PNAS

RESEARCH ARTICLE PHARMACOLOGY

L)

Check for
updates

Persistent binding at dopamine transporters determines

sustained psychostimulant effects

Marco Niello®' €2, Spyridon Sideromenos® (), Ralph Gradisch?
Kathrin Jantsch?, Carl R. Lupica“®, Alexander F. Hoffman® {2, Gert Lubec®, Claus J. Loland®
Michael H. Baumann'®, and Harald H. Sitte®8’

, Ronan O~ Shea", Jakob Schwazer?, Julian Maier?, Nina Kastner®
. Thomas Stockner?

. Walter Sandtner?,
Daniela D. Pollak? @2,

Edited by Donald Pfaff, Rockefeller University, New York, NY; received August 2, 2021; accepted December 28, 2022

Psychostimulants interacting with the dopamine transporter (DAT) can be used illicitly
or for the treatment of specific neuropsychiatric disorders. However, they can also pro-
duce severe and persistent adverse events. Often, their pharmacological properties in vitro
do not fully correlate to their pharmacological profile in vivo. Here, we investigated the
pharmacological effects of enantiomers of pyrovalerone, a-pyrrolidinovalerophenone,
and 3,4-methylenedioxypyrovalerone as compared to the traditional psychostimulants
cocaine and methylphenidate, using a variety of in vitro, computational, and in vivo
approaches. We found that in vitro drug-binding kinetics at DAT correlate with the
time-course of in vivo psychostimulant action in mice. In particular, a slow dissociation
(i.e., slow k,y) of S-enantiomers of pyrovalerone analogs from DAT predicts their more
persistent in vivo effects when compared to cocaine and methylphenidate. Overall, our
findings highlight the critical importance of drug-binding kinetics at DAT for deter-
mining the in vivo profile of effects produced by psychostimulant drugs.

dopamine transporter | drug-binding kinetics | psychostimulants | cathinones |
new psychoactive substances

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 and in vivo experimental evidence (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 classified 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 flux (10). Regardless of their mechanism of action as inhibitor or
releaser, drugs which interact more potently at DAT compared to the serotonin transporter
(SERT) are typically associated with a higher abuse potential (11-13). Therefore, the
DAT/SERT selectivity ratio is regularly used to predict the abuse liability of transporter
ligands (14). However, cocaine, despite showing an unselective DAT/SERT profile, still
shows high abuse liability. Similarly, several benztropines, which instead possess high DAT
selectivity, do not possess pronounced reinforcing properties. The case of cocaine and
benztropines suggest that while the DAT/SERT ratio is still an important tool for general
toxicological predictions, it does not always hold true, and it highlights a fundamental
gap in our understanding of psychostimulants mechanism of action (15). As a matter of
fact, in addition to the fundamental inhibitor/releaser distinction, an emerging complexity
for transporter pharmacology has been recently realized with the discovery of partial
releasers (16), allosteric inhibitors (17), and atypical transporter ligands (15).

New psychoactive substances (NPS) are synthetic versions of drugs of abuse which are
specifically engineered to bypass current drug control laws (18), and synthetic cathinones
represent a major class of stimulant-like NPS (19). One group of synthetic cathinones are
pyrovalerone analogs, such as a-pyrrolidinovalerophenone (aPVP) and 3,4-methylenedi-
oxypyrovalerone (MDPV), which display high-affinity binding to DAT (20) and prolonged
stimulatory effects in humans (21-25). The molecular basis for the prolonged effects of
pyrovalerone analogs is currently unknown. Some studies suggest that phase I metabolites
might play a role in synthetic cathinone pharmacology (26, 27), but it is unclear whether
pharmacodynamic processes, rather than bioactive metabolites, would influence the acute
effects of pyrovalerone analogs. Studying their molecular mechanism of action might
unveil pharmacodynamic parameters involved in psychostimulant activity.

