
INTRODUCTION 
 
The interaction of ligands with their target sites on pro ­
teins is commonly described as a rapid binding equi ­
librium, but may also occur as a two­step process, where 
the rapid initial binding step is followed by a slow forma ­
tion of the formed complex. The latter two­step interaction 
mechanism was initially discussed by Strickland et al. in 
1975 [1], and the formation of the second complex was 
referred to as the “isomerization” step [2]. Importantly, 
the presence of the slow isomerization step can be proven 
by kinetic analysis of the ligand binding process. This ki ­
netically distinguishable isomerization step was identified 
in the case of different membrane proteins, including the 
glutamate receptor [3], low density lipoprotein receptor 
[4], β­adrenergic receptor [5], muscarinic acetylcholine 
receptor [2] and dopamine D2 receptor [6]. 

Kinetic analysis of the ligand binding mechanism was 
initially used in direct radioligand binding experiments, 
which allow straightforward assay of the isomerized com ­
plex due to the slowness of ligand off­rate [7]. However, 

the applicability of the kinetic analysis was further ex ­
panded to study non­radioactive substances by using se ­
lec tive radioligands [7]. 

In the case of the dopamine transporter (DAT), both 
options – the rapid equilibrium binding and the mech ­
anism including the slow isomerization step – have been 
documented [8,9]. It has been reported that relatively small 
changes in the ligand structure govern the shift between 
these two mechanisms [9]. 

In this paper, the results of a kinetic analysis of the 
DAT interaction with four N ­substituted nortro pane deriva ­
tives (1–4) are reported: 
 
 
 
 
 
 
 
1 – R = methyl; 2 – R = ethyl; 3 – R = n­propyl; 4 – R = 
n­butyl. 
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Abstract. Kinetic analysis of the interaction of four N­substituted nortropane derivatives with the dopamine transporter was made 
to characterize the mechanism of the binding process. The kinetics were studied by radioligand binding experiments. It was found 
that the studied compounds initiate a slow isomerization process of the initially formed ligand–transporter complex, but at higher 
concentrations, the same compounds inhibit the isomerization process. The results suggest that the studied ligands interact with two 
distinct binding sites of the transporter protein that have different ligand binding specificities. The interaction of ligands with different 
binding sites must be taken into consideration when analyzing the ligand recognition patterns of the transporter protein. 
 
Keywords: biokinetics, dopamine transporter, DAT, tropane derivatives, ligand binding kinetics, isomerization of ligand–protein 
complex.

BIOKINETICS



It was found that these compounds initiate the isomer ­
ization of the ligand–DAT complex, but, at a higher con ­
centration, the same ligands also inhibit the isomerization 
process. This manifests in slowing down the observed 
bind ing rate constants. These results demonstrate that 
there exists a third mechanism of the ligand interaction 
with DAT, which has not been documented before. This 
mechanism seems to be analogous with the substrate 
inhibition phenomenon described in enzyme catalysis 
[10]. 

 
 

MATERIALS  AND  METHODS 
 
Compound 1 was prepared, as described previously [11, 
12], by the treatment of anhydroecgonine with p­to ­
lylmag nesium bromide. Compounds 2, 3 and 4 were syn ­
thesized from 2β­carbomethoxy­3β­(4ʹ­methylphenyl)nor ­
tro pane and the corresponding alkylhalide by following 
the general alkylation method described elsewhere [9,13]. 

Ligand binding kinetic experiments with DAT sites on 
mouse striatal membranes were performed at 25 °C using 
a fixed 3 nM concentration of [3H]PE2I (N­(3­iodoprop­
2E­enyl)­2β­carbo­[3H]methoxy­3β­(4′­methylphenyl)nor ­
tro pane) as the radioligand [14,15] with various con cen ­
trations of unlabeled ligands, as described previously 
[9,16]. Aliquots from the binding experiments were taken 
at various time points, the reaction was stopped with a 
cold buffer and the suspension was filtered through a glass 
fiber filter. The radioactivities of the glass filters were 
measured to yield time curves of the binding reaction, 
which were then analyzed using an exponential rate 
equation, and the observed rate constants (kobs) were 
calculated. The NMR spectra were measured using either 
700 MHz Bruker Avance­III or 200 MHz Bruker Avance­
II NMR spectrometers, while HRMS analyses were per ­
formed with Varian 910­FT­ICR­MS spectrometer. Data 
processing was made with GraphPad Prism, version 4.00. 

