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ABSTRACT: Two of the most popular positron emission
tomography (PET) tracers, [''C]PE2I and ['®F]FE-PE2I, used
to quantify dopamine transporters (DAT), display dissimilar
kinetic behavior in in vivo assays. This difference can be
explained by comparing values of kinetic rate constants, which
characterize interaction of these tracers with DAT sites in vitro.
At the same time, this kinetic analysis showed that the overall
binding mechanism is similar for these two tracers and includes
a fast step of complex formation followed by a slow
isomerization step of this complex. Comparison with previous
PE2I data revealed that isomerization of the DAT complex with
PE2I occurs three times faster than in the case of FE-PE2I,
which leads to the slower onset of peak specific binding of the
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former tracer in the DAT-rich regions. Therefore, ligands with slower isomerization on-rate, including ['*F]FE-PE2I, seem to be
better tracers in vivo, and their properties can be predicted in vitro.
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mong ''C-labeled radiotracers used for the visualization
of dopamine transporter (DAT) in the brain in positron
emission tomography (PET), [''C]PE2I (N-(3-iodoprop-2E-
enyl)-2f-carbo['' C]methoxy-3-(4-methylphenyl)nortropane,
Scheme 1) has been widely used in diagnostic studies and
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iodoprop-2E-enyl)-2-carbo['*F]fluoroethoxy-3/-(4-methyl-
phenyl)-nortropane, Scheme 1) was designed”'® and tested in
rodents,'' nonhuman primates,g'12 and humans."® This ligand
has a similar DAT affinity as PE2], but it demonstrates faster in
vivo kinetics, is therefore less metabolized, and appears slightly
more selective.'* In addition, the possibility to label it with
fluorine-18, an isotope with longer half-life than carbon-11, has
made ['®F]FE-PE2I an alternative tracer for DAT localization
in the brain.'*

The different behaviors of these structurally similar radio-
ligands, ["!C]PE2I and ['®F]FE-PE2I, were clearly demon-
strated by the kinetic analysis of DAT quantification in the
brain using the two-tissue compartment model (2-TCM)
shown in Scheme 2."° In this model, Cp represents the tracer

Scheme 2. 2-TCM Used To Describe the Binding of
Radiotracers in Brain

neurodegenerative disease research.'™> Other less frequent
DAT imaging agents include ["*F]JFECNT," ["'C]RTI-32,
and ["F]CFT® (Scheme 1), all of which share a bicyclic
tropane core. Despite the good selectivity and high-binding
affinity of [''C]PE21I," some limitations in its applicability were
observed. These limitations are related to the slow kinetics and
late peak formation in in vivo assays. These delays necessitate
an imaging process of 70 min or more for accuracy,” which is
inconvenient for patients. Due to prolonged imaging time,
more radioactive metabolites are formed.® Therefore, a
fluorine-labeled analogue of PE2I, ['SF]FE-PE2I (N-(3-
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concentration in plasma, Cyp stands for the free and
nonspecifically bound tracer in tissue (nondisplaceable
compartment), and Cg is the tracer specifically bound to the
target site in the same tissue.

Analysis found that the parameter k; differed significantly for
these two tracers ([''C]PE2I and ['®*F]FE-PE2I) in DAT-rich
brain regions such as the caudate and putamen, characterized
by values 1.04 + 0.77 and 0.70 + 0.45 min™" for ["'C]PE2I,
and 0.28 + 0.12 and 0.24 + 0.18 min~"' for ['*F]FE-PE2L"* At
the same time, the k, values were very low and rather similar
for both ligands, ranging from 0.01 to 0.04 min~1."*

These differences observed in in vivo experiments cannot be
explained by binding of PE2I and FE-PE2I to other
monoamine transporters and dopamine receptors in brain, as
both ligands display superior affinity and selectivity for DAT
sites.”’® The dissimilarities between the two tracers also
cannot be explained by the formation of radioactive
metabolites, as the main degradation products of [''C]PE2I
and ['8F]FE-PE2I in vivo are rather similar polar com-
pounds,'”'® i, the metabolites differ only by the fluoro-
methylene moiety, which have lower affinity than their parent
compounds since DAT binding site is sensitive to polar groups.
Also, the kinetics of the formation of main metabolites of the
two tracers is almost identical, e.g.,, the oxidation of benzylic
carbon, which produces the most interfering metabolites is
very little if at all affected by the difference in ester
substituent.'” Consequently, the off-target activity and
metabolism cannot explain the different in vivo time curves
when comparing ["'C]PE2I and ['*F]FE-PE2L

Following these considerations, we suggest that the different
pharmacokinetic behavior of ["'C]PE2I and ['*F]FE-PE2I in
brain could be related to kinetic differences of their interaction
with DAT sites, which can also be seen in in vitro experiments.
To demonstrate this, we studied kinetics of FE-PE2I
interaction with DAT sites in vitro and compared these results
with kinetic data for PE2I interaction with DAT sites that were
thoroughly studied previously.'”** A well-established method,
developed to study the binding kinetics of ligands to various
membrane proteins, were used in these experiments.”"”