Both MDPV and aPVP are high-affinity inhibitors of DAT and the norepinephrine
transporter (NET) but devoid of significant activity at SERT (27-29). The illicit use of both

PNAS 2023 Vol.120 No.6 e2114204120

https://doi.org/10.1073/pnas.2114204120

Significance

The investigation of DAT ligands
in vitro is typically assessed at
thermodynamic equilibrium,
which may not mimic the
complex physiological conditions
in vivo. Here we demonstrate
that various DAT inhibitors can
be distinguished based on their
in vitro binding kinetics, and that
the in vitro k. of a drug at DAT
correlates with the duration of

in vivo psychostimulant effects in
mice. We show that the
S-enantiomers of pyrovalerone
and its analogs, aPVP, and MDPV,
display slow in vitro kinetics at
DAT and long-lasting
psychostimulant effects, which
differs from the fast in vitro
kinetics and short-lasting effects
of drugs like cocaine. Our study
provides key evidence that
binding kinetics at DAT is an
important determinant of
psychostimulant drug action.

Author contributions: M.N., W.S., T.S. and H.H.S.
designed research; M.N. S.S. RG., RO, JS., JM,
N.K., WS, KJ., AFH., CJL, and M.H.B. performed
research; C.L,, G.L, T.S.,, D.D.P., and H.H.S. contributed
new reagents/analytic tools; M.N., S.S.,, R.G., R.O,, J.S.,
JM., N.K, W.S., KJ., AFH., CJL, CRL,T.S. and M.H.B.
analyzed data; M.N. interpreted the data; and M.N.,
M.H.B., and H.H.S. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2023 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"To whom correspondence may be addressed. Email:
marco.niello@meduniwien.ac.at or harald.sitte@
meduniwien.ac.at.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2114204120/-/DCSupplemental.

Published February 2, 2023.

10of 11


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:marco.niello@meduniwien.ac.at
mailto:harald.sitte@meduniwien.ac.at
mailto:harald.sitte@meduniwien.ac.at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114204120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114204120/-/DCSupplemental
mailto:
https://orcid.org/0000-0002-0518-5791
https://orcid.org/0000-0002-5135-3346
https://orcid.org/0000-0002-3312-2472
https://orcid.org/0000-0002-1576-9029
http://orcid.org/0000-0002-5375-3263
http://orcid.org/0000-0002-2676-0628
https://orcid.org/0000-0002-1773-1446
https://orcid.org/0000-0002-7071-8283
https://orcid.org/0000-0002-9584-6257
https://orcid.org/0000-0001-7758-1470
mailto:
http://orcid.org/0000-0002-1339-7444
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2114204120&domain=pdf&date_stamp=2023-2-2

2of 11

aPVP and MDPV in humans induces psychostimulant effects and
can cause severe adverse effects including delusions, paranoia, hal-
lucinations, and cardiovascular collapse (23-25, 30). Importantly,
their pharmacological effects occur within 10 min after adminis-
tration of a single dose (15 to 100 mg) and can last for multiple
hours (23, 31). A study in humans found that aPVP could still be
detected in the bloodstream 6 h after nasal insufflation and 20 h
after rectal administration (32), and psychotic episodes have been
reported as long as 6 d after consumption (22). The sustained clin-
ical effects of aPVP and MDPV differ substantially from traditional
DAT inhibitors like cocaine, which has a similar onset of action to
oPVP and MDPV but much shorter duration of effects (33-35).
While aPVP and MDPV are both used rarely among young people
(1% of high school in United States; (36, 37)), consumption of
the drugs at their peak in popularity led to thousands of emergency
departments visits and many deaths in the United States (36, 37).
Moreover, new analogs of aPVP continue to emerge in clandestine
drug markets worldwide (e.g., a-pyrrolidinohexiophenone or
aPHP), presenting a public health threat (38, 39).

