HBD (halogen e hydrogen bond donor interaction, expressed also
as HBeXB e HB enhanced XB [27]), formed between halogen atoms
and hydroxyl group of threonine T497 or tyrosine Y175. Such in-
teractions have already been recognized as being highly favorable
to the ligand-protein interactions, through the enhancement of
halogen bonds energies [28,29]. In our study, for the most active
compound 42, this interaction has the highest overall contribution
to the binding energy (�5.0 and �1.7 kcal/mol, formed with a side
chain of T497, simultaneously). Meanwhile, in the case of an iodine
analog 9, XB and X-HBD interactions have equal contribution in the
n) generated for 79 sets showing positive changes in SERT activity upon exchange of
t scoring functions that rate the quality of interaction; a value equal to 1 correlates
r a halogen bond formed with a backbone carbonyl oxygen, green for a halogen bond
hydrogen bond formed either with a backbone or side chain. The sum of all scoring
cy of interactions with particular amino acids. Most frequently, halogen bonds are
c interactions is 4.81, for the halogen bond interaction is 95.52, whereas for halogen-



Fig. 5. The binding modes of the two selected major increases in the biological activity of SERT ligands upon the introduction of a halogen atom. In the upper example, walking the
chlorine around the phenyl ring (XSAR set211) increased the IC50 value 131-fold (compared with the derivative with no substituents) through the formation of a halogen bond with
backbone oxygen of E493. The lower part of the figure represents a compound possessing two chlorine atoms in the meta and para positions (XSAR set937) that form two halogen
bonds, with E493 and T497. This halogen arrangement causes a 666-fold increase in activity at SERT.

Table 5
Binding affinity values for synthesized 3,4-dichloro analogs of fluoxetine and
fluvoxamine.

Cmpd Structure SERT Ki [nM]

42 5

46 9

Binding affinity, Ki, expressed as the average of at least two independent experi-
ments; themaximum S.D. did not exceed 10% (see Supplementary Information, page
20, Table 4).
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L-P complex stabilization (�1.4, �1.3 kcal/mol, respectively). The
HBs with methyl group also seem to significantly impact the
binding because their energy ranges from �0.31 to �3.54 kcal/mol
(the highest value is observed for dichloro analog). In turn, ETS-
NOCV analysis showed that dispersion energy takes a high share
of the total stabilization energy (Table S5, Supplementary Infor-
mation), especially when HB is observed (XeHC HB takes approx-
imately 30% of the total attractive energy for Br analog 8).
Compared to that, the halogen bonds have a very low dispersion
energy component (~3%), while for X-HBD, this energy oscillates
between XB and HB (from 9% to 26%).
7

4. Discussion

The analysis of the data collected for the synthesized com-
pounds shows a strong correlation between the type of introduced
halogen atom and SERT binding affinity. Chlorine analogs are
among the least active compounds, while iodine analogs are the
most active ones (Fig. 2). The influence of an additional fluorine
atom placed in the 2- or 3- position relative to the halogen atom is
more complex. From these two positions, only the ortho mutual
orientation is favorable. In the case of fluoxetine chlorine analog 6
(SERT Ki ¼ 55 nM), additional fluorine in the meta position (com-
pound 10, SERT Ki ¼ 52 nM) has a negligible influence on the
binding affinity. However, switching the fluorine to the 2-position
(compound 13) increases the binding affinity 1.77-fold. A
different relationship was observed in the series of fluvoxamine
analogs. Here, all chlorine derivatives are more active than the
parent compound, with the 3-fluorine analog 38 the least active out
of three (SERT Ki ¼ 202 nM). The other two compounds, mono-
chlorine and ortho-fluorine analogs, exhibit identical binding af-
finity and are 7.4-fold more active (SERT Ki ¼ 61 nM and 62 nM,
respectively) than fluvoxamine (SERT Ki ¼ 458 nM). Interestingly,
the introduction of bromine brings both fluoxetine and fluvox-
amine analogs to an identical level of activity (average
Ki ¼ 21.75 ± 1.92 nM). Similar to the chlorine analogs, the only
difference can be observed among themeta-fluorine derivatives (11
and 39); in both sets of derivatives, they are the least active
(fluoxetine analog 11 SERT Ki ¼ 41 nM, fluvoxamine analog 39 SERT
Ki ¼ 137 nM). Additionally, the incorporation of iodine into the
structure of these SSRIs produces identically active compounds
(fluoxetine analog 9 SERT Ki ¼ 14 nM, fluvoxamine analog 37 SERT