Previous studies with PE2I revealed that two kinetically
distinct steps can be differentiated in the overall ligand binding
process according to Scheme 3.

Scheme 3. Two-Step Binding of PE2I to DAT“
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“FE-PE2I displays a similar mechanism.

In Scheme 3, PE2I-DAT stands for the rapidly forming
complex in true equilibrium. This fast step is followed by the
slow step of the PE2I-DAT* complex isomerization, and the
proposed methods of kinetic analysis allow for the determi-
nation of the parameters K;, k;, and k_,.”” The presence of the
slow, complex isomerization process significantly shifts the
equilibrium between the free and ligand-bound DAT sites.
Therefore, it is possible that this process also affects tracer
trafficking between compartments Cyp and Cg in Scheme 2.

In this Letter, we investigated the kinetic mechanism of the
FE-PE2I interaction with DAT sites in vitro, and these results
revealed that the fluoroethyl derivative of PE2I can also induce
the isomerization step; however, the minor change of the
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ligand structure affects, indeed, the ligand binding kinetics and
may be responsible for different peak formation time in the
case of these tracers.

Kinetic experiments were made to investigate the mecha-
nism of FE-PE2I interaction with DAT sites in vitro, and the
results were compared to the interaction of this tracer with
DAT sites in brain. The kinetic curves that characterize FE-
PE2I binding are shown in Figure 1 (left panel), and the
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Figure 1. Influence of various concentrations of FE-PE2I on the
kinetics of 3 nM [*H]PE2I binding to DAT (left); observed rate
constant versus FE-PE2I concentration plot (right).

pseudo first order observed rate constants k,, were calculated
at different ligand concentrations. As the values of these rate
constants increase hyperbolically with increasing ligand
concentration (Figure 1, right panel), it can be concluded
that FE-PE2I interaction with DAT follows the reaction
mechanism shown in Scheme 3, as this ligand induces the slow
isomerization step, characterized by rate constants k; and k_,*'
Principles of this experimental approach were described in
detail in our previous works,”’ and the results obtained were
used for calculation of kinetic parameters Kj, k;, and k_; for FE-
PE2l interaction with DAT by using eqs 2 and 3 (see
Supporting Information).

The results of this kinetic analysis are listed in Table 1,
together with similar data from our previous kinetic study

Table 1. Equilibrium and Kinetic Constants of PE2I and FE-
PE2I Binding to DAT

compd K, nM K, nM k;, min™! k_;, min~! Kisom
FE-PE2I 23 +3 79 £33 034 + 006 015 +0.09 044
PE2I“ S+1 37 £ 24 12 £ 0.5 0.14 £ 0.05 0.12

“Data from ref 20.

made with PE2I. Consequently, the overall kinetic mechanism
of interaction of FE-PE2I and PE2I with DAT is analogous;
however, the process is described by different kinetic
parameters.

The most important feature of this kinetic mechanism is the
presence of the slow isomerization step, quantified by rate
constants k; and k_,.”' This additional step also functions as an
equilibrium process in which the monomolecular rate
constants k; and k_; allow us to calculate the equilibrium
constant of isomerization K, = k_;/k; (Table 1). However,
differing from the first equilibrium binding step that can be
shifted by changing the ligand concentration, the isomerization
step is a monomolecular equilibrium, and the half-life of the
process leading to this equilibrium state remains independent
of ligand concentration. This half-life is determined by the
slowest step of a reversible process that is characterized by the
off-rate constant k_;, which is similar in both PE2I and FE-
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PE2I and therefore remains below S min for both ligands in
vitro.

The presence of the isomerization step also changes the
physical meaning of the overall ligand affinity, which is
observed by conventional binding or displacement studies and
characterized by the K; value. In the case of ligands, which do
not initiate the slow isomerization step, the parameters K; and
Ky should have the same value and meaning because the
isomerized complex L-DAT* is absent (Scheme 3). However,
when the isomerization step is present, the apparent affinity of
parameter K; has a more complex meaning

KLK isom

1+ Kisom (1)
and K; is a function of the isomerization equilibrium constant
Kioom:"" As the K; values for FE-PE2I and PE2I in Table 1 were
determined experimentally by the conventional ligand displace-
ment method under true equilibrium conditions, these values
agree with the observed differences of Kj,,, values. The large
relative errors of k; and K; in Table 1 can be attributed to this
indirect method of quantification, and the kinetic parameters
from direct measurement of [*H]PE2I binding kinetics*°
support the PE2I data.

