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Abstract
α-Pyrrolidinovalerophenone (αPVP) is a psychostimulant and drug of abuse associated with severe
intoxications in humans. αPVP exerts long-lasting psychostimulant effects, when compared to the
classical dopamine transporter (DAT) inhibitor cocaine. Here, we compared the two enantiomeric forms
of αPVP, the R- and the S-αPVP, with cocaine using a combination of in silico, in vitro and in vivo
approaches. We found that αPVP enantiomers substantially differ from cocaine in their binding kinetics.
The two enantiomers differ from each other in their association rates. However, they show similar slow
dissociation rates leading to pseudo-irreversible binding kinetics at DAT. The pseudo-irreversible binding
kinetics of αPVP is responsible for the observed non-competitive pharmacology and it correlates with
persistent psychostimulant effects in mice. Thus, the slow binding kinetics of αPVP enantiomers
profoundly differ from the fast kinetics of cocaine both in vitro and in vivo, suggesting drug-binding
kinetics as a potential driver of psychostimulant effects in vivo.

Introduction
The dopamine transporter (DAT) is a neuronal membrane protein that retrieves previously released
dopamine from the extracellular space and moves it back into presynaptic nerve terminals (1). The
importance of DAT in the regulation of brain dopaminergic signaling is well established based on
decades of in vitro, ex vivo, and in vivo experimental evidences (2–6). From a clinical perspective, single-
point mutations altering DAT function are associated with a variety of psychiatric disorders, highlighting
the importance of DAT in normal and pathological conditions (7–9). Compounds targeting DAT, and other
monoamine transporters (MATs), are classi�ed as inhibitors if they bind to the transporter and prevent
neurotransmitter uptake, or as releasers if they act as substrates and reverse the normal direction of
transporter �ux (10). Regardless of their substrate/blocker pro�le, drugs interacting more selectively with
DAT compared to the serotonin transporter (SERT) are typically associated with a higher abuse-
potential (11). Therefore, the DAT/SERT selectivity ratio is regularly used to predict the abuse-liability of a
certain drug (12). In addition to the fundamental substrate/blocker distinction, an emerging complexity
for transporter pharmacology has been realized with the discovery of partial substrates (13), allosteric
inhibitors (14) and atypical transporter ligands (15). 

New psychoactive substances (NPS) represent an important source of pharmacological
heterogeneity (16), and are synthetic versions of established drugs of abuse where subtle chemical
modi�cations are introduced to circumvent current legislative control (17).

α-Pyrrolidinovalerophenone (αPVP) is a cathinone-related inhibitor of DAT and the norepinephrine
transporter (NET), and devoid of any pharmacological activity at SERT (18,19). The drug was originally
patented as a CNS (central nervous system) stimulant but never approved for clinical use, and recently
appeared on the clandestine drug market as an NPS (17). The use of αPVP in humans induces
psychostimulant effects and can cause severe adverse effects including delusions, paranoia,
hallucinations, and deleterious cardiovascular effects (20). Importantly, the pharmacological effects of



Page 3/25

αPVP in humans occur within 10 min after administration of a single dose (15-100 mg) and can last for
multiple hours (20,21). A study in humans found that αPVP could still be detected in the bloodstream 6 h
after nasal insu�ation and 20 h after rectal administration (22), and psychotic episodes have been
reported as long as 6 days after consumption (23). The sustained clinical effects of αPVP differ
substantially from those induced by the plant-based DAT inhibitor cocaine, which has a similar onset of
action but much shorter duration of effects (24,25). 

Preclinical studies investigating the effects of αPVP in rodents demonstrate avid self-
administration (26,27) and robust place preference (28), together with prolonged stimulatory effects on
locomotion (29), blood pressure, and heart rate (18). While αPVP self-administration and conditioned
place preference are related to drug activity at DAT, increases in blood pressure and heart rate most likely
involve drug activity at NET. αPVP possesses a single chiral center, meaning that it exists as two different
enantiomers, the R- and S-isomers. In general, enantiomers have identical physico-chemical properties but
a different three-dimensional orientation of the functional groups bound to the chiral carbon, which can
confer pronounced differences in pharmacology (30). We and others showed that the cathinone-related
NPS, mephedrone, exhibits enantioselective effects at monoamine transporters (31–33), which govern
effects of the isomers in vivo (31,34). 

Based on preclinical studies with αPVP mentioned above, and previous �ndings on cathinone
enantioselectivity at monoamine transporters, we hypothesized that αPVP enantiomers differ in their
binding kinetics at DAT, which might in turn in�uence psychostimulant activity. Given the established role
of DAT in psychomotor processes (4,15) and our interest in the respective psychostimulant effects, we
have focused our research on DAT and left the activity at NET to future investigations. 