The synthesized compounds were characterized as 
follows: 
2β­Carbomethoxy­3β­(4ʹ­methylphenyl)tropane (1) 
1H NMR (200 MHz, CDCl3 + TMS, δ): 1.56–1.79 (m, 
3H), 2.00–2.19 (br, 2H), 2.23 (s, 3H), 2.29 (s, 3H), 2.58 
(td, 1H, J = 2.7, 12.4 Hz), 2.87–3.05 (m, 2H), 3.36 (br, 
1H), 3.50 (s, 3H), 3.55 (br, 1H), 7.11 (q, 4H, J = 8.2 Hz). 
13C NMR (50 MHz, CDCl3 + TMS, δ): 21.0, 25.2, 26.0, 
33.4, 34.2, 42.0, 51.0, 52.9, 62.4, 65.4, 127.2, 128.7, 
135.2, 140.0, 172.2. HRMS (ESI): calculated ([M+H]+) 
274.18016, found 274.17991 (0.89 ppm error). 
 
N­Ethyl­2β­carbomethoxy­3β­(4ʹ­methylphenyl)nortro ­
pane (2) 
1H NMR (700 MHz, CDCl3 + TMS, δ): 0.99 (t, 1H, J = 
7.1 Hz), 1.61 (ddd, 1H, J = 4.2, 9.2, 12.8 Hz), 1.65 (dt, 

1H, J = 3.7, 12.3 Hz), 1.71 (ddd, 1H, J = 4.4, 9.3, 13.2 Hz), 
1.96–2.01 (m, 2H), 2.05–2.10 (m, 2H), 2.24–2.27 (m, 1H), 
2.28 (s, 3H), 2.32–2.37 (m, 1H), 2.58 (td, 1H, J = 2.7, 12.5 Hz), 
2.90 (t, 1H, J = 4.1 Hz), 3.00 (dt, 1H, J = 5.0, 12.9 Hz), 
3.41 (br, 1H), 3.49 (s, 3H), 3.73 (br, 1H), 7.06 (d, 2H, J = 
8.0 Hz), 7.15 (d, 2H, J = 8.1 Hz). 13C NMR (176 MHz, 
CDCl3 + TMS, δ): 14.0, 21.0, 25.7, 26.2, 34.0, 34.3, 47.2, 
50.9, 52.9, 61.6, 61.9, 127.2, 128.6, 135.1, 140.2, 172.1. 
HRMS (ESI): calculated ([M+H]+) 288.19581, found 
288.19563 (0.60 ppm error). 
 
N­Propyl­2β­carbomethoxy­3β­(4ʹ­methylphenyl)nortro ­
pane (3)  
1H NMR (700 MHz, CDCl3 + TMS, δ): 0.87 (t, 3H, J = 
7.2 Hz), 1.39 (m, 2H), 1.59 (br, 1H), 1.65 (d, 1H, J = 12.0 Hz), 
1.71 (m, 1H), 1.99 (m, 1H), 2.07 (m, 1H), 2.20 (m, 2H), 
2.29 (s, 3H), 2.58 (t, 1H, J = 12.2 Hz), 2.90 (s, 1H), 2.98 
(m, 1H), 3.38 (br, 1H), 3.49 (s, 3H), 3.68 (br, 1H), 7.07 
(d, 2H, J = 7.6 Hz), 7.15 (d, 2H, J = 7.6 Hz). 13C NMR 
(176 MHz, CDCl3 + TMS, δ): 11.8, 21.0, 22.2, 25.9, 26.2, 
33.9, 34.2, 50.9, 52.9, 55.6, 61.9, 62.6, 127.2, 128.6, 
135.1, 140.3, 172.2. HRMS (ESI): calculated ([M+H]+) 
302.21146, found 302.21131 (0.47 ppm error). 
 