Preclinical studies investigating the effects of «PVP in rodents
demonstrate avid self-administration (13, 40) and robust place
preference (41), together with prolonged stimulatory effects on
locomotion (42), blood pressure, and heart rate (28). While aPVP
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. aPVP possesses a single
chiral center, meaning that it exists as two different enantiomers,
the R- and S-isomers. In general, enantiomers have identical phys-
icochemical properties but a different three-dimensional orienta-
tion of the functional groups bound to the chiral carbon, which
can confer pronounced differences in pharmacology (43).

Based on preclinical studies with aPVD and previous findings
of cathinone enantioselectivity at MATs (28, 44—47), we decided
to use aPVP enantiomers as tools to determine whether interac-
tions at DAT might underlie the sustained time-course of drug
actions. Given the established role of DAT in psychomotor pro-
cesses (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 first investigated the interactions of
alPVP enantiomers with DAT as compared to the effects of cocaine
based on the observation of a significantly extended effect duration
when compared to cocaine (22, 23, 31, 32). We found that i) the
S-isomer of aPVP displays much greater affinity for DAT when
compared to the R-enantiomer; ii) both enantiomers of aPVP
display a time-dependent, non-competitive pharmacology upon
interaction with DAT; and iii) the non-competitive pharmacology
relies on a slow dissociation rate at DAT, with slower dissociation
rates for aPVP enantiomers when compared to cocaine. Lastly,
we expanded our in vitro and in vivo analysis to include enanti-
omers of other DAT inhibitors, as well as the clinically used meth-
ylphenidate (MPH), to show that slow dissociation rate from DAT
is highly correlated with persistent psychostimulant effects of
S-pyrovalerone, S-aPVDP, and S-MDPV in mice. Overall, our
results demonstrate that binding kinetics represent an important
property of DAT inhibitors that can impact psychostimulant
action and need to be investigated in particular when exploring
novel therapeutic options for neuropsychiatric disorders.

Results

oPVP Enantiomers Are Stereoselective Non-Competitive
Inhibitors at DAT. For our initial experiments, we examined
the ability of aPVP isomers (SI Appendix, Fig. S1A) to act as
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inhibitors or substrates at DAT. In uptake inhibition assays
carried out in HEK293 cells stably expressing DAT, S-aPVP was
125-fold more potent (ICs; = 0.02 uM) than R-aPVP (IC;, =
2.5 uM) and 25-fold more potent than cocaine (ICs, = 0.51 pM).
Both aPVP enantiomers were essentially ineffective at inhibiting
SERT (S-aPVP ICs, = 207 uM; RaPVP ICy, = 628 pM)
and showed no evidence of enantioselectivity in this regard
(SI Appendix, Fig. S1 B and 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 (DA) produced
robust inward currents, whereas neither of the xPVP enantiomers
did. In sum, our initial results confirm that S- and R-aPVP are
enantioselective DAT inhibitors with no measurable substrate
activity (SI Appendix, Fig. S1 D-F).

To evaluate whether the DAT binding profile determined in
transfected cells is translated to DAT function in native tissue
preparations, we evaluated the effects of aPVP enantiomers and
cocaine on inhibition of ["H]DA uptake in rat striatal synapto-
somes. In agreement with data from HEK293 cells, S-aPVP was a
more potent inhibitor of uptake (S-aPVP IC, = 6.9 nM) than
either cocaine (ICs, = 255.2 nM) or R-aPVP (IC,, = 306.8 nM)
in rat striatum (SI Appendix, Fig. S2A). In synaptosomes, we found
cocaine and R-aPVDP to be nearly equipotent at inhibiting uptake,
whereas in HEK293 cells, cocaine was 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 (SI Appendix, Fig. S2B). Consistent with DAT binding and
uptake inhibition results, S-aPVP was a more potent inhibitor
(IC5y = 136 nM) of DA clearance when compared to R-aPVP
(IC5y = 776 nM) and cocaine (ICy; = 5,535 nM; SI Appendix,
Fig. S2C). In the FSCV assay, the potency of R-aPVP to inhibit
DA clearance was left-shifted compared to cocaine. In general, the
data from the rat synaptosome and rat slice experiments agree that
S-aPVP is more potent at inhibiting DA clearance and uptake when
compared to R-aPVP and cocaine, though there were differences
in absolute and relative potencies of the drugs across the two assays.