In the present study, we investigated the interactions of αPVP enantiomers with DAT and compared these
effects to those of cocaine. Additionally, we related drug interactions at DAT with their psychostimulant
correlates in mice. We found that: i) αPVP enantiomers display a time-dependent, non-competitive
pharmacology upon interaction with DAT; ii) the non-competitive pharmacology relies on a pseudo-
irreversible binding kinetics, with slower dissociation rates of αPVP enantiomers compared to cocaine,
and implying that the enantio-selectivity of αPVP enantiomers is driven by their association rates; iii) the
binding kinetics were also re�ected in the longer lasting psychostimulant effects of both αPVP
enantiomers in vivo when compared to cocaine.
Overall, our results suggest that binding kinetics represent an under-appreciated property of DAT ligands
that can signi�cantly impact the in vivo pro�le of drug activity and explain their molecular mode of
action.  

Materials And Methods
Uptake, binding, molecular biology and electrophysiology experiments have been performed as previously
described (35–39). Fast scan cyclic voltammetry procedures were conducted as reported earlier (40).
Behavioral experiments were adapted from previously published procedures experiments (41,42). More
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detailed information on the experimental procedures including kinetic and molecular modeling, and all
reagents are provided in the material and method section of the Supplementary Information.

Results

αPVP enantiomers are stereoselective non-competitive
inhibitors at DAT
For our initial experiments, we examined the ability of αPVP isomers (Supp. Fig.1a) to act as inhibitors or
substrates at DAT. In DAT uptake inhibition assays carried out in transfected HEK cells, S-αPVP was 125-
fold more potent (IC50 = 0.02 µM) than R-αPVP (IC50 = 2.5 µM) and 25-fold more potent than cocaine
(IC50 = 0.51 µM). Both αPVP enantiomers were essentially ineffective at inhibiting SERT (S-αPVP IC50

= 207 µM; R-αPVP IC50 = 628 µM) and showed no evidence of enantioselectivity in this regard (Supp.

Fig.1b,c). It is well established that DAT substrates induce transporter-mediated inward Na+ currents. In
an electrophysiological examination of DAT-mediated currents, we found that the cognate substrate
dopamine produced robust inward currents whereas neither of the αPVP enantiomers produced this
effect. In sum, our initial results con�rm that S- and R-αPVP are enantioselective DAT inhibitors with no
measurable substrate activity (Supp Fig.1d-f).

Next, we examined the nature of the interaction between αPVP enantiomers and DAT. More speci�cally,
given the low IC50 value observed in the case of DAT, we wished to examine whether the drugs inhibit DAT
with a competitive mechanism, similar to cocaine (43), or with a non-competitive mechanism. Previous
work shows that cocaine binds to the orthosteric S1-site on DAT, thereby competing with the endogenous
substrate dopamine for this site (44,45). Data depicted in Figure 1 con�rm that cocaine interacts with
DAT in competitive manner, with a concentration-dependent increase in Km but no change in Vmax for

[3H]DA uptake (Figure 1a-c). By contrast, in the case of the S- and R-enantiomers of αPVP, we found
concentration-dependent decreases in Vmax without major changes in Km (Figure1d-f and Figure1g-i,
respectively), suggesting a non-competitive mechanism of action. Non-competitive inhibition of
transporters has been previously reported in the case of allosteric and atypical inhibitors (14). 

 

S-αPVP occupies the S1 orthosteric site of DAT
Both allosteric and atypical inhibitors can show non-competitive pharmacology. In the case of allosteric
modulators, this is due to the presence of a secondary binding site (S2) on the drug target protein that
can modify the response of the orthosteric binding site (S1, Fig 2a, top right). Atypical inhibitors instead
interact with the orthosteric binding-site but they elicit a conformational re-arrangement of the target
which prevents such competition (Fig2a, bottom right). To further elucidate the non-competitive nature
of αPVP interactions with DAT, we measured dissociation of the phenyltropane-analogue [3H]WIN35428
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from membranes overexpressing human DAT. This experiment is based on the notion that allosteric
inhibitors attenuate the dissociation of a radioactive tracer pre-bound into the orthosteric site (14). Similar
to the effects of cocaine, the fast dissociation rate of [3H]WIN35428 was not affected by the application
of αPVP enantiomers (Fig.2b). Since changes to radioligand dissociation rates are dependent on the
precise radiotracer employed (46), we also conducted single-point uptake inhibition assays using [3H]DA
as the radiotracer. Allosteric inhibitors display a greater degree of inhibition when co-incubated with
orthosteric ligands (46). Neither of the αPVP enantiomers showed cooperative inhibition (Fig.2c),
excluding the possibility of an allosteric mechanism at DAT. 

