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ABSTRACT. Purpose Imaging the serotonin trans-
porter (SERT) with Positron Emission Tomography
(PET) provides a useful tool for understanding alterations
of the serotonergic system. However, no optimal PET
radiotracer for the SERT yet exists. The main purpose of
this study was to design potential new and selective PET
radiotracers for the SERT and to predict their binding
affinity at both the SERT and the norepinephrine trans-
porter. Methods Molecular Modeling was used for ligand
design. Predictions of binding affinity were based on mod-
els generated by Comparative Molecular Field Analysis
(CoMFA) and Comparative Molecular Similarity Indices
Analysis (CoMSIA). Results A series of 100 compounds
were suggested. As diphenyl sulfide derivatives like ['!C]
DASB have recently proven to be promising PET ligands,
rational modification of the diphenyl sulfide scaffold has
been performed. The novel compounds were predicted to
be selective high affinity SERT ligands. Important new
ideas are the introduction of a fluoroethyl-oxycarbonyl
group (ester) and a fluorethyl-carbonyl group (ketone), as
well as a formyl group (aldehyde), and its corresponding
oxime and imine. Another innovative suggestion is the
replacement of the sulfur bridge with a cyanamide group
and a fluoroethylamino group. Conclusions The sug-
gested compounds possess features providing new possi-
bilities for carbon-11 or fluorine-18 labeling. Synthesis,
biological testing, and screening for PET suitability are
reasonable further steps.

Corresponding Author: Karl-Artur Kovar, Eberhard-Karls-University
of TUbingen, Pharmazeutisches Institut, Auf der Morgenstelle 8, 72076
Tubingen, Germany. karl-artur.kovar@uni-tuebingen.de

INTRODUCTION

The serotonergic neurotransmission plays an important
role in the central nervous system. Alterations of serotonin
(5-HT) levels are associated with many psychiatric disor-
ders. The serotonin transporter (SERT), located on pre-
synaptic nerve endings, modulates synaptic 5-HT levels. It
also functions as the primary target site for many antide-
pressant drugs. Moreover, drugs of misuse like 3, 4-meth-
ylenedioxymethylamphetamine (MDMA, “ecstasy”) and to
some extent cocaine are known to exert their effect via the
5-HT reuptake site. For these reasons, iz vivo mapping of
the SERT in the living human brain by positron emission
tomography (PET) is most valuable for understanding
alterations of the serotonergic system and might prove
useful in monitoring antidepressant therapy. However,
PET investigations of the SERT have been limited by the
small number of candidate radioligands and their various
shortcomings. Therefore, there is considerable interest in
the development of a suitable PET radioligand for the
SERT.

Necessary requirements for a successful PET radioligand
are not only a high binding affinity at the target site, but
also a high selectivity, rapid crossing of the blood brain
bartier, a high specific to non-specific binding ratio, suit-
able brain kinetics, and good synthetic availability. PET
radioligands are usually labeled with either carbon-11 or
fluorine-18. This is preferably done in the last synthesis
step. Replacement of carbon-12 by carbon-11 results in
compounds that are physiologically indistinguishable from
their unlabeled counterparts. Replacement of a hydrogen
atom or hydroxyl group with fluorine also very often
retains or even enhances the biological activity of a mole-
cule (1). Carbon-11 has a half-life of 20 min, whereas fluo-
rine-18 has a half-life of 110 min. This longer half-life of
fluorine-18 can be advantageous when using PET ligands
with slow kinetics.
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Figure 1: Molecular structures.

Several classes of compounds have been screened for their
suitability as PET ligands for the SERT. Scheffel et al. (2)
give a comprehensive overview of early investigations. Oh
et al. (3) and Laakso et al. (4) summarize recent develop-
ments. Selective serotonin reuptake inhibitors (SSR1Is) such
as citalopram (sl), sertraline (s2) and fluoxetine (s3) (Fig-
ure 1) have been labeled with carbon-11, but a relatively
poor signal-to-noise ratio limited their use 7 vivo for the
quantification of the SERT (2, 5-7). Carbon-11 labeled
venlafaxine (s5) also turned out not to be an ideal PET
ligand (8). Neither carbon-11 labeling nor fluorine-18
labeling of paroxetine (s4), another SSRI with high affinity
for the SERT, has been accomplished yet (2). Many tro-
pane and nortropane analogs have been investigated as
PET ligands for the SERT, such as [''C]B-CIT (2-B-cat-
bomethoxy-3-f-(4-iodophenyl)-tropane) (s6) and
["'Clnor-B-CIT (2-B-carbomethoxy-3-B-(4-iodophe-
nyl)-nortropane) (9, 10). However, one major drawback is
their lack of selectivity for the SERT over the dopamine
transporter (DAT). Some new derivatives like ZIENT (2-
B-carbomethoxy-3-B-(4-((Z)-2-iodoethenyl) phenyl)-
nortropane) (11) and FEINT (2-B-carbomethoxy-3-B-
(4-(2-fluoroethyl)-3-iodophenyl)-nortropane) (12) display
high specific binding at the SERT and have been proposed
as potential PET ligands. The most widely used radiotracer
to date for PET imaging of the SERT is ['!C](+)McN5652
(trans-1,2,3,5,6,10b-hexahydro-6-[4-(methylthio)phenyl]-
pyrrolo|2,1-ajisoquinolone]) (s7) (13, 14), a potent blocker
of 5-HT reuptake. McCann et al. (15, 16) could prove neu-
rotoxic effects of MDMA on the serotonergic system in
the human brain by using [!!C] (+) McN5652 as a
radiotracer. However, [''C](+)McN5652 also displays
moderate affinity at the norepinephrine transporter (NET)
and the DAT; and the low specific to non-specific binding

ratio observed with [M'C](+)McN5652 in humans limits its
application as a PET imaging agent in vivo (14).

