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Abstract
Quantum dot conjugates of compounds capable of inhibiting the serotonin transporter (SERT)
could form the basis of fluorescent probes for live cell imaging of membrane bound SERT.
Additionally, quantum dot-SERT antagonist conjugates may be amenable to fluorescence-based,
high-throughput assays for this transporter. This paper describes the synthesis of SERT-selective
ligands amenable to conjugation to quantum dots via a biotin-streptavidin binding interaction.
SERT selectivity and affinity were incorporated into the ligand via a tetrahydropyridine or
cyclohexylamine derivative and the affinity of these compounds for SERT was measured by their
ability to produce SERT-dependent currents in Xenopus laveis oocytes.
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Neurotransmitters such as dopamine, norepinephrine and 5-hydroxytryptamine (serotonin,
5-HT) modulate neuronal signaling in response to a variety of sensory and physiological
stimuli. Synaptic concentrations of these neurotransmitters are regulated by presynaptic
transporters, specifically the dopamine transporter (DAT), the norepinephrine transporter
(NET) and the serotonin transporter (SERT).1,2 Methodologies used to study the location
and temporal dynamics of these transporters within the membrane may provide important
insights to their dysfunction, which is suspected to contribute to disorders such as autism,
OCD, depression, ADHD and addiction. Our efforts currently center on the development of
fluorescent probes based upon DAT and SERT antagonists that can be conjugated to
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quantum dots.3-6 Ultimately, these probes will be used to study the expression, location and
dynamics of these transporters within the presynaptic membrane7-9 and to identify
abnormalities and therapeutics pertinent to transporter-related illnesses.

In earlier studies, we identified 3-(1,2,3,6-tetrahydropyrindin-4-yl)-1H-indole (2) as a high
affinity SERT antagonist that may be conjugated to quantum dots.8,9 A linker arm may be
attached to this tetrahydropyridyl nitrogen atom, this biological activity is retained (Figure 1,
Table 1). The ability of these derivatives to inhibit the uptake of tritiated serotonin (5-HT) in
human SERT (hSERT) expressing HEK cells was measured. After conjugation to quantum
dots, the uptake inhibition by these conjugates was measured and IC50 values were
calculated following titration of conjugated dot concentrations (Table 1). Studies of non-
specific binding of quantum dots to cellular membranes suggested a long polyethylene
glycol chain on the surface of the dot was necessary to reduce non-specific adsorption of the
quantum dots to cellular membranes.10 Such compounds were shown to retain antagonist
activity.

Although we have demonstrated our ligands have a high affinity for hSERT in uptake
inhibition assays, we sought further evidence that ligand-conjugated dots bind tightly to
hSERT in intact cells in real-time physiological assays. Using hSERT expressing oocytes, it
is possible to detect antagonist suppressed hSERT leak currents (which appear as outward
currents above a pretreatment baseline), from these measurements it is possible to gain
insights regarding the relative potency of hSERT ligands. In this report, the synthesis of a
series of high-affinity hSERT ligands (Figure 3.) and their ability to suppress hSERT leak
currents in hSERT expressing oocytes was studied.

Derivatives of both (2) and cyclohexenyl amine were synthesized with an alkyl spacer
attached to biotin-PEG5000 (Figure 2). The alkyl spacer length was changed to study the
effect on binding (compounds (8), (10) and (11)). The effect of substituting on the indole
ring was studied by synthesizing compounds (8), (9) and (12). Compounds (13) and the
intermediate (14) were synthesized extending the basic nitrogen from the tetrahydropyridine
ring to study the effects of this modification on binding. Finally, a methyl caped PEG ligand
(15) was synthesized and used as a negative control.

Compounds (8)-(12) were synthesized as shown in Scheme 1. Initially (2), the methoxy, and
the cyano analogs were synthesized using the method described by Guillaume et al11; these
were then attached to 2-(bromoalkyl)isoindoline-1,3-dione (15a), (15b) or (15c), resulting in
(16a)-(16f) and were converted to the amines (17a)-(17f)9, after coupling to Biotin-
PEG5000-NHS compounds (8)-(12) were obtained.12 The synthesis of (16a) and (16b) are
previously described by Tomlinson et al.9

Compound (13) was synthesized as outlined in Scheme 2. The mono ethyl ketal of
commercially available cyclohexane dione was converted to N-methyl-1,4-
dioxaspiro[4.5]decan-8-amine (19) by a reductive amination with sodium triacetoxy
borohydride and methylamine. The ketal was hydrolysed to yield 4-
(methylamino)cyclohexanone (20) and this was reacted with indole to yield 4-(1H-indol-3-
yl)-N-methylcyclohex-3-enamine (21) in a 20% overall yield.13 The 11 carbon spacer was
attached to this using the same methodology as previously described to give (22) in a 64%
yield.14 The phthalimide protecting group was removed by stirring in ethanol in the presence
of hydrazine mono hydrate using the method previously described9 to give (14) in a 93%
yield. This was coupled to Biotin-PEG5000-NHS to give compound (13).15 Compound (15)
was obtained by reacting Biotin-PEG5000-NHS with methylamine.16

The ability of compounds (8)-(15) to suppress hSERT-dependent leak currents in Xenopus
oocytes was measured by perfusing oocytes with a 1μM solution of (8)-(14) in buffer.
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Electrophysiological recordings for each ligand were obtained using a low-pass filter at 10
Hz and digitized at 20 Hz. All analyses were performed using Origin 7 (OriginLab,
Northampton, MA). The magnitude of the leak currents for (8)-(14) was obtained using 5
replicates and the magnitudes of the leak currents for compounds (8)-(13) are shown in
Figure 3. An example raw trace of leak suppression and 5-HT induced currents is shown in
Figure 4. Compound (15) was a control compound and induced no suppression of leak
current indicating that the indole derivative is necessary for biological activity.