Next, we examined the nature of the interaction between aPVP
enantiomers and DAT. More specifically, we wished to examine
whether aPVP isomers inhibit DAT by a competitive mechanism,
similar to cocaine (48), or by a non-competitive mechanism.
Previous work shows that cocaine binds to the orthosteric S1 site
on DAT, thereby competing with the endogenous substrate dopa-
mine for this site (49, 50). Data depicted in Fig. 1 confirm that
cocaine interacts with DAT in a competitive manner, with a con-
centration-dependent increase in K, but no change in V. for
[PH]DA uptake (Fig. 1 A-C). By contrast, in the case of the S- and
R-enantiomers of aPVP, we found concentration-dependent
decreases in 'V, without major changes in K, (Fig. 1 D—F and
G-I, respectively). The reduction in the V,,, is not mediated by
a reduction in DAT expression (S/ Appendix, Fig. S3), thereby
suggesting a non-competitive mechanism of action. Non-
competitive inhibition of transporters has been previously reported
in the case of allosteric and atypical inhibitors (17, 51).

S-aPVP Occupies the S1 Orthosteric Site of DAT. Both allosteric
and atypical inhibitors can show non-competitive pharmacology.
In the case of allosteric modulators, non-competitive action is
due to the presence of a secondary binding site (S2) in the target
protein that can modify the response of the orthosteric binding
site (SI Appendix, Fig. S1 and Fig. 2 A, Top Right). By contrast,
atypical inhibitors interact with the orthosteric binding site, but
they elicit a conformational rearrangement which prevents further
competitive binding (Fig. 2 A, Bottom Right). To further elucidate
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Fig. 1.

Non-competitive inhibition of «PVP enantiomers. (A) Saturation of DA uptake conducted in the presence of cocaine 250 nM (light gray), 500 nM (gray), or

1,000 nM (dark gray). (B) Cocaine increases K, in dose-dependent manner but (C) does not decrease V,,.,. (D) Saturation of DA uptake conducted in the presence
of S-aPVP 5 nM (light red), 10 nM (red), or 20 nM (dark red). (F) xPVP does not drastically change the K, but (F) reduces V,,,, dose-dependently. (G) Saturation of
DA uptake conducted in the presence of R-aPVP 250 nM (light red), 500 nM (red), or 1,000 nM (dark red). (H) R-«PVP does not drastically change the K, but (/)
reduces V,,,, dose-dependently. Data are shown as mean + SEM of at least five independent experiments conducted in duplicates. Statistics is conducted with
one-way ANOVA followed by Dunnett's post hoc multiple comparison vs. control (@). **=P < 0.01, ***P < 0.001, ****P < 0.0001.

the non-competitive nature of aPVP interactions with DAT,
we measured dissociation of the phenyltropane-analogue [°H]
WIN35428 from membranes prepared from HEK293 cells over-
expressing 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 (17). Similar to the
effects of cocaine, the fast dissociation rate of PH]WIN35428 was
not affected by the application of aPVP enantiomers (Fig. 2B).
Since changes to radioligand dissociation rates are dependent on
the precise radiotracer employed (52), we also conducted single-
point uptake inhibition assays using [PH]DA as the radiotracer.
Allosteric inhibitors display a greater degree of inhibition when
co-incubated with orthosteric ligands (52). Neither of the aPVP
enantiomers showed cooperative inhibition (Fig. 2C), excluding
the possibility of an allosteric mechanism at DAT.