In an attempt to de�ne speci�c attributes of the binding site for αPVP enantiomers, we applied site-
directed mutagenesis to the DAT central binding site. Given the high DAT/SERT selectivity of αPVP (Supp.
Fig.1b), we swapped non-conserved residues between the DAT and SERT central binding site and tested
their impact on cocaine, S-αPVP, and R-αPVP activity in uptake-inhibition experiments. We have converted
the IC50 values into Ki values using the Cheng-Prusoff equation (see methods section in the
Supplementary Information), in order to account for the effect of the point-mutations on transport
e�ciency. The Km value for each mutant is reported in the Supplementary Table 1. As shown in Figure
2d-f, mutation of DAT phenylalanine 76 to a tyrosine residue (i.e., DAT-F76Y) shifted the inhibition curves
of αPVP enantiomers to the right, with a 6-fold increase in the Ki value when compared to DAT wild-type
(Fig. 2g; S-αPVP: Ki for DAT-WT = 0.01 µM versus Ki for DAT-F76Y = 0.06 µM; R-αPVP: Ki DAT-WT =
0.37µM versus Ki DAT-F76Y = 2.19 µM). This same mutation induced no pharmacologically relevant
change in the a�nity of cocaine for DAT (cocaine: Ki for DAT WT = 0.20 µM versus Ki for DAT F76Y =
0.32 µM). The Ki values obtained for each mutant are reported in the Supplementary Table 2. 

To characterize the precise binding pose of αPVP within the DAT protein, we performed docking
experiments of the more potent S-isomer using a homology model of the human DAT (see online Material
and Methods). The structure of S-αPVP can be divided into three structural components: an aromatic ring,
an aliphatic tail, and a positively charged nitrogen-containing pyrrolidine ring (Figure 2i). The best docked
pose of S-αPVP shows that its aromatic ring is located in the S1 binding site between TM3 and TM8
(Figure 2h). This orientation of the aromatic ring is in agreement with the conformations observed
for dopamine, amphetamines, and also for inhibitors like cocaine, RTI-55, and nisoxetine (5,45). The
hydrophobic side chains of DAT-V152 and DAT-Y156 on TM3 and of DAT-A423 on TM8 stabilize the
aromatic ring of S-αPVP by hydrophobic interactions. The aliphatic tail of S-αPVP forms extensive
interactions with DAT-F76, which is part of the intracellular hydrophobic gate (Figure 2h). The bulky and
positively charged pyrrolidine moiety of S-αPVP instead establishes hydrophobic interactions with DAT-
I484 and DAT-F320; in addition, the charged nitrogen is interacting with the backbone carbonyl group of
DAT-F320 on TM6a that carries a negative partial charge. Overall, our in vitro data suggest that despite
showing a non-competitive pharmacology, αPVP enantiomers do not interact with the putative allosteric
site but rather with the orthosteric site. Importantly, our mutagenesis study identi�ed one crucial residue,
DAT-F76 that selectively impairs the interaction of DAT and αPVP enantiomers but not of DA and
cocaine. 
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αPVP enantiomers display slow dissociation from DAT 
To reconcile the surprising fact that αPVP enantiomers display non-competitive pharmacology but still
bind within the orthosteric site, we hypothesized that this might be due to slow binding kinetics, and
therefore to a pseudo-irreversible binding mechanism as already described in the case of different G-
protein coupled receptors (47–49). We elicited DAT-mediated currents by applying a saturating DA
concentration (30 µM) to cells over-expressing the human DAT to examine binding kinetics. Once the
steady state DAT-mediated current was established, we co-applied the inhibitor of interest which can
reverse the current back to baseline depending on its a�nity for DAT and its ability to replace DA (red,
gray and blue traces, Figure 3a). After a stable current reversal was established, application of the
inhibitor is stopped and 30 µM DA is re-applied alone, restoring the current amplitude. The rate of
recovery of the current is a measure of the koff for the inhibitor being tested (dashed box, Figure 3a). As
shown in Figure 3a, and in greater detail in Figure 3b, the DA-mediated current recovers fast when cocaine
is the tested inhibitor but recovers very slowly in the case of the αPVP enantiomers, indicating a slow
dissociation from DAT for αPVP isomers. Given that Kd = koff/kon and Kd generally re�ects Ki, we suspect
that DAT enantioselectivity of αPVP isomers is based on the different kon values for each isomer, while
the difference between the enantiomers and cocaine is based on their distinct dissociations from DAT.