Only recently, several substituted diphenyl sulfides such as
IDAM (5-i0odo-2-((2-(dimethylaminomethyl)-phenyl-
sulfanyl)benzylalcohol) (s8) (17), ADAM (N,N-dimethyl-
2-(2-amino-4-iodophenylsulfanyl)benyzlamine) (s9) (18),
MADAM (N,N-dimethyl-2-(2-amino-4-methylphenyl-
sulfanyl)benzylamine) (s10) (19), DAPP (N,N-dimethyl-2-
(2-amino-4-methoxyphenylsulfanyl)benzylamine) (s11)
(20) and DASB (3-amino-4-((2-dimethylaminomethyl)-
phenylsulfanyl)benzonitrile) (s12) (20, 21) have been
described as potent and selective SERT ligands. These
investigations were originally based on early studies that
described moxifetin (s14) (22) and 403U76 (s15) (23) as
novel antidepressants. Whereas iodine-123 labeled IDAM
(s8) and ADAM (s9) have been described as suitable radio-
ligands for 7# vive visualization of the SERT using single
photon emission computerized tomography (SPECT) in
primates (17), carbon-11 labeled DAPP (s11) and DASB
(s12) have shown favorable PET characteristics in the
human brain (24). Also carbon-11 labeled MADAM (s10)
might prove a suitable PET ligand for imaging the SERT
(19, 25). These studies have shown that the diphenyl sul-
fides have promising characteristics for imaging the SERT.
However, yet, no optimal PET ligand has been found
among them. Slow kinetics preclude ADAM (s9), for
instance, from being a useful PET tracer, and [''C]DASB
(s12) is not appropriate to detect SERT in the cortex (26).
Therefore, further structure-activity relationship (SAR)
studies of the diphenyl sulfides are both necessary and
warranted, particularly as the lack of an asymmetric center
in these agents makes synthesis comparatively easy.

The aim of this study was to design potential new and
selective PET radiotracers for the SERT by molecular
modeling and to predict their binding affinity at both the
SERT and the structurally similar NET. As the basis for
design and prediction, models that quantify SARs of SERT
ligands were to be used. Such Quantitative Structure-
Activity Relationships (QSAR) models had earlier been
developed in our group by Comparative Molecular Field
Analysis (CoMFA) and by Comparative Molecular Similar-
ity Indices Analysis (CoMSIA) (27) as no appropriate
QSAR models could be found in literature. The diphenyl
sulfide scaffold of the promising PET ligand DASB (s12)
was to be used as lead for further structural modification.
Possibilities for radiolabeling were to be considered when
modifying the structures.
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METHODS

Computational approach

All molecular modeling studies were performed using
SYBYL 6.6 (28) running on a Silicon Graphics Octane (R
10000) workstation.

Biological data

Binding affinity data of [!!C]DASB (s12) and its derivatives
at the SERT and the NET were taken from literature (21,
26, 29). Kj-values are given in Table 2.

Compound generation

DASB (s12) (Figure 2) was constructed using SYBYL s
fragment library. It was generated both in its N-protonated
and non-protonated form. An initial geometry optimiza-
tion was performed 7z vacuo using the Tripos Force Field
(30) and the following non-default settings: Mezhod: Conju-
gate Gradient, Termination Gradient: 0.01 kcal/ mol*A |
Max. Iterations: 10,000. The resulting structure was used as
starting geometry for the alignment and for a conforma-
tional search. The Genetic Algorithm Similarity Program
(GASP) (31) served as alignment tool. Analogously to the
alignhment procedure used for model derivation (27) (§)-
citalopram (s1) was used as template upon which DASB
(s12) was superimposed together with (§)-fluoxetine (s3),
paroxetine (s4) and sertraline (s2). Default settings were
used and ten alignments were generated during each
GASP run. The conformation used for the alignment (Fig-
ure 2) was chosen by visual inspection and was further
minimized 7z vacuo using the Tripos Force Field (30) and
the following non-default settings: Mehod: Conjugate Gra-
dient, Termination Gradient: 0.01 kcal/mol*A, Max. Iterations:
1000. To assure that the chosen conformation was a low-
energy one, a Genetic Algorithm (GA) conformational
search using default parameters was carried out. The con-
formation used for the alignment was found among the
ten lowest-energy conformations. Assuming the same
alighment for DASB (s12) and its derivatives, all DASB
derivatives were constructed from their respective parent
compound using SYBYL s fragment library. They were
minimized using the following non-default settings:
Method: Conjugate Gradient, Termination Gradient: 0.01
kcal/mol*A, Max. Iterations: 100. Partial atomic charges
were calculated using the Gasteiger-Hueckel method.

Figure 2: Alignment of DASB and (S)-citalopram
generated by using GASP.

CoMFA and CoMSIA

Comparative Molecular Field Analysis (CoMFA) and
Comparative Molecular Similarity Indices Analysis (CoM-
SIA) are most often used in drug discovery to find the
common features that are important in binding to the bio-
logically relevant target. Both techniques are based on the
assumption that changes in binding affinities of ligands are
related to changes in different fields surrounding the mole-
cules. These fields can be of steric and electrostatic, of
hydrophobic, or of hydrogen-bond accepting and hydro-
gen-bond donating nature. Quantitative Structure-Activity
Relationships (QSAR) are generated by multivariate statis-
tics using Partial Least Squares (PLS) (32, 33) and can be
applied for predicting the binding affinity of new mole-
cules. CoMFA was introduced by Cramer et al. (34). CoM-
SIA is an extension of the CoMFA method recently
developed by Klebe et al. (35, 36) and differs from
CoMFA in the implementation of the fields.

Table 1: CoMFA and CoMSIA analyses used for prediction

Fraclonn %
Biological Target Model q? spress U Nec® [ se” F! steric_electrostatic _hydrophobic
SERT CoMFA 0538 1118 0928 0437 5580 0355 0645 -
CoMSIAY 0529 1129 0920 0.464 57.75 0174 0527 0299
NET CoMFA 0.445 1.028 0820 0571 3385 0322 0678 -
Comsin 0502 0973 0785 0639 2561 o.184 0816

Prediction of new substances and their binding affini-
ties

The CoMFA and CoMSIA models established earlier in
our group (27) served as starting-point for the virtual
development of new substances. They were based on a
diverse set of antidepressants (37). For the prediction of
the binding affinities at the SERT and at the NET, we used
the CoMFA PLS analysis considering sterics and electro-
statics, and the CoMSIA PLS analysis considering sterics,
electrostatics and hydrophobics (Table 1). These models
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were chosen as they predict the binding affinity of DASB
(s12) both at the SERT and at the NET in the correct
order of magnitude (Table 2).