In an attempt to define specific attributes of the binding site for
aPVP enantiomers, we applied site-directed mutagenesis to the

DAT central binding site. Given the high DAT/SERT selectivity
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of aPVP (SI Appendix, Fig. S1B), we swapped non-conserved res-
idues between the DAT and SERT central binding site and tested
their impact on cocaine, S-aPVP, and R-aPVP activity in uptake
inhibition experiments. Here we converted ICs values into Ki
values using the Cheng-Prusoff equation (see Methodsin the
SI Appendix), in order to account for the effect of the point muta-
tions on transport efficiency. The K value for each mutant is
reported in S/ Appendix, Table S1. As shown in Fig. 2 D-F,
mutation of DAT phenylalanine 76 to a tyrosine residue (i.c.,
DAT-F76Y) shifted the inhibition curves of aPVP enantiomers
to the right, with a sixfold increase in the Ki value when compared
to DAT wild-type (WT) (Fig. 2G; S-aPVP: Ki for DAT-WT =
0.01 pM vs. Kifor DAT-F76Y = 0.06 uM; R-aPVP: Ki DAT-WT =
0.37 uM vs. Ki DAT-F76Y = 2.19 uM). This same mutation
induced no pharmacologically relevant change in the affinity of
cocaine for DAT (cocaine: Ki for DAT-WT = 0.20 uM vs. Ki for
DAT-F76Y = 0.32 pM). The Ki values obtained for each mutant
are reported in 87 Appendix, Table S2.
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Fig. 2. Cocaine and aPVP enantiomers binding mode in DAT. (4) Mechanism of action of competitive and non-competitive (allosteric vs. atypical) inhibition.
(B) Dissociation of [°H]WIN35428 in DAT membranes. Data are mean + SEM n > 3 independent experiments conducted in duplicates. (C) Single-point uptake
inhibition of 0.2 uM [*H]DA conducted in HEK293cells stably expressing DAT. Compounds are pre-incubated at their IC., alone or in combinations (@ =control,
untreated; C = cocaine 100 nM; S = S-aPVP 10 nM; S/C = cocaine 100 nM + S-aPVP 10 nM; R = R-aPVP 300 nM; R/C = R-aPVP 300 nM + cocaine 100 nM). One-way
ANOVA followed by Dunnett”s multiple comparison test vs. cocaine *=P < 0.05, **=P < 0.01, ***=P < 0.001. (C-F) DAT-WT and DAT-F76Y uptake inhibition profiles
for cocaine, S-aPVP and R-aPVP. (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 WT DAT (mean + SD). Every symbol represents an individual experiment conducted in triplicate. (H) Membrane
and front view of the S1 site of the human DAT showing the best docking pose of S-aPVP (blue) and the binding pose of cocaine elucidated by X-Ray in dDAT
(PDB: 4XP4) (orange). TM10 and TM11 are not shown for clarity, while residues F76, S149, V152, and S429 are highlighted as sticks and colored by atom type. The
two sodium ions are represented as dark blue spheres. (/) 2D interaction map of S-aPVP with the human DAT according to the binding mode shown in panel H.

To characterize the precise binding pose of aPVP within the
DAT protein, we performed docking experiments of the more
potent S-isomer using a homology model of the human DAT and
compared it to the one of cocaine (Material and Methods). The
structure of S-aPVP can be divided into three structural compo-
nents: an aromatic ring, an aliphatic tail, and a positively charged
nitrogen-containing pyrrolidine ring (Fig. 2/). The best docked
pose of S-aPVP shows that its aromatic ring is located in the S1
binding site between TM3 and TM8 (Fig. 2H). The orientation
of the aromatic ring is in agreement with the conformations

https://doi.org/10.1073/pnas.2114204120

observed for dopamine, amphetamines, and also for inhibitors
like cocaine, RT1-55, and nisoxetine (5, 50); however, the overall
binding mode of aPVP within the S1 site differs from the one of
cocaine, in agreement with our in vitro data. The hydrophobic
side chains of DAT-V152 and DAT-Y156 on TM3 and of DAT-
A423 on TMS stabilize the aromatic ring of S-aPVP by hydro-
phobic interactions. The aliphatic tail of S-aPVP forms extensive
interactions with DAT-F76, which is part of the intracellular
hydrophobic gate (Fig. 2H). The bulky and positively charged
pyrrolidine moiety of S-aPVP establishes hydrophobic