N­Butyl­2β­carbomethoxy­3β­(4ʹ­methylphenyl)nortro ­
pane (4) 
1H NMR (700 MHz, CDCl3 + TMS, δ): 0.88 (t, 3H, J = 
7.1 Hz), 1.28–1.39 (m, 4H), 1.60 (ddd, 2H, J = 4.0, 9.2, 
12.5 Hz), 1.64 (dt, 1H, J = 3.6, 12.1 Hz), 1.71 (ddd, 
1H, J = 4.4, 9.3, 13.0 Hz), 1.98 (m, 1H), 2.07 (m, 1H), 
2.21 (m, 1H), 2.25 (m, 1H), 2.29 (s, 3H), 2.57 (td, 1H, 
J = 2.1, 12.6 Hz), 2.89 (t, 1H, J = 3.9 Hz), 2.98 (dt, 1H, 
J = 4.7, 12.9 Hz), 3.38 (br, 1H), 3.49 (s, 3H), 3.68 (br, 
1H), 7.07 (d, 2H, J = 7.9 Hz), 7.15 (d, 2H, J = 8.0 Hz). 
13C NMR (176 MHz, CDCl3 + TMS, δ): 14.0, 20.3, 21.0, 
25.9, 26.1, 31.3, 33.9, 34.2, 50.9, 53.0, 53.3, 61.8, 62.7, 
127.3, 128.6, 135.1, 140.3, 172.1. HRMS (ESI): calcu ­
lated ([M+H]+) 316.22711, found 316.22706 (0.13 ppm 
error). 
 
 
RESULTS  AND  DISCUSSION 
 
A specific DAT inhibitor [3H]PE2I was used as the radioli ­
gand, and the observed rate constants (kobs), characterizing 
the interaction of this ligand with the transporter, were 
determined in the presence of various concentrations of 
compounds 1–4 (Fig. 1). While typically the effect of li ­
gand concentration to the apparent rate constant has been 
either ascent or descent of the kobs vs the concentration plot 
to a plateau [9,16], the results of this series demonstrate a 
two­phase dependence. Such bi phasic plots have never 
been observed for membrane proteins or receptors before, 
although the dose­dependent increase or decrease of the 
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kobs values have been used to differentiate between the two 
ligand binding mechanisms. Firstly, the dose­dependent 
decrease of the kobs value proves the fast and competitive 
binding of the non­radioactive ligand [7,16]. Secondly, the 
dose­dependent increase in the kobs value proves the isom ­
erization mechanism for the non­radioactive ligand be ­
cause the DAT sites are consumed faster in two sim ul ­
taneous binding reactions [7,16]. 

The biphasic shape of the kobs vs the concentration plot 
can formally be explained by the interaction of the ligand 
with two different DAT sites of different functionality. 
Ligand binding in the first site is accompanied by isom er ­
ization, while the second complex inhibits this process. 
These possibilities were mathematically simulated by solv ­
ing partial differential equations for a general reaction 
scheme, describing the interaction of different ligands 
with multiple binding sites on the target protein and con ­
sidering the possibility of isomerization of these com ­
plexes [17]. Following this analysis and taking into con ­
sideration that the concentration of the reporter ligand was 
constant in all experiments, the biphasic kobs vs the ligand 
concentration plot can be analyzed by superposition of the 
two functions, which describe the ascent and descent of 
the dependence, respectively:  

In this equation, [B] stands for ligand concentration, 
K1 and K2 characterize [B] interaction with the isomerizing 
site and the inhibitory site, respectively, and the para ­
meters a and b take into consideration the isomerization 
steps of ligand–DAT complexes. This equation was used 
for data processing by means of non­linear regression 
analysis and for drawing the graphs shown in Fig. 1.  

It was found that the parameters a and b had similar 
values for all ligands (1–4), ranging from 0.01 to 0.07. On 
the other hand, the parameters K1 and K2 depended on the 
ligand structure and were 11 nM, 6 nM, 26 nM, 88 nM 
and 14 nM, 16 nM, 35 nM, 123 nM for the same ligand 
series (1–4), respectively. 

Parameters K1 and K2 represent the binding affinity of 
the studied N­substituted nortropane derivatives of the 
two distinct sites: the former causes isomerization of the 
ligand–protein complex and the latter inhibits it by bind ­
ing another ligand. This explains the biphasic shape of the 
kobs vs [B] plots as the ratio K1 < K2 holds for all studied 
ligands; however, the differences between these affinities 
are small. For other previously studied N­substituted 
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Fig. 1. Influence of increasing concentration of compounds 1–4 on observed rate constant (kobs) of [3H]PE2I binding with DAT. 
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nortropane derivatives of this series [9], the difference 
between K1 and K2 may be smaller or greater, and there ­
fore these binding sites cannot be revealed in the same 
kinetic experiments. 