Table 2: Predicted and experimental binding affinities of
diphenyl sulfide derivatives.

N,

NET
Kisns COMFA (M) Kigns COMSIA (M) Kiv, (1)
2 g

ADAM (s9) " N 225 1230 040" 1259 268 6837
s18 Br- N 247 156" 0379 122 262 1079
st o N 250 1720 027" 1148 316 230°

F- N 207 182 4g¥ 1514 550 137"

0439(1857) 102 468 3259

N 154 1700 189° 704 268 1992

s22 FiC N 057 097 033" 8318 4365 1205 %

CDAM (516) B - 103 175 28" 750 w7 @07
s17 - -

“wilson AA et al., J Med Chem 43, 3103-10 (2000) " Huang Y
J Med Chem 45, 125358 (2002) * Oya S et
al.,J Labelled Cpd Radiopharm 82 (1 Supp),

etal.. J Labelled Cpd Radiopharm 44 (1 Supp), S18 (2001) “ Jarkas N e a. J Labelled Cpd Radog ). $204 (2001)
al. J Labelled Cpa Radiopham 44 (1 Suppl), ST5-16 (2001)  Zhuang Z.P et al.  Labelled Cpd R o), S367-355
57 (1999) " SERT expressed in LLC-PK ols K o (IDAM): 0097 i, K., (ADAM): 0.013 . Direc i

All CoMFA calculations were performed with the Tripos
Advanced CoMFA Module (28). DASB (s12) served as
lead structure. The Optimize QSAR interface was used to
build a series of analogs and make a preliminary survey of
their expected activities against a known QSAR (38). In
this study, DASB’s (s12) core structure was provided as
molecular scaffold, and S! and $? were specified as inter-
changeable substituents (Figure 3).

Substituent 2

* Bridge Atom

t

Figure 3: Positions of possible modifications at the
diphenyl sulfide scaffold. Substituents in position 2’ and
4’ were exchanged, as well as the aromatic ring B, and
the atom bridging ring A and ring B.

New structures are automatically suggested by screening a
database of possible substituents. The following default
settings were used: Configuration Options: Standard (Confor-
mational  Refinement:  All-trans, Computation of Charges:
Gasteiger-Hueckel), Method: Random, Cycles: 100. The 12
best hits were retrieved. The CoMFA PLS analysis consid-
ering sterics and electrostatics was used (Table 1).

Predictions of target properties are most reliable if extra-
polation with respect to topologies and functionalities
does not occur, but small extrapolations of descriptors that
make only a small contribution to the model are not a
cause of particular concern. Extrapolation is described by
the total contribution made to the prediction by the out-
of-range descriptors (38). In predicting biological activity
on a common log scale, any extrapolation below 0.3 log
units is probably acceptable (38). This is the case for most
CoMFA predictions. Some CoMSIA predictions, however,
do not comply with this requirement and are indicated
with an asterisk in Table 2 to 5.

RESULTS AND DISCUSSION
General approach

As the diphenyl sulfides had turned out to be promising
PET ligands for the SERT, the endeavor was to find even
more suitable substances of this type. (Figure 3.) To struc-
turally modify the lead compound DASB (s12), knowledge
on structure-activity relationships (SARs) of SSRIs derived
from our earlier developed CoMFA and CoMSIA models
(27) was used. Moreover, known SARs for diphenyl sul-
fides were considered, as well as the concept of bioisoster-
Additionally,
automatically suggested by using SYBYL's Optimize
QSAR module (28).

ism in drug design. structures were

Structure-activity relationships of diphenyl sulfides

Structure-activity relationships (SARs) of diphenyl sulfides
were first described by Sindelar et al. (22, 39). Whereas
structure (s13) (Figure 1) shows high binding affinity at
both the SERT and the NET, moxifetin (s14), additionally
possessing a hydroxy group in position 37, is SERT selec-
tive (40, 41). Any further modifications at the moxifetin
scaffold made by Sindelar et al. (22, 39) resulted in com-
pounds possessing a substituent in position 3°. This
changes with Ferris et al. (23) describing 403U76 (s15) as a
new potential antidepressant inhibiting both the 5-HT and
norepinephrine (NE) reuptake.
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Table 3: Predicted binding affinities of novel diphenyl
sulfides.

Hs

N Iy i i
N Y N\cH, v N\cn‘ N\cm
g o = \J
(@ (b) (c)

C)
Ko, SERT (nM Kiprea NET (nM;
Ci Scaffold X Y CoMFA CoMSIA CoMFA CoMSIA

n (a) H,CO-C(0)- NH,- 1.18 1.67* 2344 1230*
n2 (a) H3C-CH,O-C(0)- NH,- 1.24 1.60* 2239 1230
n3 (a) FCH,0-C(0)- NH- 1.18 1.44 2239 759

n4 (a) FCH,-CH,0-C(0)- NH,- 1.23 1.43* 2239 891

n5 (a) HiCS- NHz- 277 279 708 219

né (a) FaCS- NH;- 248 1.10* 851 135

n7 (a) FH,CS- NH;- 2.54 248 871 191

n8 (a) NCO- NH- 1.34 177 1413 537

n9 (a) NCs- NH;- 224 1.88 794 200

n10 (a) NC- HsCO- 1.28 1.27 3548 3236*
n1 (a) FCH,CH,- NO.- 1.51 1.29 1698 912

n12 (a) NC- FCH,- 0.78 0.81* 2692 4169*
n13 (a) HaCO-C(0)- FCH,- 0.70 0.88* 1778 2344*
n14 (a) NO,-CH=CH- FCH- 1.18 4.15* 363 17"
n15 (a) NC- HaCO-C(0)- 0.52 1.13* 7943 7586*
n16 (a) FCH,CH,- HyCO-C(0)- 1.06 1.84 1514 513