pnas.org



interactions with DAT-1484 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.
Instead, cocaine interacts differently with SERT due to an overall
larger and hence bulkier size, (cocaine = 303.25 g/mol; S-aPVP
231.11 g/mol). Similar to S-aPVD, the cocaine moiety protrudes
between the scaffolds of TM3 and TM8, and the tropane substit-
uent protrudes much deeper between the unwound regions of
TM1 and TM6. Thus, cocaine forms a salt bridge with D79 and
a hydrogen bond with F320. The overall result is that cocaine is
slightly lifted toward the outer vestibule in comparison with
S-aPVP, thereby being out of the interaction distance with F76.
Opverall, our in vitro data suggest that despite showing a non-com-
petitive pharmacology, aPVP enantiomers do not interact with
the putative allosteric site but rather with the orthosteric site.
Importantly, our mutagenesis study identified one crucial residue,
DAT-F76 that selectively impairs the interaction of DAT and
aPVP enantiomers but not of dopamine and cocaine.

Measuring Off Rates of Unlabeled DAT Inhibitors. To reconcile
the surprising fact that aPVP enantiomers display non-
competitive pharmacology but still bind within the orthosteric
site, we hypothesized that this might be due to slow binding
kinetics, as already described in the case of different G-protein
coupled receptors (53-55). To evaluate this possibility, we have
initially relied on kinetic modeling, using a simplified model
of DAT transport cycle that includes an inhibitor-bound state
(ToNal; Fig. 3A4). Simulations of DAT uptake in the presence of
a DAT inhibitor with a slow dissociate constant (kaﬂ) of 0.01 s
showed an apparent non-competitive pharmacology during
1-min uptake incubation time, which is in agreement with our
in vitro findings (cft S/ Appendix, Fig. 4A with Fig. 1). Extending
the in silico uptake incubation time to 10 min allows drug
dissociation and the equilibration of the inhibitor, demonstrating
competitive pharmacology (S Appendix, Fig. S4B). In vitro uptake
experiments with extended uptake time (6 min—for longer time,
uptake was deviating from linearity) and confirmed our in silico
findings (ST Appendix, Fig. S4 C-E). Under the longer incubation
conditions, we observed competitive pharmacology, i.e., increase in
K., and no changes in V,, in the presence of aPVP enantiomers
and cocaine (control K = 2.6 uM, cocaine K, = 7.2 pM, S-aPVP
K, = 4.8 uM, R-aPVP K = 3.4 uM, Fig. 3 G-]). In the case of
R-aPVP, the K, increase was not statistically significant.

We next examined the dissociation rate of inhibitors from DAT
by taking advantage of the fast time-course (i.e., msec timescale)
of DAT-mediated substrate-induced ionic currents. More specif-
ically, we elicited DAT-mediated currents by applying a saturating
concentration of dopamine (30 uM) to cells over-expressing the
human DAT (white box). Once the steady-state DAT-mediated
current was established, we co-applied the inhibitor of interest
(vellow box) which reverses the current back to baseline, depend-
ing on its affinity for DAT and its ability to compete with dopa-
mine binding at the orthosteric site (Fig. 3B). After a stable
current reversal was established, application of the inhibitor is
stopped and 30 puM dopamine is re-applied alone, restoring the
current amplitude. The rate of recovery of the current is a measure
of the £, for the inhibitor being tested (right dashed box, Fig. 3B).
As shown in the Right Inset of Fig. 3B, the dopamine-mediated
current recovers in a concentration-independent manner as
expected in the case of a k,; measure which is solely dependent
on time (s"). In order to generalize our findings, we have therefore
applied this protocol to an expanded number of psychostimulants
and DAT inhibitors having either a pyrovalerone-related pharma-
cophore (§- and R-aPVP; S-and R-MDPV; §- and R-pyrovalerone)
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or a chemically distinct pharmacophore (i.e., cocaine, MPH, and
ibogaine). The compounds were first tested in uptake inhibition
assays to obtain their IC (SI Appendix, Fig. S5 A-C). To confirm
a similar pharmacological profile as aPVP, we wished to rule out
that a non-competitive profile is due to association with the
allosteric binding site. Accordingly, the new compounds were
added to COS-7 cells expressing hDAT and assessed whether they
were able to inhibit the dissociation of the pre-bound high-affinicy
cocaine analogue PH]MEZ 2-12. If the compounds bound to the
allosteric site, we would expect an impaired dissociation of ’H]
MFZ 2-12 as seen previously for S1-bound ligands in SERT (51,
56). As expected, none of the compounds could significantly
impede the dissociation of [PHIMEZ 2-12 (81 Appendix, Fig. S6).