Fig. 6. Ligand-receptor complexes obtained through an induced fit docking of two 3,4-dichloro analogs of fluoxetine (compounds 42, left, cyan) and fluvoxamine (compound 46,
right, magenta). Both compounds interact with the receptor via double halogen bonds formed with backbone carbonyl oxygen atoms of glutamic acid E492 and threonine T497.
Such interactions caused a substantial increase in binding affinity for the receptor. Compound 42 is 291-fold more active than the analog without any substituent (compound 3), and
it is the most active SERT ligand presented in this manuscript. Compound 46 is 51-fold more active than the parent CF3-containing fluvoxamine (compound 33), and it is the second
most active compound in this manuscript.

Fig. 7. The identified interactions of the halogen atom with the transporter residues, calculated using the QTAIM analysis, exemplified by compound 42. On the image, individual
interactions between halogen and the transporter are depicted as dotted lines. Next to each line, a value representing the share of total interaction energy is presented. The
hydrogen bonds account for 70% of total interaction energy, while the halogen bonds for 30%.
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Ki¼ 15 nM). Aswith the previous examples, 3-fluorine in 12 slightly
lowers (1.64-fold) the binding affinity compared to a mono-iodine
analog 9. The average geometrical parameters (Table 3) of the
halogen bonds during molecular dynamics do not fit precisely into
the boundaries of the optimumvalues. Instead, they oscillate on the
borders of the estimated optimum range. These results do notmean
that above this range this interaction is not present, rather its
strength is lowered by the unfavorable geometries. The increased
affinity of compounds with heavier halogens leads to the conclu-
sion that the size of the s-hole may be the factor responsible for the
affinity changes. Indeed, calculated values of the magnitude of the
s-hole correlate well with the activity of mono-substituted de-
rivatives. The introduction of a fluorine atom increases this value in
most cases, which surprisingly does not translate to a higher
binding affinity. For example, compound 39 with a s-hole
8

magnitude equal to 42.8 kcal/mol, similar to the most active iodine
derivatives, is 9.8-fold less active. The additional fluorine atom,
despite increasing themagnitude of the s-hole, must be involved in
other interactions that impair the binding of a ligand to the
receptor.

The performed QTAIM analysis showed that the most important
interaction in the analyzed complexes is represented by the X-HBD
interactions. Those interactions seems to be a hybrid of XB and HB
which results in a stronger interaction than the individual ones. The
most optimum geometrical orientation for X-HBD is found for the
C-X … HBD angle equal to 90� [30]. A query of the PDB repository
allowed us to identify examples that incorporate non-halogenated
compounds (2Q6H, 2QU3, 2WHO), for which it has been experi-
mentally shown that adding a Cl or Br atom to the ligand signifi-
cantly improves the binding affinity (even 200-fold), by creating X-
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HBD [28]. The QTAIM analysis showed that X-HBD interaction be-
tween Cl and hydroxyl group of T497 has the highest values of
energy stabilization (�1.7, �5.0 kcal/mol, for 7 and 42, respec-
tively). This feature of the chlorine atom translate to the formation
of a very strong X-HBD interactions, which were found to be
responsible for the high binding affinity of 3,4-diCl analogs. In spite
of the complex nature of X-HBD, pure HB and XB can also be
observed in the analyzed L-P complexes. In that case, importance of
XBs increase along with the halogen atom size, with simultaneous
decreased contribution of HBs (only 6% for iodine analog 9)
(Table S5, Supplementary Information). For all of the discussed
interactions the dispersion energy is a vital component, however its
share is strongly related to the type of the interaction. It is worth to
note at this point, that the obtained QM refined poses constitute of
the most optimum ligand-receptor mutual orientation and are
probably poorly populated in the real time ligand-receptor in-
teractions. Despite that, this type of analysis still allows to deeply
investigate the binding of a ligand to the receptor.