n7 (a) NC- FH,CO-C(O)- 0.44 1.01* 9120 8511*
n18 (a) NC- FH,C-C(O)- 0.46 0.68* 6607 4074
n19 (a) H3C-NH-S(O).- NH;- 0.90 2.10 2818 1259
n20 (a) H3C-NH-S(0).- FCH;- 0.45 1.09 1862 2042
n21 (a) HiC-S(0):- NH,- 113 3.78 1549 776

n22 (a) HiC-S(0);- FCH,- 0.55 1.91 1096 1230*
n23 (a) HaC-S(0)- NH,- 1.63 3.15 1122 550

n24 (a) HaC-S(0)- FCH,- 0.81 1.61* 776 832

n25 (a) H3C-NHC(O)- NH;- 0.76 1.79* 2630 1445*
n26 (a) H3C-NHC(O)- FCH,- 0.41 0.93* 2042 2630*
n27 (a) FCH,-CH,-C(O)- NH- 0.88 0.90* 1622 537
n28 (a) FCH,-CH,-C(S)- NH,- 1.16 0.98* 1349 380
n29 (a) FCH,-CH,0-C(S)- NH,- 1.52 1.51* 1905 646
n30 (a) FCH,-CH,S-C(0)- NH;- 0.87 0.87* 2239 871

n31 (a) FCH,CH- HC(0)- 0.91 1.47* 1445 309
n32 (a) FCH,CH,- HON=CH- 1.66 275 692 200
n33 (a) FCH2CH,- HN=CH- 1.04 1.91 1072 195
n34 (a) FCH,CH;- H3sCN=CH- 0.99 178 955 162
n35 (a) FCH,CH,- Phe-C(0)- 237" 3.62* 1072 550"
n36 (a) FCH,-CH,0-C(O)- HC(0)- 0.36 0.74* 6026 2399
n37 (a) FCH,-CH,0-C(0)- HON=CH- 0.59 1.42* 3020 1589
n38 (a) FCH2-CH,0-C(0)- HN=CH- 0.40 0.96* 4571 1514
n39 (a) FCH,-CH,0-C(O)-  HsCN=CH- 0.38 0.89* 3890 1259
n40 (a) FCH-CH,0-C(0)- Phe-C(0)- 0.64 2.16* 5623 4898
n41 (a) Phe- FCHz- 1.09 0.97* 724 724
n42 (a) FCH;-phe- NH,- 2.32 1.69* 871 355
n43 (b) - NH,- 0.64 0.82* 851 316
nd4 (b) FCH,- 0.32* 0.42* 603 575
n4s5 (c) NH;- 1.22 147 871 347
n46 (c) FCH- 0.67 0.60* 631 589
n47 (d) NH,- 0.96 1.00* 603 174
n48 (d) FCH,- 0.50 0.51* 437* 302

Table 4: Predicted binding affinities of novel

phenylpyridinyl sulfides and phenyl thienyl sulfides.

i i
5T o
(d) (e)

SERT

NET

Compound Scaffold x Y Kisma COMFA (0M) __ Kiyes COMSIA (M) Kipm COMFA (1M) i ses COMSIA (nM)
@ NC- NH- 74 138 3467
ns0 @ FCH,CH- NH- 133 259 813 ot
nst @ FCH,0-C(O)- NH- 059 135 2818 562
ns2 @ FCH.CH:O-C(O)- NH- 054 130 2630 661
ns3 @ FCH,CH,C(OF NH- 050 085 202 355"
ns4 @ HiCO-C(0)- FCH; 036 o072t 1862 1585
055 ® NC- (o= 147 154 3631 2089
ns6 ®) FCH,CH- NH 171 263 759 126
ns7 (®) FCH,0-C(O)- NH- 116 129 2344 724
nsg ®) FCH.CH:O-C(O)- NHe- 115 132 2455 813
ns9 ® FCH,CH,C(O)- NHz- 087 050" 1698 537
n60 (®) HiCO-C(O)- FCH; 067 078" 1738 2188°
6t © NC- N~ 258 311 2291 660"
n62 © FCH:CH- N 283 481 550 102
n63 © FCH,0-C(O)- NHz- 181 254 1778 562
n64 © FCH,CH,0-C(0)- NH- 261 175 1820 617
n65 © FCH,CH.C(OF N 127 159" 1230 437
n66 © H,CO-C(O)- FCH; 109 152 1230 1698
67 @ NC- N, 179 264 3631 895"

n68
69

268
115

331
220

692
1479

182

FCHCH:O-C(O)- 1514
N

70
71
72

084
166
081

121
185
078"

2167
602
2291

3802
132
1047

c
FCH,CH-
FCH.CH:O-C(O)-

The 2", 4 -substitution

maintained throughout
SPECT and PET applications.

pattern seen in 403U76 (s15) is
further ligand optimization for

Table 5: Predicted binding affinities of novel compounds
with different diphenyl bridging.
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Ne-
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676

205

2630"

230"
033
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550

NC-
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n89
n90
n9t
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NC-
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FCH,CH:0-C(O)-
FCH:CH-C(O)-
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o
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n95
n96
no7
no8
n99