It was not possible to empirically determine the kon due to the confounding effects introduced by the
saturating concentration of DA necessary to elicit a reliable steady-state current. Indeed, DA is driving
DAT through the entire transport cycle, including states in which the inhibitor cannot bind and therefore
affecting drug kon. These effects are not problematic in the case of the koff determination. Here, DA is
driving the DAT transport cycle only after the stably bound inhibitor is dissociating based on its koff,

which is solely dependent on time (s-1). Based on this approach, cocaine showed a koff = 0.229 s-1, which

is very close to the value we previously obtained using a different method (koff =0.35 s-1; (50)). In contrast,

αPVP enantiomers exhibited very slow dissociation rates (S-αPVP koff = 0.028 s-1 and R-αPVP koff = 0.051

s-1). Since S- and R-αPVP exhibit a 125-fold difference in their IC50 values to inhibit DAT uptake (Supp.
Fig1b), yet they show similar koff measures, we surmise that the enantioselectivity of αPVP at DAT is
related to differences in association rates. By contrast, the main differences between cocaine and αPVP
enantiomers are related to differences in dissociation rates at DAT. It is important to note that the rate of
current inhibition (Kapp) did not supersede the return-step of the transport cycle (TiCl à ToCl) estimated to

be approximately 1-2 s-1 ((51,52); Supp. Fig2). Binding of cocaine requires DAT to be in the outward-
facing conformation (44) which, in presence of the endogenous substrate, can be envisaged with a
maximal rate contingent to the rate-limiting step of DAT. On the other hand, if a compound can interact
with DAT through the inward-open conformation, Kapp will increase linearly with increasing
concentrations, in agreement with a bimolecular reaction (38). However, as expected in the case of
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compounds requiring the outward facing conformation, both cocaine and S-αPVP Kapp saturated at a rate

of 1.4 and 1.5 s-1 respectively, which is close to the DAT return step TiCl à ToCl (Supp. Fig2). As such, the
analysis of DAT binding kinetics suggests that: i) αPVP enantiomers have substantially slower
dissociation rates compared to cocaine, that ii) similar to cocaine, αPVP requires the transporter to be in
the outward-facing conformation, and iii) the non-competitive pharmacology might be due to a pseudo-
irreversible mechanism.

 

Pseudo-irreversible pharmacology of αPVP enantiomers at
DAT
Kinetic experiments support the hypothesis that αPVP enantiomers interact with DAT in a pseudo-
irreversible manner. Hence, elongating the uptake time should result in a competitive pharmacology
pro�le. A previously published kinetic model (51) was modi�ed in order to include an inhibitor-bound
state (Supp.Fig.2a). The kinetic model reproduced the DAT-mediated current pro�les obtained
experimentally (Fig.3d), together with the non-competitive pharmacology when the uptake experiments
are simulated for 1 min (Fig.3e). In contrast, when the uptake time was increased to 10 min to account for
the slow kinetics of αPVP enantiomers, the model predicted a competitive pharmacological pro�le
(Fig.3f). Therefore, we conducted saturation experiments in HEK293 cells transiently transfected with the
human DAT and extended the uptake time from 1 min to 6 min (Fig.3g). Under these conditions, we
observed competitive pharmacology, i.e. increase in Km and no changes in Vmax, in presence of αPVP
enantiomers and cocaine (control Km = 2.6 µM, cocaine Km = 7.2 µM, S-αPVP Km = 4.8µM, R-αPVP Km
=3.4µM, Fig.3g-i). In the case of R-αPVP, the Km increase was not statistically signi�cant. 

αPVP enantiomers inhibit dopamine uptake and clearance
in rodent brain preparations
To evaluate whether the DAT binding pro�le determined in transfected cells is translated to DAT function
in native tissue preparations, we evaluated the effects of αPVP enantiomers and cocaine on inhibition of
[3H]DA uptake in rat striatal synaptosomes. In agreement with data from HEK cells, S-αPVP was a more
potent inhibitor of uptake (S-αPVP IC50 = 6.9 nM) than either cocaine (IC50 = 255.2 nM) or R-αPVP (IC50 =
306.8 nM) in rat striatum (see Figure 4a). In synaptosomes, we found cocaine and R-αPVP to be nearly
equipotent at inhibiting uptake, whereas in HEK cells, cocaine was somewhat more potent. Next, we
assessed the ability of the drugs to inhibit DAT in an intact tissue preparation using fast scan cyclic
voltammetry (FSCV) in rat striatal slices. Consistent with DAT binding and uptake inhibition results, S-
αPVP was a more potent inhibitor (IC50 = 136 nM) of DA clearance when compared to R-αPVP (IC50 =
776 nM) and cocaine (IC50 = 5535 nM). However, the potency of R-αPVP to inhibit DA clearance was left-
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shifted compared to cocaine. In general, the data from the rat synaptosome and rat slice experiments
agree that S-αPVP is more potent at inhibiting DA clearance and uptake when compared to R-αPVP and
cocaine, though there were substantial differences in absolute and relative potencies of the drugs across
the two assays. 

