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High affinity inhibitors of the dopamine transporter (DAT): Novel
biotinylated ligands for conjugation to quantum dots

Ian D. Tomlinson,a,* John N. Mason,b Randy D. Blakelyb,c and Sandra J. Rosenthala,b

aThe Department of Chemistry, Vanderbilt University, Station B, 351822, Nashville, TN 37235-1822, USA
bThe Department of Pharmacology, Vanderbilt University School of Medicine, Nashville, TN 37232-8548, USA

cVanderbilt Center for Molecular Neuroscience, Vanderbilt University School of Medicine, Nashville, TN 37232-8548, USA

Received 9 May 2006; revised 25 May 2006; accepted 30 May 2006

Available online 19 June 2006
Abstract—Compounds capable of inhibiting the dopamine transporter protein (DAT) that can be conjugated to cadmium selenide/
zinc sulfide/core shell nanocrystals may be used to image the location and distribution of the DAT in neuronal cell membranes. This
letter describes the synthesis of biotinylated analogs of the DAT antagonists GBR 12909 and GBR 12935 that can be attached to
streptavidin coated cadmium selenide/zinc sulfide/core shell nanocrystals.
� 2006 Elsevier Ltd. All rights reserved.
Quantum dots are a new type of fluorescent markers that
are increasingly finding novel applications in biology.
Many groups have reported imaging applications based
upon quantum dots conjugated to peptides,1–6 nucleic
acids,7–13 proteins,14,15 and antibodies.16–21 Our research
focus involves conjugating ligands that bind to neuronal
proteins to quantum dots.22–26 We are particularly inter-
ested in drugs that have high affinity for neuronal trans-
porter proteins including the serotonin transporter
protein (SERT) and the dopamine transporter protein
(DAT). Both SERT and DAT exhibit regulated traffick-
ing that controls transport capacity. Imaging transporter
movements in neuronal membranes is a challenging but
important objective.

Quantum dots have the potential to significantly im-
prove the sensitivity and duration of in vitro biological
imaging experiments that are currently performed with
fluorescent dyes. Their increased photostability, bright-
ness, and narrower emission spectra should enable the
development of imaging studies that can be performed
for longer durations and with lower concentrations of
analyte.
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Abnormalities in the dopaminergic system have been
observed in the etiology of a wide range of diseases
including Alzheimer’s and Parkinson’s diseases. The
dopaminergic system is also thought to have a role in
the reinforcing effects of cocaine addiction. We hope
to be able to use DAT antagonist quantum dot conju-
gates to provide more information about the biological
mode of action of dopamine reuptake inhibitors. In
addition by using static and dynamic biological imaging
techniques it is hoped that these conjugates may reveal
information about the location and distribution of the
DAT within neuronal cells.

In our initial studies we synthesized derivatives of the
high affinity DAT inhibitors GBR 12909 and GBR
12935.
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Ligands 1 and 2 were selected for their ease of synthesis,
potency, and specificity for the DAT over SERT. They
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Scheme 1. Reagents: (i) Biotin, CDI.
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Scheme 2. Reagents: (i) Method A SOCl2, CH2Cl2; Method B CDI;

(ii) a—hydrazine, ethanol; b—CH2Cl2; (iii) Biotin, NHS, DCC, DMF.
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were bound to the surface of the quantum dot via an
acid–base interaction between a thiol and the zinc on
the surface of the quantum dot.25
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We observed that when the ligands 1 and 2 were
bound to the surface of quantum dots the fluorescence
of the dots diminished. This reduction in quantum
yield could be due to the thiols acting as traps. In
addition to reduced quantum yields these conjugates
had a limited shelf life. The thiols were not irreversibly
bound to the surfaces of quantum dots and they disso-
ciated from the surface over time. This dissociation
caused the dots to aggregate and precipitate from
solution.