100

FCH,CH:
FCH,CH:0-C(O)-
FCH.CHC(0)-

“extapolaton>031cgunts

A comprehensive overview of the SARs of 27, 4"-substi-
tuted diphenyl sulfides is given by Emond et al. (25). The
dimethylaminomethyl group in position 2 of ring A seems
to be optimal although a monomethylaminomethyl group
is also tolerated. At position 2” of ring B, the SERT bind-
ing site tolerates quite a large range of functional groups
containing a heteroatom, such as alcohol, ether, ester, nitro
and amine functions. The nature of this group seems to be
important for SERT selectivity. Whereas compounds con-
taining a hydroxymethyl group in position 2° (IDAM (s8))
display high binding affinity at both the SERT and the
NET, compounds substituted with an amino group
(ADAM (s9)) or a methoxymethyl group (s28, s29) in
position 2" are SERT selective (25). Oya et al. (42) recently
reported a new compound substituted with a fluorine-18
labeled fluoromethyl group in position 2° (s30) displaying
very high binding affinity at the SERT, and showing prom-
ising characteristics as a possible PET ligand. As no affin-
ity data for the NET or the DAT is given, no conclusions
about SERT selectivity can be drawn. Choi et al. (43)
reported that a fluoro substitution is also tolerated in posi-
tion 2” (s31, s32, s33). It was further reported that aryla-
tion and acylation of the amino group in position 2” in
most cases resulted in reduced binding affinity at the
SERT. Regarding the 4" position of ring B, Emond et al.
(25) concluded that the nature of the substituent only
slightly influences the SERT binding affinity, as for
instance a fluorine, a bromine and a iodine atom seem to
be interchangeable in this position. This is supported by
the findings of Wilson et al. (21) showing that also a chlo-
rine atom (s19), a trifluoromethyl (s22), a methoxy (s21)
and a cyano (s12) group in position 4” display high SERT
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binding affinity. However, not all substituents are favorable
as PET ligands. The trifluoromethyl group, for instance, is
much too lipophilic, thus displaying a clearance from the
cerebellum too slow for favorable pharmacokinetics in
human PET studies (21). According to Emond et al. (25),
sterically demanding groups in position 4 markedly
decrease binding affinity at the SERT. Yet Jarkas et al. (29)
found that both an ethyl (s24) and an ethenyl (s26) group
in position 4° display a satisfying binding affinity at the
SERT. Huang et al. (26) reported that a 2-fluoroethyl
group in position 4” (s25) also displays a good binding
affinity at the SERT but additionally, a moderate binding
affinity at the NET. Zhuang et al. (44) prepared an analog
of IDAM (s8) called ODAM (s16) with an oxygen instead
of a sulfur bridge between the two phenyl rings as this was
thought to be more stable against metabolism. ODAM
(s16) showed high binding affinity at the SERT and mod-
erate binding affinity at both the NET and the DAT. How-
ever, Acton et al. (45) concluded that, although ODAM
(s16) seems to have a higher brain uptake than IDAM (s8),
and indeed a slower metabolism, it also exhibits higher
nonspecific binding than IDAM (s8), which makes it less
suitable as a PET ligand.

3D QSAR models

The outcome of our earlier 3D QSAR studies (27) is
exemplified by the CoMFA model for the SERT. Figure 4
shows the steric (a) and electrostatic (b) contour diagram
of the CoMFA model, displaying those features that are
important for high binding affinity at the SERT.

~ A,

4

(a) (b)

Figure 4: CoMFA steric (a) and electrostatic (b)
“StDev*Coeff” plots for the serotonin transporter. The
contour levels were derived from examining the field
value histograms. Green areas indicate regions where
steric bulk favorably effects binding affinity. Yellow
regions denote areas in which sterically demanding
groups have a detrimental effect on binding affinity. Blue
contours enclose areas where partial positive charges
increase binding affinity whereas in the regions enclosed
by red contours partial negative charges are favored.
DASB (s12) is shown within the fields.

DASB (s12) is shown within the fields as an example for a
SERT selective compound. The three green regions show
those areas where steric bulk enhances affinity. These are
the regions where the substituent in DASB’s (s12) position
4" at ring B is located, the area around ring A and the area
into which one of DASB’s (s12) N-methyl groups is orien-
tated. The areas indicated by yellow contours should be
sterically avoided; otherwise reduced affinity can be
expected. A blue area, which represents a region where
electron-deficiency is advantageous, can be seen around
ring B. This can be attributed to ring substituents with a
strong electron withdrawing effect such as the cyano
group in DASB (s12). In regions enclosed by red areas
more negative charges are favored. One red area is found
between ring A and ring B; another red area is seen around
DASB’s (s12) cyano group, showing that an electronega-
tive substituent is favorable here. Analogous contour dia-
grams had been generated for the CoMSIA study at the
SERT, for the CoMFA and the CoMSIA studies at the
NET, and for selectivity analysis (27).

Comparison of predicted and experimental binding
affinity

To check whether the CoMFA and CoMSIA models (27)
are suitable to predict SERT binding affinity of new diphe-
nyl sulfides, the equilibrium inhibition constants (IK;-val-
ues) of several diphenyl sulfides already synthesized and
biologically tested were predicted. Predicted and experi-
mental Ki-values for both the SERT and the NET are
shown in Table 2. Cleatly, one has to be careful with com-
parison of data across laboratories. However, the compari-
son of Kj-values seems permissible as the Kj-value is an
absolute value for a compound, and is independent of the
specific radioligand used and the concentration of radioli-
gand in the assay (37). For DASB (s12), a Kj-value of 1.1
nM at the SERT and of 1350 nM at the NET was experi-
mentally determined (21), showing that DASB (s12) is
highly selective for the SERT. This is correctly predicted
by the CoMFA and CoMSIA analyses, the predicted Kj-
values being within the same order of magnitude as the
experimentally determined ones with 1.34 nM (CoMFA)
and 1.65 nM (CoMSIA) for the SERT, and 3715 nM
(CoMFA) and 2188 nM (CoMSIA) for the NET. The K;-
values of compound s25, bearing a 2-fluoroethyl group in
position 4°, are also predicted within the correct order of
magnitude for both the SERT and the NET. This is of
particular interest, as the 2-fluoroethly group is suitable for
fluorine-18 labeling. This was shown only recently by
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Huang et al. (46) who prepared fluorine-18 labeled s25.
However, judging from binding affinity data given in (20),
compound s25 is less SERT selective than DASB (s12).
This probably makes it less suitable as PET radiotracer,
although Huang et al. (46) were recently able to demon-
strate high specificity during PET studies in rats and
baboons. The binding affinity of IDAM (s8), possessing a
hydroxymethyl group in position 2°, and a iodine atom in
position 47, is correctly predicted as being in the sub-nano-
molar range at the SERT, whereas the binding affinity at
the NET seems to be underestimated by one order of
magnitude. CoMSIA analysis appears to be performing
better when looking at the Kj-values of ADAM (s9) and its
fluorine (s20), bromine (s18) and chlorine (s19) analogs.
The Kj-values for the NET are predicted in the correct
order of magnitude by CoMSIA. However, binding affinity
at the SERT seems to be underestimated by one order of
magnitude by both CoMFA and CoMSIA. Compound
s30, possessing a fluoromethyl group in position 2" and a
iodine atom in position 4°, and being of interest as fluo-
rine-18 labeling of the fluoromethyl group proved to be
possible (42), is predicted as displaying SERT binding
affinity in the nanomolar range by CoMFA (K; = 1.13
nM), and in the subnanomolar range by CoMSIA (K| =
0.69 nM). Binding affinity seems to be slightly underesti-
mated by both methods. Binding affinity at the SERT of
ODAM (s16), differing from the other compounds by the
oxygen that bridges the two phenyl rings, is also predicted
in the correct order of magnitude by both CoMFA and
CoMSIA. However, SERT selectivity seems to be slightly
overestimated by the models. Binding affinity at the SERT
of the pyridinyl compound s17 for which Oya et al. (47)
reported only weak binding affinity at the SERT, seems to
be wrongly predicted by several orders of magnitude. This,
clearly, is a shortcoming of the models. However, most of
the tested diphenyl sulfides are correctly predicted by both
CoMFA and CoMSIA, thus making the models suitable
for the estimation of binding affinities for novel diphenyl
sulfide structures.