αPVP enantiomers induce stimulant effects in vivo that
re�ect binding kinetics in vitro
Considering the slow dissociation kinetics for both αPVP enantiomers at the human DAT, and the results
from rodent synaptosome and slice experiments, we wanted to evaluate if the unique kinetic pro�le of
αPVP enantiomers might in�uence their in vivo effects. αPVP enantiomers possess the same physico-
chemical properties, and a similar predicted LogP to cocaine (LogP = 3.6 and 3.08, respectively). Hence,
we assumed that the onset of psychostimulant effects using an open-�eld locomotor activity assay in
wild-type C57Bl6/N mice, could approximate binding kinetics of αPVP enantiomers and cocaine in vivo.
As shown in Figure 5a-c, cocaine, S-αPVP and R-αPVP increased the locomotor activity of C57/BL6-mice
in a time- and dose-dependent manner (Figure 5a-c). The cumulative distance traveled over 60 min post
i.p. injection led to dose-response curves where S-αPVP was at least 10-fold more potent than R-αPVP
and cocaine, consistent with DAT binding and uptake inhibition. In addition, the time-course for locomotor
activation revealed the three compounds differed substantially from each other: cocaine and S-αPVP
showed a rapid onset of action (0-15 min) when compared to R-αPVP, while the stimulatory effects of
both αPVP-enantiomers persisted much longer than cocaine effects. In order to quantify these differences
in kinetics and extrapolate in vivo correlates of drug binding kinetics at DAT (i.e., apparent association
and dissociation rates), we de�ned the 0-15 min window post i.p. injection as the “onset” of action and
20-60 min window as the “decline”. The onset and decline segments of the time-course were evaluated
using linear regression analysis of the rising and falling phases, respectively. As expected for a correlate
of the association rate, the onset of action showed a clear dose-dependency for all the compounds
(Figure 5e), with approx. 50 times steeper slope in the case of the S-αPVP compared to R-αPVP, and
approx. 25 times steeper slope compared to cocaine (S-αPVP: slope = 106.2, p=0.015, F = 65.96; R-αPVP:
slope = 2.608, p = 0.0243, F=39.67; cocaine: slope = 4.767, p = 0.0231, F = 41.72). By contrast, and
consistent with the slow dissociation rates for αPVP enantiomers, the linear regression of the decline
phase showed no dose-dependence or signi�cance for the slopes of the enantiomers (S-αPVP: slope =
0.64, p = 0.93, F = 0.010; R-αPVP: slope = 0.13, p = 0.43, F = 0.939). For cocaine, a comparable linear
regression revealed a dose-dependent and negative slope (cocaine: slope = -1.042, p = 0.03, F=29.86).
Therefore, our �ndings support a key role for binding kinetics at DAT in discriminating between the “slow
kinetics” inhibitors S- and R-αPVP and the “fast kinetics” inhibitor cocaine.

Discussion
Inhibitors of DAT can elicit different behavioral phenomena in experimental animals and humans. Drugs
more potently interacting with DAT are historically associated with abuse-liability (11), especially when
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showing better activity at DAT in comparison to SERT (53). Therefore, the preference for DAT over SERT,
i.e. DAT/SERT selectivity ratio, is regularly used as a predictive indicator of drug addictive
properties (12,16). In agreement with previous studies (18), we found that S-αPVP has a high DAT/SERT
selectivity ratio when compared to both cocaine and R-αPVP, which suggests a higher abuse-liability.
However, despite the fact that DAT/SERT selectivity has been proven to be an important indicator for the
screening of drugs, several high a�nity and DAT-selective inhibitors such as benztropines, rimcazole,
GBR12909 and related analogs, do not induce the same reinforcing and stimulatory effects induced by
cocaine (15,54). The molecular basis for these differences is still not completely understood, and
different hypotheses have been put forward (15). 