As shown in Fig. 3C, we found heterogeneity in £, values across
the compounds. Nonlinear regression of the current-recovery slope
provided an estimate of the respective £, (Fig. 3D and SI Appendix,
Table S3). DAT-mediated currents were re-established very quickly
after washing out cocaine, ibogaine, R-MDPV, and R-pyrovalerone,
whereas the DAT-mediated currents required a substantially longer
time to re-establish (approximately 10-fold) in the case of S- and
R-aPVD, S-MDPV, and S-pyrovalerone. MPH showed an inter-
mediate effect. For representative recordings of each inhibitor, see
SI Appendix, Fig. S5. Given that Kd = £,4/k,, and Kd generally
reflects Ki, we suspect that DAT enantioselectivity of aPVP iso-
mers is based on the different 4,, values for each isomer, while in
the case of MDPV and pyrovalerone enantiomers could be medi-
ated by a mixed effect on both £,, and £, It was not possible to
empirically determine the #,, due to the confounding effects intro-
duced by the saturating concentration of dopamine necessary to
elicit a reliable steady-state current. Indeed, dopamine is driving
DAT through the entire transport cycle, including states in which
the inhibitor cannot bind and therefore affecting drug #,,. These
effects are not problematic in the case of the £,;determination.

To gain further information on the mechanism of interaction
between the tested inhibitors and DAT, we have assessed the ability
of each inhibitor to interact with one or more states of the transport
cycle by measuring the respective maximal rate of DAT inhibition.
'The return step of the transporter (i.e., the “rate-limiting step”—
Fig. 34, dashed rectangle) is the slowest step of the transport cycle,
therefore determining the overall maximal transport rate. Thus, for
an inhibitor requiring a single state of the transporter for binding,
the maximal rate of inhibition cannot supersede the rate-limiting
step of the transporter (approximately 2's™'). However, in the case
of compounds interacting with the transporter in more than one
conformation (e.g., ibogaine), the rate constant for transporter inhi-
bition (K,,) will supersede the rate-limiting step (57). In our elec-
trophysiological recordings, we found that most of the compounds
saturated at a rate consistent with the return step of DAT (1 to 2
s (58, 59), similar to cocaine and MPH. Interestingly, R-MDPV
and R-pyrovalerone, at 100 pM, showed a similar maximal inhibi-
tion rate to ibogaine suggesting that they might access the trans-
porter through different states of the transport cycle. As such, the
analysis of DAT binding kinetics suggests that i) DAT inhibitors
can differ in their £, ii) the non-competitive pharmacology might
be due to slow binding kinetics; iii) the enantiomeric configuration
of DAT inhibitors can shape both the ,and/or their dependence
on certain states of the transport cycle.