Bioisosterism

The principle of bioisosteric replacement of functional
groups is considered a successful optimization strategy.
Langmuir introduced the concept of isosterism in 1919
(48). Isosterism was at that time used to describe the simi-
larity of molecules or ions that have the same number of
atoms and valence electrons. This concept was extended
by Grimm’s hydride displacement law (49). Grimm

termed groups such as OH, NH, and CH; pseudoatoms.
Friedman (50) introduced the term bioisosterism. Bioisos-
teres are groups or molecules that are structurally similar
and show the same type of biological activity. Comprehen-
sive overviews of isosterism and bioisosterism in drug
design are given in literature (51-55). The concept of bioi-
sosterism was used when designing new diphenyl sulfide
derivatives.

Design of new compounds

Tables 3 to 5 summarize the molecular structures of the
newly designed compounds and their predicted binding
affinities at the SERT and at the NET. Very high binding
affinity of a radioligand in combination with a compara-
tively slow clearance from tissue can restrict its usefulness
for PET, as the rate-limiting step of tracer retention may
become the delivery instead of the binding process (1). A
consequence of this would be to only consider substances
whose K;-values are found within a particular range, for
instance, between 0.5 and 10 nM as suggested by Lassen et
al. (56) for benzodiazepine receptor tracers. However, as
the used CoMFA and CoMSIA models cannot predict
PET kinetics and thus, no optimum K;-value for any one
compound can be estimated, we did not focus on Kj-val-
ues between 0.5 and 10 nM only, but considered sub-
stances being estimated as displaying high binding affinity
in a nanomolar or subnanomolar range at the SERT and
low binding affinity at the NET. Another aspect during
molecular design was to obtain structures that could easily
be radiolabeled with either carbon-11 or preferably fluo-
rine-18. Carbon-11 labeling of one of the N-methyl groups
as seen in [''C]DASB (s12) is not necessarily suitable as the
N-methyl groups are susceptible to metabolism. Therefore
it seems difficult to quantify radiolabeled metabolites that
cross the blood brain barrier and need to be considered
during evaluation of a PET study. However, this seems to
contrast with recent findings of Halldin et al. (57) who
labeled MADAM (s10) with carbon-11 in two different
positions (at the methyl group of the phenyl ring, and at
one methyl group of the tertiary amino group) and mea-
sured metabolism in monkey brain. They found no signifi-
cant difference with regard to brain kinetics and
metabolism, indicating that no radioactive metabolites
entered the brain.

When modifying the DASB scaffold, we concentrated on
four structural features. These were the substituents in
position 2" and 4” of ring B, the aromatic ring B itself, and
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the sulfur bridge between ring A and ring B as shown in
Figure 3. From the CoMFA and CoMSIA models it
became clear that the substituent in position 4° should
preferably display electron-withdrawing characteristics,
which is particularly required for high SERT selectivity.
Obviously, a fluoroethyl group in position 4” as seen in
structure s25 does not meet this requirement which
explains its selectivity loss compared to DASB (s12) (20).
Therefore, the replacement of the fluoroethyl group with a
fluoroethyl-oxycarbonyl group (ester) seems promising as
the possibility of fluorine-18 labeling is maintained. The
estimated Kj-values of compound n4 are 1.23 nM
(CoMFA) and 1.43 nM (CoMSIA) for the SERT, and 2239
nM (CoMFA) and 891 nM (CoMSIA) for the NET.
Replacement of the fluoroethyl group with a fluoroethyl-
carbonyl group (ketone) seems also most promising since
compound n27 was predicted to have Kj-values around
0.88 nM (CoMFA) and 0.90 nM (CoMSIA) for the SERT,
and around 1622 nM (CoMFA) and 537 nM (CoMSIA) for
the NET.

To further improve binding affinity at the SERT, replace-
ment of ring B with an electron deficient pyridine ring
seemed reasonable. Depending on the position of the
nitrogen atom in the pyridine ring, binding affinity at the
SERT is estimated as slightly decreased for compound
n64, and as about the same for compound n58, whereas a
markedly improved binding affinity at the SERT (K, =
0.54 nM) is estimated for compound n52 by the CoMFA
analysis. Moreover, SERT selectivity seems to be retained,
as for compound n52 a K;-value of 2630 nM at the NET is
estimated by using CoMFA. Substitution with a fluoroet-
hyl group in position 4” as in compounds n50, n56, and
n62 appears to result in decreased selectivity, whereas
binding affinity at the SERT is predicted in a nanomolar
range suitable for a PET ligand. Substitution in position 4°
by a fluoroethyl-carbonyl group as in compounds n53, n59
and n65 results in clearly selective substances. This is dem-
onstrated in Figure 5, showing compound n53 within the
SERT CoMFA fields and within the CoMSIA fields
retrieved from selectivity analysis. The latter show those
areas which are important for selectivity at the SERT over
the NET (27). The eclectron deficient pyridine ring is
located in the blue region, which shows that partial posi-
tive charges are favorable for high binding affinity at the
SERT and for SERT selectivity at this site. Moreover, the
fluoroethyl-carbonyl substituent is directed towards the
green region. This region denotes areas in which steric
bulk enhances binding affinity and SERT selectivity. The

oxygen atom of the carbonyl group is directed towards the
red region visible in both the SERT CoMFA plot and the
CoMSIA selectivity plot. Thus, partial negative charge is
located in the red region as required. This may also con-
firm the choice of the conformation of the fluoroethyl-
carbonyl substituent.