In general, binding kinetics are suggested to play a role in the persistence of behavioral effects and in
functional selectivity (55). Indeed, while the pharmacology of different compounds is normally assessed
under thermodynamic equilibrium conditions, in the human body, the drug-target interaction is in�uenced
by the constant �ux of �uids and a variety of physiological processes. Hence, the in vivo properties differ
from the in vitro thermodynamic equilibrium. Based on this idea, the kinetics of drug-target interactions,
in�uenced both by association and dissociation rates (kon and koff, respectively) of the drug, have been
suggested to play an important role in the pharmacological effect in vivo (56,57). Consistently, binding
kinetics have been exploited in the past to elucidate the a�nity of antidepressants for the allosteric site
of SERT (58). These studies recently led to the discovery of a SERT inhibitor with high a�nity for its
allosteric site (46). However, the role of binding kinetics in the effects mediated by DAT inhibitors is poorly
explored and could potentially underly their heterogeneous pharmacological effects and have important
consequences for drug development. As one example, the DAT-selective benztropine analog JHW007, can
antagonize the cocaine-like reinforcing effects by slowly occupying DAT in the central nervous
system (59), indicating that binding kinetics might shape the behavioral properties of DAT ligands. By
contrast, a previous study found that S-αPVP engenders robust self-administration in rats, while R-αPVP
is less effective in this regard (18). Therefore, establishing kinetic-activity relationships of DAT-ligands
may help to (i) develop DAT-inhibitors devoid of addictive properties and (ii) de�ne the impact of such
kinetics in physiological and pharmacological processes.

Here, we compared the effects of the classical DAT inhibitor cocaine with the effects of αPVP
enantiomers. In humans, αPVP displays a similar onset of action to cocaine but has more long-lasting
effects, which may exacerbate the effects of αPVP intoxications (20,60). Our systematic in
vitro comparison of cocaine and the two enantiomers of αPVP highlighted substantial differences
between the kinetic pro�les at DAT, which could also be extended by observations in vivo as a
signi�cantly prolonged psychomotor effect in mice. 

Our in vitro experiments indicated that the slow dissociation kinetics of αPVP enantiomers is likely not
related to binding to an allosteric site, as shown for the SERT inhibitors S-Citalopram (61) and the more
recent Lu AF60097 (46), but rather to the binding at orthosteric site. Indeed, we found that when the F76
of DAT is mutated to the corresponding residue in SERT (DAT-F76Y), the potency of αPVP enantiomers in
inhibiting DA uptake is reduced, while no changes were observed for cocaine. Our docking data agree
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with previous studies, where the F76 in DAT, together with the corresponding Y95 in SERT are key residues
for substrate recognition in the central binding site (62–64). 

Our computational data shows that αPVP interacts with DAT in a manner similar to DA, amphetamines,
and inhibitors like cocaine, RTI-55, or nisoxetine (45,65). The binding pose of αPVP is also consistent with
the experimental data summarized in Fig 2g since i) the V152I mutant lowers the Ki of S-αPVP to DAT; ii)
the binding pose suggests that the V152I mutation leads to an increase in hydrophobicity in the S1 and
therefore enhances the interaction with the aromatic moiety of S-αPVP; iii) mutations of S149 and S429
to alanine had minimal effects on Ki, which is in line with the binding pose showing no direct contacts of
these residues with S-αPVP; iv) the mutation F76Y introduces a possible additional hydrogen bond which
cannot be used by S-αPVP since the required rotation would perturb its interaction with the S1.

We show that the non-competitive pharmacology of αPVP is secondary to DAT binding kinetics, since the
non-competitive inhibition could be converted to a competitive pro�le by increasing the uptake time. This
pharmacological pro�le is consistent with a pseudo-irreversible mechanism (47–49), and substantially
differs from the one observed for the indole alkaloid ibogaine to SERT, which instead exhibits a non-
competitive pharmacology by stabilizing the inward-open conformation of SERT (38,66,67). We speculate
that the binding of αPVP in the central binding site may elicit local structural re-arrangements that are
preventing its dissociation. A similar mechanism has been recently shown in the case of the 5-HT2B

receptor crystal structure in complex with LSD (68). 

When examined in native tissue preparations, we observed differences in the relative potency of the drugs
tested with uptake-inhibition experiments in HEK293 cells and synaptosomes showing S-αPVP
>Cocaine>R-αPVP and the FSCV experiments showing instead S-αPVP > R-αPVP > cocaine. Considering
that uptake-inhibition in both synaptosomal preparations and HEK293 cells drugs do not face any
obstacle for binding to- and unbinding from their target, while in acute slices their target is embedded in
the complex brain matrix which might affect these processes, we surmise that the differences in the
relative potencies could be partially explained by their different kinetic selectivity (69), or by yet
unestablished off-target effects.