All of the above observations lead to the hypothesis that starting
from bromine, the halogen-receptor interaction becomes a domi-
nant factor influencing the activity of these two SSRIs. Chlorine
analogs 6 and 35 also possess similar binding affinity (SERT
Ki ¼ 55 nM and Ki ¼ 61 nM, respectively), but the effect is less
profound. The trifluoromethyl group interactions with the protein
are weak and indirect; thus, structural differences of fluoxetine and
fluvoxamine produce a very distinct binding affinity (SERT
Ki ¼ 31 nM and Ki ¼ 458 nM, respectively). The ability of heavier
halogen atoms to form a direct interaction causes different chem-
ical scaffolds of these compounds to lose their decisive impact on
the activity. The molecular modeling experiments showed two
distinct binding modes (Fig. 3). Here, the increase in activity
brought by the introduction of a halogen atom can be explained on
the ground of the formed halogen atom interactions, which are
possible only in the alternative binding mode (Fig. 3). Most
frequently, these interactions were formed with either T497 or
E493. To date, only one halogen bond in the SERT complex has been
reported. In 2019, Abramyan et al. showed a complex of bromo
paroxetine with SERT, where the bromine atom pointed in the di-
rection of the E493 and T497 backbone oxygens. However, no
further analysis was performed [31]. Therefore, we performed an
XSAR analysis, which showed explicitly that E493 was the most
frequently targeted amino acid in terms of halogen bonding with
SERT. Moreover, the proximity of T497 and E493 allowed for the
formation of two strong interactions with two vicinal halogen
atoms. Such an optimal arrangement in some cases resulted in a
spectacular thousand-fold increase in biological activity (Table 4).
This finding supported our hypothesis for the alternative binding
mode of SERT ligands bearing heavier halogen atoms. Finally, two
synthesized 3,4-dichloro analogs of fluoxetine and fluvoxamine
confirmed the theoretical assumption and showed a marked in-
crease in activity. Fluoxetine analog 42 was 3-fold more active and
fluvoxamine analog 46 was 1.7-fold more active than the best-
binding 4-iodo analogs.

5. Conclusions

In the present study, a series of fluoxetine and fluvoxamine
analogs with varying patterns of halogen substitution were syn-
thesized, and their biological activities were measured. Among the
synthesized initial series of compounds, a classical order of
increasing activity from chlorine to iodine was observed. Intro-
duced additional fluorine atoms did not have a substantial influ-
ence on the affinity for the receptor. Subsequent thorough in silico
analysis of the binding modes indicated the possibility of the for-
mation favorable X-HBD interactions with the residues E493 and
9

T497. This type of interactionwas found to be a hybrid of XB and HB
interactions, with the latter accounting for a higher share of the
interaction energy. Subsequently, the use of an XSAR analysis
allowed to translate this to a general rule governing the binding of
SERT ligands. Especially interesting was the observation that SERT
ligands with heavier halogens bind via a markedly different,
“switched” binding mode than the parent trifluoromethyl analogs.
To the best of our knowledge, no paper to date has exclusively re-
ported two distinct binding modes for SERT ligands. Finally, the
given hypothesis of halogen bond type interactions with the re-
ceptor was confirmed by the experimental measurement of the
affinity constant for 3,4-dichloro analogs of fluoxetine and fluvox-
amine, which were the most active among all of the synthesized
compounds. The presented manuscript states as an example of the
successful use of molecular modeling for the analysis and optimi-
zation of compound activity. The utilized tool, XSAR analysis, pre-
viously used for the 5-HT7R [22] and D4R ligands [22,23], proved to
be universal and applicable for a broader type of biological target.
We anticipate that such a methodology could be successfully uti-
lized for the structure optimization of any halogen-containing
biologically active compound.
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Methodology