Figure 4 shows a raw data trace obtained for the intermediate IDT373 (14).

In addition to measuring leak current suppression, the ability of the ligands to inhibit the
uptake of tritiated 5-HT in hSERT expressing Xenopus oocytes was also measured and IC50
values were obtained using 5 replicates. Figure 5 shows a correlation of the IC50 value
obtained using this oocyte system with the observed leak current suppression.

Compounds (8)-(14) showed leak currents that are typical of SERT antagonists. It is crucial
to understand how tightly our ligands are binding to the SERT since we intend to utilize
them in a variety of biological assays. Ligands that bind tightly and do not diffuse into the
surrounding media during an assay may be required for assays to track the location and
temporal dynamics of SERT within live cell membranes. On the other hand, ligands that do
not bind as tightly may be more suitable for displacement assays which could be the basis of
a quantum dot based high throughput (HTS) assay. The magnitude of the measured leak
currents and IC50 value will enable the selection of the appropriate ligand.

The magnitude of the leak current is proportional to the potency of the ligand for hSERT
interactions. IDT374 (13) exhibited the greatest activity while IDT317 (11) exhibited the
lowest leak current suppression, and consequently, the weakest binding to hSERT. These
data were mirrored by the measured IC50 values for SERT uptake inhibition. The relative
potencies of our SERT ligands appears to be determined by three factors. The 1st of these is
the length of the alkyl spacer in the linker arm; when the alkyl spacer is increased in length
from 2 carbon atoms in IDT317 (11) to 6 carbon atoms in IDT366 (10), an increase in leak
current suppression can be observed. This trend continues when the alkyl spacer is increased
to 11 carbon atoms (IDT357 (8)), indicating that the alkyl spacer in these molecules
participates in binding. One hypothesis is that hydrophobic interactions within SERT itself
support ligand interactions, or another possibility may be that hydrophobic interactions
between the alkyl spacer and the lipid membrane increase the tightness of binding.
Substitution on the indole ring has a less significant effect on the magnitude of the leak
current. Derivatives including electron withdrawing substituents on the 5-position of the
indole ring, such as the cyano derivative (IDT361 (12)), have a slightly larger leak current
suppression than derivatives where an electron donating substituent, such as a methoxy
derivative is on the ring (IDT318 (9)). However these differences do not seem to correlate
well with IC50 values since it has been reported that the cyano substituted parent drug has a
potency that is approximately 20 fold greater than the methoxy substituted parent drug.17 A
large increase in the magnitude of the leak current suppression was obtained by moving the
basic nitrogen out of the tetrahydropyridyl ring to give IDT374 (13), suggesting this basic
nitrogen may be interacting with the binding site in hSERT. The basic nitrogen may be
acting as a hydrogen bond acceptor and the binding strength is likely dependent upon the
orientation of the lone pair of electrons on the hydrogen bond acceptor. Consequently, it is
not surprising any modification in the structure of the homotryptamine, which changes the
orientation of this nitrogen atom and its lone pair of electrons, will have a significant impact
upon the tightness of binding to hSERT if it is acting as a hydrogen bond acceptor.
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In conclusion, the relative potency for interactions with hSERT for our ligands follows the
order: IDT374 (13)∼IDT373 (14) > IDT361 (12) ∼ IDT357 (8) = IDT318 (9) > IDT366 (10)
> IDT317(11). In addition to these leak current experiments, we also demonstrated that
IDT317 (11) binds relatively weakly to hSERT since it can be easily washed off, restoring a
normal 5-HT induced influx current (data not shown). The leak current revealed by
incubating IDT317 with hSERT expressing oocytes was similar in magnitude to the leak
current obtained with fluoxetine, while the antagonists with longer alkyl spacers had leak
currents of similar magnitude to the higher affinity hSERT antagonist paroxetine. These data
suggest that the other ligands have a higher affinity for hSERT, bind tighter than IDT317,
and one or more of these compounds may be amenable to the development of quantum dot-
based fluorescent assays using hSERT-expressing mammalian cells (preliminary data not
shown).
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Figure 1.
High affinity SERT ligands for conjugation to quantum dots.
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Figure 2. Ligands used in this study
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Figure 3.
The ratio of antagonist revealed leak current to 5-HT induced current for the analogs used in
this study.
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Figure 4.
A raw data trace showing a representative leak current obtained for the intermediate IDT373
(14).
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Figure 5.
Leak current correlations with 5-HT uptake inhibition IC50 in oocytes obtained for
compounds (8)-(14).
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Scheme 1.
(i) Et3N; (ii) Hydrazine monohydrate; (iii) Biotin-PEG5000-NHS
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Scheme 2.
(i) Methylamine, Na(AcO)3BH; (ii) TFA; (iii) Indole, NaOMe; (iv) Et3N; (v) Hydrazine
monohydrate; (vi) Biotin-PEG5000-NHS
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Table 1
Biological activity of free and conjugated ligands against hSERT

Compound No IC50 (nM) Conjugate IC50 (nM)

2 80* not applicable

3 2 30

4 1 100

5 2,000 not conjugated

6 30 10

7 25 not conjugated

*
Literature value11
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