¥ N
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 *%5
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Figure 5: Compound n53 within the steric (a) and
electrostatic (b) SERT “StDev*Coeff” CoMFA fields, and
within the steric (c¢) and electrostatic (d) “StDev*Coeff”
CoMSIA fields from the selectivity analysis. Green
regions denote those areas in which steric bulk is
favorable for high binding affinity at the SERT and for
high SERT selectivity. Yellow regions denote those areas
where steric bulk has a detrimental effect on SERT
binding affinity and SERT selectivity. Binding affinity and
SERT selectivity is enhanced by partial positive charges
in blue regions, and by partial negative charges in red
regions.

As thiophene is considered a classical bioisostere of ben-
zene (52, 55), the exchange of ring B for thiophene was
attempted. Good results were obtained for compound n67
and compound n70, differing from each other in the posi-
tion of the sulfur atom in the thiophene ring, Both com-
pounds were predicted as displaying high binding affinity
at the SERT and low binding affinity at the NET, thus
being highly SERT selective. To make fluorine-18 labeling
possible, the cyano group was exchanged for the above-
mentioned fluoroethyl-oxycarbonyl group, resulting in
compounds n69 and n72 which are predicted as also
showing high binding affinity at the SERT and as being
SERT selective. The only congeneric compounds found in
literature with ring B being exchanged by thiophene had
been prepared and tested by Sindelar et al. (22). These two
compounds displayed only moderate affinity at the SERT.
Probably this can be attributed to a different substitution
pattern.
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As suggested by Oya et al. (42) for compound s30, the
amino group in position 2” can be replaced with a fluo-
romethyl group without affinity loss and, moreover, this
provides a good possibility for fluorine-18 labeling. Affin-
ity and selectivity seem to be retained for compound nl2,
possessing an electron withdrawing cyano group in posi-
tion 47, or for the pyridine compounds n54 and n60.
Another electron withdrawing group is the methylsulfonyl
group which Burger (52) suggested to be bioisosteric to
the trifluoromethyl group. As Wilson et al. (21) found that
a trifluoromethyl group in position 4° makes compound
s22 much too lipophilic to display favorable PET kinetics,
substitution of position 4” with a methylsulfonyl group is
probably advantageous for a PET ligand. Both compound
n21, possessing an amino group in position 2’, and com-
pound n22, possessing a fluoromethyl group in position
27, are predicted to be highly selective SERT ligands. Com-
pound n21 could possibly be carbon-11 labeled at the
methylsulfonyl group, whereas compound n22 can obvi-
ously be fluorine-18 labeled. Other possible electron with-
drawing substituents in position 4°, probably resulting in
selective SERT ligands, are a methylamino-carbonyl group
(n25, n26), a methylsulfoxide group (n23, n24), a methy-
lamino-sulfonyl group (n19, n20), a fluoroethyl-thiocarbo-
nyl group (n28), a fluoroethyl-oxythiocarbonyl group
(n29), a fluoroethyl-sulfanylcarbonyl group (n30), and a
cyanato group (n8). These groups were suggested because
of an Optimize QSAR run. Only moderately selective sub-
stances seem to result from a thiocyanato group (n9), a
methylsulfanyl group (n5) or a trifluoromethylsulfanyl
group (n6) in position 4°. A nitroethenyl group in position
4" (n14) also does not seem to be favorable, although it is
suggested to be bioisosteric to halogens or the trifluorom-
ethyl group (55). The idea of placing an additional electron
withdrawing group in position 2" resulted in the sugges-
tion of compounds n15 —n17, all possessing an ester func-
tion in position 2°. These compounds are predicted as
being highly selective for the SERT. Considering known
SARs, these suggestions seem reasonable, which is con-
firmed by Emond et al. (25) stating that ester functions are
generally tolerated in position 2°. Whereas compound n15
can only be carbon-11 labeled, fluorine-18 labeling seems
possible for compounds n16 and n17 at either the fluoro-
ethyl group in position 4°, or the fluoromethyl-oxycarbo-
nyl group in position 2”. Substitution of position 2" with a
fluoromethyl-carbonyl group resulted in compound n18
which is predicted to be a particularly selective high affin-
ity SERT ligand as can be concluded from the estimated
Ki-values of 0.46 nM (CoMFA) and 0.68 nM (CoMSIA)