Based on the in vitro studies, we tested if the differences in binding kinetics between the two αPVP
enantiomers and cocaine might impact their psychomotor stimulant properties in mice. By conducting
time-course experiments, we compared the onset of action and the decline of the effects elicited. We
found that the differences in the koff are re�ected in the prolonged in vivo effects of both S- and R-αPVP
compared to cocaine. There were no differences in the decline of locomotor effects between the two
enantiomers, but the enantiomers displayed much slower decline in comparison to cocaine. We surmise
that the dose-dependency observed in the decline of action of cocaine is due to the short half-life of
cocaine on DAT which makes it available for subsequent metabolism. In this scenario, increasing cocaine
dose would also prolong its action by interfering with its metabolism. In contrast, the prolonged residence
time of αPVP enantiomers at DAT would sequester the drug molecules on their target, reducing their
availability for metabolic degradation. Importantly, the two enantiomers showed a very different onset of



Page 11/25

action which was also dose-dependent. It is noteworthy that we could not measure the kon of either
enantiomer in vitro due to the practical limitations of our experimental methods, but the difference in the
onset of action, interpreted as apparent association, can justify their different equilibrium a�nities.
Indeed, considering that the two enantiomers show 100-fold difference in their equilibrium potency at
DAT and almost identical dissociation rates, the 50-fold difference their onset of action, and therefore in
their apparent association rates, would be su�cient to justify their different equilibrium differences and
overall in vivo potency. Thus, we conclude that while cocaine and αPVP differ mainly in their dissociation
rates, S- and R-αPVP differ uniquely in their association rates. This is consistent with previous
observations showing that the enantioselectivity of different compounds for their target is mainly driven
by their kon (57).

It has been shown previously that the reinforcing effects mediated by αPVP both in monkeys and rats are
substantially prolonged when compared to effects of cocaine (26,70). αPVP enantiomers show striking
differences in binding kinetics when compared to cocaine which are in line with the kinetics of our
behavioral experiments. These facts highlight the possibility of complex heterogeneity among different
psychostimulants with pharmacokinetics and binding kinetics differentially shaping their
pharmacological pro�le and effects.

The pseudo-irreversible kinetics observed in the case of αPVP enantiomers at DAT has important
consequences not only in the understanding of psychostimulant effects elicited by αPVP but also in its
wide-spread side effects such as delirium states, cardiovascular, and renal complications (20,60). In this
study we have focused on the pharmacology of αPVP enantiomers at DAT because of its well-established
role of DAT in psychomotor functions (4). However, considering the role of norepinephrine and NET in the
regulation of blood pressure and heart rate (71), the structural similarities between DAT and NET (1), and
the high a�nity that αPVP has for NET as well (18), we surmise that a slow dissociation rate at NET
might underly the peripheral side effects commonly observed in αPVP users. A prolonged NET inhibition
could indeed dramatically impact the cardiovascular system due to the role of norepinephrine in the
regulation of blood pressure and heart rate (71). In agreement, administration of αPVP-enantiomers in
rats shows an extended increase in blood-pressure (18). However, it is important to consider that DAT, in
addition to its important role in the brain, is also widely expressed peripherally (72). Prolonged inhibition
of the peripheral DAT could therefore, in principle, result in a peripheral hyperdopaminergic state,
consequently altering systemic blood pressure (73). A more systematic analysis focusing on the
peripheral effects of αPVP will be required to further elucidate the molecular targets leading to possibly
detrimental side effects. 

Future studies should compare different DAT-inhibitors in terms of their detailed kinetic-activity
relationships. For example, two other high a�nity DAT inhibitors, GBR12909 and the αPVP-analog 3,4-
methylenedioxypyrovalerone (MDPV), show long residence time at DAT based on slow DA clearance in
FSCV experiments (74,75). As far as we are aware, binding kinetics at DAT have not been investigated for
MDPV, but this drug is associated with sustained stimulatory effects in experimental animals (75). Our
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results on αPVP are in line with the binding kinetics suggested in case of MDPV and highlight the need
for a thorough structure-kinetic relationship study at DAT. 

In conclusion, we show that drug binding kinetics at DAT can have a signi�cant impact on the
psychomotor stimulant effects of drugs in vivo. Given this information, a more detailed assessment of
drug-binding kinetics for DAT inhibitors might provide insights for the design of novel DAT inhibitors with
improved clinical utility. Furthermore, it shows how psychopharmacological research on illicit drugs may
help to reach a better understanding of physiological and toxicological processes.
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Figures

Figure 1
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Non-competitive inhibition of αPVP enantiomers. a) Saturation of DA uptake conducted in presence of
cocaine 250nM (light grey), 500nM (grey) or 1000nM (dark grey). b) Cocaine increases Km in dose-
dependent manner but c) does not decrease Vmax. d) Saturation of DA uptake conducted in presence of
S-αPVP 5nM (turquoise), 10nM (light blue) or 20nM (dark blue). e) αPVP does not drastically change the
km, but f) reduces Vmax dose-dependently. g) Saturation of DA uptake conducted in presence of R-αPVP
250nM (orange), 500nM (light red) or 1000nM (dark red). h) R-αPVP does not drastically change the km,
but i) reduces Vmax dose-dependently. Data is shown as mean±SEM of at least 5 independent
experiments conducted in duplicates. Statistics is conducted with One-way ANOVA followed by Dunnet’s
post-hoc multiple comparison vs control (Ø). **=p<0.01, ***p<0.001, ****p<0.0001.
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Figure 2