Structureeactivity relationship datasets for halogenated analogs

An algorithm to find all pairs containing halogenated and cor-
responding unsubstituted structures (called the XSAR library) was
developed and used for the 5-HT7 and D4 targets in our previous
studies [22]. To describe the influence of halogenation on the bio-
logical activity of the unsubstituted (parent) molecule, the Xeffect
parameter was calculated as an activity (extracted from the
ChEMBL database during the generation of the XSAR library) ratio
of the parent compound to its halogenated derivative (an Xeffect
between 0 and 1 denotes a decrease in the activity upon haloge-
nation, and an Xeffect greater than 1 means the fold of activity
increased after halogen substitution).

Identification of halogen bonding hot spots for SERT

Privileged amino acids (i.e., hot spots) for halogen bonding were
identified using a procedure including the following steps: clus-
tering the halogenated analogs representing each XSAR set, using
the centroids of the clusters to tune the SERT binding site by an
induced-fit docking procedure, QPLD docking of the XSAR library to

https://doi.org/10.1016/j.ejmech.2021.113533
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SERT conformations, and determination of the number of halogen
bonding interactions with the side chains and carbonyl oxygen
atoms of amino acids in the docking poses.

Induced fit docking

The structure of the ts3 human serotonin transporter in complex
with paroxetine (PDB code 5I6X) was retrieved from the Protein
Data Bank [20]. Wild-type human SERT is unstable in detergent
solutions during crystallization, so all crystal structures in PDB re-
positories consist of thermostable mutants. The ts3 mutant of the
human serotonin transporter contains three thermostabilizing
mutations, namely, I291A, T439S, and Y110A. To obtain reliable
results from docking and molecular dynamics, the native amino
acid sequence was restored using Schrodinger software.

The three-dimensional structures of ligands were prepared us-
ing LigPrep v3.6 [32], and the appropriate ionization states at
pH ¼ 7.0 ± 0.5 were assigned using Epik v3.4 [33]. The Protein
Preparation Wizard was used to assign the bond orders and
appropriate amino acid ionization states and to check for steric
clashes. All ligands were docked using the induced fit docking (IFD)
[34,35] protocol with XP with an OPLS3e force field. The L�R
complexes selected in the IFD procedure were next optimized us-
ing the QM/MM approach with QSite [34,36]. The QM area con-
taining ligand and the conserved amino acid side chain was
described by a combination of DFT hybrid functional B3LYP and
LACVP* basis set, while the rest of the system was optimized using
the OPLS2005 force field.

Molecular dynamics

Molecular dynamics (MD) simulations were performed using
Schr€odinger Desmond software [37]. Each ligand�receptor com-
plex, optimized in the QM/MM procedure, was immersed into a
POPC (300 K) membrane bilayer, whose position was calculated
using the System Builder interface. The system was solvated by
water molecules described by the TIP4P potential, and the OPLS3e
[38] force field parameters were used for all atoms. NaCl (0.15 M)
was added to mimic the ionic strength inside the cell. Molecular
simulations for 100 ns (recording frames 10 ps and step of 2 fs)
using the NPAT ensemble class (constant normal pressure, tem-
perature, and lateral surface area of membranes) and OPLS3e [39]
force field were calculated for each system. Based on the obtained
trajectories, the mean geometrical distances between amino acids
and ligands were calculated using Simulation Event Analysis tools
in Maestro Schr€odinger Suit.