for the SERT and 6607 nM (CoMFA) and 4074 nM (CoM-
SIA) for the NET. Moreover, fluorine-18 labeling seems
possible. Another idea was to link position 4" and 5" with a
methylenedioxy group (n43 and n44) in analogy to the
SSRI paroxetine (s4), or with a furano ring (n45 —n48).
Compounds n44, n46 and n48, possessing a fluoromethyl
group in position 2’, are predicted as being as selective as
their respective amino analogs n43, n45 and n47. Substitu-
tion of position 2° with a formyl group (aldehyde) (n31
and n36), and their corresponding oximes (n32 and n37),
imines (n33 and n38), and methylimines (n34 and n39),
was a result of using the Optimize QSAR module. To pro-
vide a possibility for fluorine-18 labeling, position 4” was
substituted with either a fluoroethyl group, which in the
case of the aldehyde (n31) and the imine (n33) still seems
to result in comparatively SERT selective substances, or
with a fluoroethyl-oxycarbonyl group, which in all cases
seems to result in highly SERT selective compounds. This
series of compounds appear also quite convenient for syn-
thesis planning as the oxime, the imine and the meth-
ylimine can easily be prepared from the aldehyde.
Substitution of position 2” with a benzoyl rest (n35 and
n40), which was also found because of an Optimize QSAR
run, seems arguable in some ways. Although it was found
by Choi et al. (43) that sometimes quite large substituents
are tolerated in position 27, as for instance a fluorophenyl-
carbonylamino group, such sterically demanding substitu-
ents ate probably too lipophilic to finally display favorable
PET characteristics. Another suggestion derived from an
Optimize QSAR run is the substitution of position 4" with
a phenyl rest as seen in compound n4l1 and n42. On the
one hand, Emond et al. (25) concluded that sterically
demanding groups in position 4 have got a detrimental
effect on binding affinity at the SERT, but on the other
hand, such groups at ring B are considered favorable for
high SERT affinity and high SERT selectivity by the
CoMFA and CoMSIA models. In compound n42, the phe-
nyl ring is further substituted by a fluoromethyl group
which could possibly be fluorine-18 labeled.

Starting from the finding of Zhuang et al. (44) that ODAM
(s16) is binding with high affinity at the SERT, a series of
additional structures were suggested in which the sulfur
bridge was replaced with bioisosteric groups or atoms.
Classical bioisosteres of divalent sulfur (-S-) are a methyl-
ene group (-CH,-), divalent oxygen (-O-), and amine func-
tions (-NH- or -NR-) (52, 55). Less typical, but also known
as bioisosteric to divalent sulfur, are a cyanamide (-NCN-)
(52, 54, 55, 58) and an ethene group (-CH=CH-) (52, 54,
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55). Binding affinity at the SERT is predicted to move
towards the sub-nanomolar range for the DASB analogs
n77 and n81 in which the sulfur bridge was substituted by
either an amine function or a methylene bridge. Binding
affinity at the NET seems to increase only slightly and is
still in the same order of magnitude as for DASB (s12).
Thus, selective SERT ligands can probably be obtained by
replacing the sulfur bridge with a methylene bridge or an
amine function. DASB analog n73, in which the sulfur
bridge is exchanged for an oxygen bridge, seems to show
similar binding characteristics as DASB (s12) itself. This is
in close agreement with the suggestion of Burger (52) that
it is often the steric rather than the electronic properties of
the oxygen or sulfur bridge that are the determinants of
pharmacological activity. The replacement of the sulfur
atom with a (Z)-configurated carbon-carbon double bond
results in compound n85, which still seems to show affin-
ity at the SERT in the same order of magnitude as DASB
(s12) itself, but is predicted to be markedly less SERT
selective. The cyanamide n93 is believed to be highly
SERT selective with predicted Kj-values at the SERT of
1.00 nM (CoMFA) and 1.44 nM (CoMSIA), and at the
NET of 7079 nM (CoMFA) and 10 715 nM (CoMSIA).
These values strongly qualify this compound for inclusion
as a possible PET ligand. Moreover, catbon-11 labeling
seems possible at the cyanamide group as has been
reported for diphenyl[“C] cyanamide (59). Another partic-
ularly interesting structure for possible application as PET
tracer is compound n97. The amine function bridging the
two phenyl rings has been further substituted with a fluo-
roethyl group that could possibly be fluorine-18 labeled.
Just as its ethyl, methyl and fluoromethyl analogs (n96, n94
and n95), compound n97 is predicted to be highly SERT
selective. The benzophenone derivative n89 is also pre-
dicted to be a highly SERT selective substance with
remarkably low affinity at the NET and so are its fluoroet-
hyl-oxycarbonyl analog n91 and its fluoroethyl-carbonyl
analog n92. However, binding affinity at the SERT also
seems to be lower than for the respective sulfur bridged
analogs. Surely, any modifications at the 2" and 4 position
suggested earlier can be also transferred to the DASB ana-
logs in which the sulfur bridge is replaced by other bioisos-
tetic atoms or groups. This can be interesting for synthesis
planning. Yet we feel that compound synthesis and biolog-
ical testing to verify our predictions is highly desirable
before further virtual structure modification.

CONCLUSION

After thorough investigation of known SARs of SERT
ligands, a series of potential new and selective PET
radiotracers for the SERT were designed by molecular
modeling. As diphenyl sulfides had turned out to be prom-
ising PET ligands for the SERT, various modifications
were carried out on this scaffold. Many of the newly
designed compounds possessing a fluoroethyl-oxycarbonyl
group in position 4~ are predicted to be selective high
affinity ligands at the SERT and are of particular interest
for possible fluorine-18 labeling. The same holds true for
compounds possessing a fluoroethyl-carbonyl group in
position 4. Fluorine-18 labeling seems also possible for
substances possessing a fluoroethyl group in position 47,
combined with an electron withdrawing group in position
27 as it is the case for aldehyde n31 and its corresponding
oxime n32, imine n33 and methylimine n34, or for com-
pound nl18, possessing a flouromethyl-carbonyl group in
position 2. Compound n93 is predicted as highly SERT
selective, and the cyanamide substructure may be an alter-
native for carbon-11 labeling. Compound n97 provides
another new option for fluorine-18 labeling. Future studies
necessatily need to include synthesis and biological testing
of the compounds to confirm the predictions. Although
most compounds are predicted as being SERT selective,
we acknowledge that only data on SERT and NET affinity
had been available when generating the models, whereas
data of DAT affinity had been lacking, It further has to be
noted that our models do not provide any information
concerning PET kinetics. Screening for suitability of the
novel compounds as PET ligands is needed. Following
this, the generation of models predicting PET kinetics
seems conceivable.

SUPPLEMENTARY MATERIAL

The molecular structures in SYBYL s mol2 format atre
obtainable from the authors.
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gram; NE, Norepinephrine; NET, Norepinephrine Trans-

porter; PET, Positron Emission Tomography; PLS, Partial
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SAR, Structure-Activity Relationships;

SERT, Serotonin Transporter; SPECT, Single Photon
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