As biotin has a high affinity for avidin
(Ka � 1015 mol�1) and streptavidin, we decided to syn-
thesize a new generation of DAT ligands that incorpo-
rated a biotin moiety for use with streptavidin coated
quantum dots. Our initial ligands had biotin bound
directly to the GBR derivatives 3 and 4. Steric hin-
drance between the cell surface and the dot’s surface
may reduce the affinity of these conjugates. Therefore
we also designed a GBR derivative that incorporated
an alkyl linker between the GBR derivative and the bio-
tin 5 to reduce steric effects.
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The synthesis of compounds 3 and 4 is outlined in
Scheme 1. Either 1-[2-[bisphenylmethoxy]ethyl]-4-(3-(4-
aminophenyl)propyl)piperazine 6 or 1-[2-[4,4 0-flour-
obenzhydryloxy]ethyl]-4-(3-(4-aminophenyl)propyl)pi-
perazine 7 was biotinylated in dry DMF using CDI.
This resulted in a 29.7% yield of 327 and a 16.4% yield
of 4.28 The synthesis of the amino analogs of GBR
12909 and GBR 12935 has previously been described
in an earlier publication.25
The synthetic route used to prepare compound 5 is out-
lined in Scheme 2. 1-[2-[4,4 0-Flourobenzhydryloxy]
ethyl]-4-(3-(4-aminophenyl)propyl)piperazine 7 was
coupled to the phthalimide protected 11-aminoundeca-
noic acid 8 using two different methods. In the first
method the acid was converted to the acid chloride with
thionyl chloride and reacted it with 7 in dry dichloro-
methane resulting in a 69% yield of 9. The second meth-
od coupled 8–7 using CDI in dry DMF resulting in a
33% yield of 9.29 The phthalimide protecting group
was removed using hydrazine in ethanol giving 1030 in
a 72% yield. Biotin was coupled to the terminal amino
functionality using DCC in dry DMF resulting in a
12.4% yield of 5.31

Compounds 3, 4, and 5 were conjugated to strepatvidin
coated quantum dots as follows; 0.1 ml of a 8.5 lM
solution of streptavidin coated quantum dots that had
a maximum fluorescence emission of 605 nm was added
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to 0.9 ml of borate buffer at pH 8.4. Compounds 3, 4,
and 5 were dissolved in DMSO to give an 850 lM solu-
tion of each compound. 0.1 ml of this solution was add-
ed to the solution of quantum dots in borate buffer and
the mixture was stirred at 25 �C for 18 h. Excess ligand
was removed from this solution by dialyzing the borate
solution for 18 h. The concentration of the resultant
solution was determined by UV/visible spectrophotome-
try by measuring the absorbance at 600 nm and using an
extinction coefficient of 650,000.

The ability of compounds 3, 4, and 5 to inhibit the up-
take of dopamine was measured using a competitive
transport assay. Briefly, 12 concentrations of each com-
pound (10�5 and 10�12 M) were competed against triti-
ated dopamine (50 nM). Nonspecific uptake was
defined with 1 mM GBR and subtracted from total radi-
olabeled uptake. Subtracted values were plotted versus
logarithmic values of each compound and fitted with a
one-site competition curve to determine IC50 values
using Graphpad prism.

Table 1 shows the potencies of the ligands 1–5 against
dopamine transport as well as the potency of conjugated
nanocrystals. When ligands 3–5 were conjugated to
quantum dots, no significant reduction in fluorescence
was observed; however when ligands 1–2 were conjugat-
ed to quantum dots, a reduction in the fluorescent inten-
sity of the dot solution was observed. No attempts were
made to quantify this reduction. The proximity of the
quantum dot to compounds 3 and 4 appears to reduce
the affinity of these conjugated nanocrystals for the
DAT. When a spacer is introduced between the biotin
and the drug as in compound 5, no significant reduction
in potency was observed. The measured IC50s of the un-
conjugated ligands were between 5 and 36 nM, whilst
the IC50s of the conjugates differed by a factor of a hun-
dred-fold, indicating that the ligand is bound tightly to
the surface of the quantum dot and not dissociating in
solution. These conjugates were stable and could be kept
at 4 �C for a period of several weeks with no precipita-
tion of aggregates.

In conclusion we have synthesized three new DAT li-
gands that have high affinity for hDAT. These ligands
may be conjugated to the surfaces of streptavidin coated
quantum dots with little or no reduction in affinity. In
addition, unlike earlier conjugates, no significant reduc-
tion in quantum yield was observed when these ligands
were conjugated to quantum dots. The unbound ligands
have high affinity for the DAT suggesting that there is
Table 1. Inhibition of dopamine reuptake by compounds 1–5 and their

nanocrystal conjugates

Compound IC50 of unbound

ligand (nM)

IC50 of ligand

conjugatesa (nM).

1 10 32

2 18 140

3 11 637

4 36 300

5 5 1

a IC50 was measured relative to quantum dot concentration.
significant open space leading to the binding site. This
methodology may also be applied to ligands that have
specificity for other transporters such as SERT.
Acknowledgments

We thank Quantum Dot Corporation for supplying the
core shell nanocrystals used in this study. We thank
Dr. Marcel Bruchez of Quantum Dot Corporation for
helpful advice during the course of this study. This work
was supported by grants from the National Institutes of
Health (RO1EB003728-02 and GM72048-02)
References and notes

1. Vu, T. Q.; Maddipati, R.; Blute, T. A.; Nehilla, B.
J.; Nusblat, L.; Desai, T. A. Nano Lett. 2005, 5,
603.

2. Å
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