Magnitude of s-hole

MultiWFN [40,41] software was used to calculate the size of the
sigma hole for selected fluvoxamine and fluoxetine derivatives.
First, DFT [42] structure optimization was performed with the
Gaussian 16 package at the M06-2X [43]/def2-qZVP [44] level of
theory with the polarizable continuum model (PCM) [45,46]
(solvent ¼ water). The obtained wave functions were used to
calculate the values of maximum electrostatic potential over the
isodensity surface with MultiWFN as an approach to quantifying
the s-holes.

QTAIM analysis
For chosen complexes, the ligands and all residues in the range

of 4 Å from halogen atom were extracted and the QTAIM [47] cal-
culations (Quantum Theory of Atoms in Molecule) were performed.
The electron density topological analysis was carried out with the
AIMAll [48] program, based on electron density calculated with
10
Gaussian G16 at the M06-2X/def2-tzvp [43,49] level of theory. The
energy of non-covalent bonds detected in crystal structures was
calculated with the Espinosa equation [50]:

Eint ¼
1
2
vðrÞ

where Eint is the energy of interatomic interaction (a.u.) and v(r) is
kinetic energy in the bond critical point (BCP).

ETS-NOCV
To fully characterize obtained interactions we used an approach

for energy decomposition analysis. The bonding analysis was per-
formed using the ETS-NOCV approach the extended transition state
(ETS)method [51] with the natural orbitals for the chemical valence
(NOCV) scheme [52e54]. In this approach the total energy of
bonding between the interacting molecules (DEint) is divided into
following contributions:

DEint ¼ DEdist þ DEel þ DEPauli þ DEorb

whereDEdist is energy required to promote the separated fragments
from their equilibrium geometry to the structure they will take up
in the complex, DEel is corresponding to the electrostatic interac-
tion between the two fragments in the supermolecule geometry,
DEPauli is the repulsive interaction between occupied orbitals of the
two fragments, and the orbital interaction term and DEorb is rep-
resentation of the stabilizing component due to the final orbital
relaxation. All calculations were performed using the using the
Amsterdam Density Functional (ADF) program [55e58], imple-
menting the ETS-NOCV scheme. The BLYP-D3 [59] [16] functional
and a standard double-z STO basis containing one set of polariza-
tion functions was adopted for all the electrons (TZP), were used in
calculations.

Plotting interaction spheres for halogen bonding

To visualize (plotting interaction spheres) the possible contri-
bution of halogen bonding to L�R complexes, the halogen bonding
Web server was used (accessed June 20, 2020, http://www.
halogenbonding.com/) [60].

Radioligand binding replacement experiment

Cell culture and preparation of cell membranes for radioligand
binding assays

The HEK293 human serotonin transporter cell line (Perki-
nElmer) was maintained at 37 �C in a humidified atmosphere with
5% CO2 and grown in Dulbecco's Modifier Eagle Medium containing
10% dialyzed fetal bovine serum and 500 mg/mL G418 sulfate. For
membrane preparation, cells were subcultured in 150 cm2

flasks,
grown to 90% confluence, washed twice with phosphate buffered
saline (PBS) prewarmed to 37 �C and pelleted by centrifugation
(200�g) in PBS containing 0.1 mM EDTA and 1 mM dithiothreitol.
Prior to membrane preparation, pellets were stored at �80 �C.

Radioligand binding assays
Cell pellets were thawed and homogenized in 10 vol of assay

buffer using an Ultra Turrax tissue homogenizer and centrifuged
twice at 35,000�g for 20 min at 4 �C. The composition of the assay
buffer was as follows: 50 mM Tris-HCl pH 7.4, 120 mM NaCl, and
5 mM KCl. The assay was incubated in a total volume of 200 ml in
96-well microtiter plates for 0.5 h at 27 �C. The process of equili-
bration was terminated by rapid filtration through GF/C Unifilter
plates (PerkinElmer) with a FilterMate Unifilter 96-Harvester