The kinetic evidence for the presence of two binding 
sites of different functionality, interacting with N­sub ­
stituted nortropanes, is the main finding in this study. 
Understandably, information about the structure and po ­
sitioning of these sites on the transporter protein cannot 
be obtained by this analysis. Therefore, it is interesting to 
compare these results with other ideas about the presence 
of distinct binding sites on DAT, based on the facts that 
different types of compounds interact with this transporter, 
but also on the results of structural studies and molecular 
modeling, as summarized in a recent review [18]. Apart 
from the two main isosteric binding sites of DAT ligands, 
which have been noted as high­ and low­affinity sites, 
allosteric sites have also been reported [19,20]. The high­ 
and low­affinity sites have been evident with early DAT 
radioligands, e.g., [3H]WIN 35,428 ([3H]2β­carbome ­
thoxy­3β­(4­fluorophenyl)tropane) and [3H]cocaine, while 
the [3H]PE2I has selectivity for a homogenous population 
of DAT sites [14,15]. The results of this study suggest that 
an additional site is present, but whether it is allosteric or 
isosteric cannot be differentiated with the approach de ­
scribed here. 

The allosteric sites are believed to have significant 
pharmacological potential [18]. However, despite the great 
practical interest, there seems still to be a discrepancy in 
understanding the role of different documented binding 
sites of DAT and the distinction between the actual and 
hypothetical sites [18]. Therefore, it is important to reca ­
pitulate the importance and uniqueness of kinetic studies, 
which describe the mechanism of ligand binding with 
their target sites and prove the formation of different 
complexes. 
 
 
CONCLUSIONS 
 
In addition to the two previously known modes of DAT 
interaction with N­substituted nortropane derivatives, 
which include or do not include the slow isomerization 
step, a third kinetic mechanism of ligand binding was 
discovered in this study. This mechanism involves slow 
isomerization of the ligand–DAT complex, which is 
inhibited by another site at high ligand concentration. The 
transition between these kinetic mechanisms is governed 
by the ligand structure. This aspect of DAT specificity, as 
well as the positioning of these binding sites in the DAT 
structure, needs further analysis as this information may 
have great potential for the design of dopaminergic drugs.  
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Ligand­valk  kompleksi  isomerisatsiooni  inhibeerimine  mõnede  dopamiini  transpordi  
inhibiitorite  poolt 

 
Siim Kukk 

 
Ligand­valk kompleksi seondumise kineetika uurimine on võimaldanud, lisaks paljule muule, määrata ravim ­
ainete seondumise mehhanismi. Tropaani derivaatide seas on täheldatud nii tavapärast ühe staadiumiga seon­
dumist kui ka kahe staadiumiga seondumist, kus teises etapis ligand­valk kompleks isomeriseerub, st tekib 
kompleksi konformatsiooni muutus, mis dissotsieerub oluliselt aeglasemalt võrreldes kiire staadiumiga ning 
seeläbi suurendab seondumise efektiivsust. 

Uuringus tuvastati radioligandi seondumise kineetika eksperimentidega neli ligandi, millel on ebatüüpiline 
seondumise kineetika: nimelt eksisteerib vähemalt üks kiire lisastaadium, kus juba seondunud ligand­valk 
kompleksile seondub veel üks ligandi molekul, mis pärsib aeglase staadiumi teket. Ebatüüpilist seondumise 
kineetikat iseloomustab kahe­faasiline kineetika kõver, kus ligandi madalamatel kontsentratsioonidel radio­
ligandi seondumine kiireneb märgistamata ligandi kontsentratsiooni suurenedes, misjärel toimub üleminek 
teise faasi, kus ligandi kontsentratsiooni suurenedes seondumise kiirus aeglustub. Selline kahe­faasiline li­
gandi kontsentratsioonist tingitud radioligandi seondumise kiiruse sõltuvus on võimalik vaid juhul, kui ek­
sisteerib veel vähemalt üks kiire staadium, kus ligand­valk kompleksiga seondub teine ligand. Ühendi 
struktuur määrab ülemineku ühelt mehhanismilt teisele. Kuna uuring ei anna infot, kuhu seondub valgus 
teine ligand teadaolevate seondumistaskute suhtes, peavad selle küsimuse lahendama tulevased analüüsid. 
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