It is important to emphasize that the in vitro kinetic on-rate
constants (k;) of FE-PE2I and PE2I coincide with the
respectable in vivo rate constants (k;) from PET experiments
(Schemes 2 and 3)."* In addition, the off-rate of both ligands in
vivo is the same, as in our in vitro data. It was proposed that the
faster in vivo kinetics of FE-PE2], if compared with PE2I, could
be caused by different affinities of these ligands in vivo,"
calculated as the ratio of k, and k; in Scheme 2, but instead
seems to be related to their differences in on-rate. Since the off-
rates of both ligands are the same, the pharmacokinetic
difference between the ligands should be caused by their
different on-rates. Due to the slower isomerization constant (k;
or ky), for FE-PE2I the rate of association to the transporter,
relative to its dissociation, is lower than for PE2I. This relative
difference corresponds in vivo to more rapid kinetics of
dissociation from the DAT for ['®F]FE-PE2I as compared with
[I!C]PE2I. Differences in on-rate, rather than off-rate,
determines the contribution of kinetic effect as in the case of
other cocaine derivatives,”> which is often neglected in drug
discovery.”*

In PET, this phenomenon is more pronounced in DAT-rich
regions, where the dissociating PE2I from one DAT complex
binds rapidly to another DAT, resulting in a cascade of
association and dissociation steps before being washed out of
the receptor-rich regions. The association of FE-PE2I with
DAT is much weaker, this tracer diffuses more rapidly back to
the blood. The main reason for this difference is that the
concentration of the tracer is exceptionally low compared to
the concentration of the receptor in PET experiments, which
contrasts with standard in vitro conditions. Therefore, the
receptors compete with one another to bind the tightly bound
ligand. This difference explains why the peak specific binding
of [M'C]PE21 is 70 min and that ['®F]FE-PE2I is between 20
and 40 min in PET runs."* Comparison of time—activity curves
of both tracers in DAT rich regions show how different the
behaviors of these tracers in vivo are, while binding to a region
with low DAT concentration is almost identical. This suggest
that the difference must be caused by the specific binding to
DAT and that their kinetic constants need to be different.
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Target occupancy is directly dependent on the kinetic rate
constants of association and dissociation, while ligand potency
alone cannot describe the pharmacokinetics.*

Carbon-11 tracers typically have higher specific activity than
their fluorine-18 analogues, as is the case with tropane
derivatives, where the produced ["'C]PE2I has a fproximately
40% higher specific activity than ['*F]FE- PE2L.'* Due to the
relatively low density of transporters in brain, the radiotracer
should have as high specific activity as possible since increased
amount of injected material can perturb the dopaminergic
system. Therefore, in some instances [''C]PE2I is advanta-
geous over ['SF]JFE-PE2I in spite of its less favorable DAT
binding kinetics.

In summary, it is possible that the kinetic parameters, which
characterize the ligand—DAT interaction in vitro could indeed
model the pharmacodynamic behavior of PET tracers in vivo.
In other words, ligands with fast on-rate and slow off-rate
occupy the target-rich region for a longer time before being
washed out. It is also important to recapitulate that the
isomerization equilibrium is independent of ligand concen-
tration; therefore, the ligand trafficking into the slowly
dissociating state (or isomerized state) cannot be controlled
by tracer concentration in Cys and Cp compartments.
However, the K, value also affects the value of the
conventional parameter K. Therefore, it is not surprising
that several ligands, characterized by high affinity and very low
K; values, were discarded as potential PET tracers.”

This study demonstrates that in vitro ligand binding kinetic
experiments can be used to assess the pharmacokinetic
properties of imaging agents in PET analysis. The formation
of stable complexes between the tracer and its target,
characterized by rapid on-rate and slow off-rate, translates to
a long onset of peak specific binding in target-rich regions that
results in long PET scans for robust outputs. Conversely, if a
tracer complex dissociates too rapidly, the potency of the tracer
is lost. Therefore, a compromise between kinetic parameters of
the off-rate and on-rate is needed for optimal PET perform-
ance. Therefore, based on the results of this Letter, we can
suggest that rapid on-rate (or slow off-rate) could be a
common reason, why several promising ligands have been
dismissed from clinical use due to the late peak formation in in
vivo assays. Ligand binding kinetics could be the main culprit
of tracer failure, where the initial explanation has been high
affinity,”” affinity difference between in vitro and in vivo,”*** or
slow brain kinetics.”®*” Application of in vitro kinetic
experiments may be an important tool for indicative estimation
of the molecular imaging applicability of tracers before costly in
vivo experiments.
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