http://www.halogenbonding.com/
http://www.halogenbonding.com/


J. Staro�n, W. Pietru�s, R. Bugno et al. European Journal of Medicinal Chemistry 220 (2021) 113533
(PerkinElmer). The radioactivity bound to the filters was quantified
on a Microbeta TopCount instrument (PerkinElmer). For competi-
tive inhibition studies, the assay samples contained 3 nM [3H]-
citalopram (74.5 Ci/mmol). Non-specific binding was determined
with 10 mM imipramine. Each compound was tested in triplicate at
7 concentrations (10�10-10�4 M). The inhibition constants (Ki) were
calculated from the Cheng-Prusoff equation [61]. For all binding
assays, the results were expressed as the means of at least two
separate experiments.

Synthesis

A general procedure for the synthesis of compounds 2e14
Tert-butyl N-(3-hydroxy-3-phenylpropyl)-N-methylcarbamate

(0.0026 mol), appropriate phenol (1 eq.), Ph3P (1.2 eq.) were added
to a round bottom flask and dissolved in anhydrous THF (50 mL,
distilled over LiAlH4) and cooled on ice. Next, DIAD (1.2 eq.) was
added dropwise. The reaction mixture was allowed to warm to
room temperature and stirred overnight. The solvent was evapo-
rated, and conc. H3PO4 (5 mL) was added; an evolution of gases was
observed. The mixture was stirred for 3 h at room temperature,
after which water was added (100 mL), and the mixture was
extracted with EtOAc (3 � 50 mL). The aqueous layer was basified
with 15% NaOH and extracted with EtOAc (3 � 50 mL). Combined
organic extracts were washed with brine and dried over anhydrous
MgSO4. The product was purified using column chromatography in
silica gel with EtOAc:MeOH (9:1).

A general procedure for the synthesis of compounds 15e24
Magnesium turnings (1.1 eq., 0.47 g) were grated in amortar and

placed in a round bottom flask under an Ar atmosphere. Anhydrous
Et2O (30 mL, distilled over LiAlH4) was added with subsequent
addition of ethylene bromide (0.1 eq., 0.155 mL). After 15 min at
room temperature,1-bromo-4-methoxybutane (3 g, 0.018mol) was
added portionwise. After all of the bromide reacted with the
magnesium, the reaction mixture was cooled on ice, and a solution
of appropriate benzonitrile (0.6 eq., 0.0107 mol) in anhydrous Et2O
(50 mL) was added portionwise. The reaction mixture was refluxed
for 8 h. The reaction was quenched with ice-water and acidified
with 6 N HCl. The organic layer was separated, and the aqueous
phasewas extractedwith EtOAc (3� 50mL). The combined organic
layers were washed with brine (50 mL), dried over MgSO4, and
evaporated. The crude product was purified by column chroma-
tography on silica gel hexane:EtOAc (6:1) to give the title com-
pound as an oil or solid.

A general procedure for the synthesis of compounds 24e32
To a solution of ketone (1 eq.) in EtOH (5 mL) hydroxylamine

hydrochloride (2 eq.) and NaOAc (2 eq.) were added. After stirring
at room temperature for 3 h, the reaction mixture was quenched
with water (10 mL) and extracted with DCM (3 � 30 mL). The
combined organic phases were dried over MgSO4 and evaporated
to dryness. The residue was purified by column chromatography on
silica gel with hexane:EtOAc (5:1) to give the title compound.

A general procedure for the synthesis of compounds 33e41
An appropriate oxyme (1 mmol), 2-chloroethanamine hydro-

chloride (0.7 mmol), and KOH (1.5 mmol) were added to dry DMF
(6 mL) at 10 �C. The reaction mixture was stirred overnight at room
temperature. Next, the reaction mixture was concentrated to
remove DMF, and then water was added (50 mL). The mixture was
extracted with EtOAc (3 � 30 mL). The combined organic phases
werewashedwith brine (20mL), dried overMgSO4, and evaporated
to produce the target compound.
11
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