Cocaine and αPVP enantiomers binding mode in DAT. a) Mechanism of action of competitive, and non-
competitive (allosteric vs atypical) inhibition. b) Dissociation of [3H]WIN35428 in DAT membranes. The
experiments were conducted at 4°C. Data are mean±SEM n≥3 independent experiments conducted in
duplicates. c) Single-point uptake inhibition of 0.2µM [3H]DA conducted in HEK293cells stably expressing
DAT. Compounds are pre-incubated at their IC50 alone or in combinations (Ø =control, untreated; C=
cocaine 100nM; S=S-αPVP 10nM; S/C= cocaine 100nM+S-αPVP 10nM; R= R-αPVP 300nM; R/C= R-αPVP
300nM+cocaine 100nM). One-Way ANOVA followed by Dunnett´s Multiple Comparison Test vs Cocaine
*= p<0.05, **= p<0.01, ***= p<0.001. c-e) DAT-WT and DAT-F76Y uptake-inhibition pro�les for Cocaine, S-
αPVP and R-αPVP. g) Site-directed mutagenesis of DAT orthosteric binding site. DAT residues are mutated
in the corresponding residue in SERT. Data are shown as Ki fold change compared to wild-type DAT
(mean±SD). Every symbol represents an individual experiment conducted in triplicate. h) Membrane and
front view of the S1 of the human DAT showing the best docking pose of S-αPVP (blue). TM10 and TM11
are not shown for clarity, while residues F76, S149, V152, and S429 are highlighted as sticks and coloured
by atom type. The two sodium ions are represented as dark blue spheres. i) 2D interaction map of S-αPVP
with the human DAT according to the binding mode shown in panel h.
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Figure 3

Binding kinetics of Cocaine and αPVP enantiomers at DAT. a) Representative trace and protocol
employed for the measurement. DA application is highlighted by the white box, while the inhibitor
application is highlighted by the yellow box. Dashed boxes indicate the part of the traces used for
extrapolated the dissociation rates, with the dashed colored lines represent the non-linear regression �t
used to extrapolate rates from the traces. b) magni�ed and corrected representative trace extrapolated
from the dashed rectangle in panel a), highlighting the differences in the dissociation rates between the
three inhibitors. c) quanti�cation of the dissociation rates between cocaine (grey), S-αPVP (blue) and R-
αPVP (red). DATA are mean±SEM of at least 10 cells. d) representative trace of the synthetic currents
obtained from the kinetic model. e) Modelled saturation of uptake experiment in presence of S-αPVP and
1min of DA uptake and f) 10 min of uptake. g) saturation of [3H]DA uptake conducted in HEK293
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transiently expressing DAT in presence of the indicated concentration of the inhibitor. h) Km change due
to the inhibitor pre-incubation when the uptake time is extended to 6 min. i) Vmax is not altered by any of
the inhibitors when the uptake time is extended to 6 min.

Figure 4

FSCV in acute striatal slices. a) Uptake-inhibition in rat striatal synaptosomes b) schematic of the FSCV
experiments with the placement of recording and stimulating electrode in the dorsal striatum. c) Uptake-
inhibition during FSCV experiments and d-f) representative traces of FSCV recordings in the presence of
cocaine (left), S-αPVP (middle) and R-αPVP (right). DA release is elicited by electrical stimulation
delivered as indicated by the black triangle. The control trace (predrug) is always indicated in light grey.
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Figure 5

Time-course of the psychomotor effects elicited by Cocaine and αPVP enantiomers. a-c) Distance
travelled in cm/5min for Cocaine, S-αPVP and R-αPVP, respectively. A different dose for each group of
mice was injected at t=0 (back arrow). the different doses are indicated at the bottom of the graphs. Data
are mean±SEM, n≥5mice/group. Statistics is conducted with One-way ANOVA followed by Dunnet’s post-
hoc multiple comparison vs control (vehicle). *p<0.05, **=p<0.01, ***p<0.001, ****p<0.0001. d) the
travelled distance from 0-60min is summed to obtain the overall effect of the drugs and plotted against
the doses injected. e) slope of the psychomotor kinetics between 0-15min from i.p injection, indicated in
panels a-c as ‘onset’, is plotted against the effective doses for cocaine, S-αPVP and R-αPVP, respectively f)
the slope of the psychomotor kinetics between 20-60min from i.p injection, indicated in panels a-c as
‘decline’, is plotted against the effective doses for cocaine, S-αPVP and R-αPVP, respectively.
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