DAT Inhibitors Induce Stimulant Effects In Vivo that Reflect
the In Vitro Enantioselective Binding Kinetics. Considering
the heterogeneity in dissociation rates for DAT inhibitors, we
wanted to evaluate if the enantioselective differences in the £,
values of DAT inhibitors might underlie the duration of their
psychostimulant effects in vivo. Compound enantiomers possess
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Fig. 3. Binding kinetics of cocaine and aPVP enantiomers at DAT. (4) Simplified DAT transport cycle used in the kinetic model with the kinetic rates for each
partial reaction. The rate-limiting step is highlighted with the dashed rectangle and (B) 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 maximal inhibitory rate (K,

Left Inset) or dissociation rates (k. Right Inset). Nonlinear regression fit of the different traces is represented with

the red-dashed lines, together with the relative extrapolated decay time (tau; ms). (C) Corrected and normalized current rescue depicting the concentration-
independent dissociation rates of the inhibitor. (D) Quantification of the dissociation rates of the tested DAT inhibitors. Data are mean + SD. Each symbol
represents an independent cell. (F) Representative trace of the synthetic currents obtained from the kinetic model. (E) Maximal rate of inhibition measured by
extrapolating the time of current inhibition (Kapp) at different concentrations of the tested inhibitor.

the same physicochemical properties (43). The DAT inhibitors
tested also show similar predicted lipophilicity, as measured by
LogP, to cocaine (cocaine = 3.08, MPH = 3.2, aPVP = 3.65,
MDPV = 3.06, pyrovalerone = 4.11). Hence, we assumed that
the time-course of psychostimulant effects on locomotor activity
in WT C57BI6/N mice might approximate binding kinetics of the
tested DAT inhibitors. We tested the compounds in a simple time-
course open field paradigm in mice (S Appendix, Fig. S7). The
cumulative distance traveled over 60 min post i.p. injection led to
dose-response curves where S-aPVDP, S-MDPV, and S-pyrovalerone
were at least tenfold more potent than MPH, cocaine, R-aPVD
R-MDPV, and R-pyrovalerone (Fig. 44), consistent with our
in vitro uptake inhibition data (SI Appendix, Fig. S5 A-C). In
addition, in order to extrapolate in vivo correlates of drug £, at
DAT (i.e., apparent dissociation rates), we defined the descending
limb of the locomotor activity time-effect curve (i.e., 20 to 60 min
post-injection) as an “in vivo apparent ;" (S] Appendix, Fig. S84).

6 of 11  https://doi.org/10.1073/pnas.2114204120

Evaluation of the descending limb of the time-course profile using
linear regression showed no dose-dependency, as expected in the
case of an in vivo correlate of 4, (see representative analysis in
SI Appendix, Fig. S8A—Right Insets, and SI Appendix, Fig. S8 B-D).
Consistent with the slow dissociation rates for PVP enantiomers,
S-MDPV, and pyrovalerone, the linear regression of the decline
phase showed no dose-dependence or significance for the slopes
of the enantiomers (S/ Appendix, Table S4). Correlation analysis
between the £,y measured in vitro and the in vivo extrapolated 4,
led to a 51gn1ﬁl7 ant linear relationship (r* = 0.5827, P = 0. 0275
= 8.379). As represented in Fig. 4 C-F for all the tested
DAT inhibitors, the duration of psychomotor stimulant effects
was predicted by the binding kinetics observed in our in vitro
experiments (cf. the dashed line in the Leff Inser with the respective
in vitro k,;on the Right Inset). Therefore, our findings support a
key role for binding kinetics at DAT in discriminating between
the “slow kinetics” inhibitors and the “fast kinetics” inhibitors.
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Discussion

Drugs which potently interact with DAT are historically associated
with high abuse liability (11), especially those drugs which display
higher potency at DAT in comparison with SERT (12, 13).
Indeed, the preference for DAT over SERT; i.e., DAT/SERT selec-
tivity ratio, is regularly used as a predictive indicator of the abuse
liability of a given drug (14, 18). In agreement with previous
studies (28), we found that S-aPVP has a high DAT/SERT selec-
tivity ratio when compared to both cocaine and R-aPVP. However,
despite the fact that DAT/SERT selectivity has been used as an
index of abuse liability, several high affinity and DAT-selective
inhibitors such as benztropines, rimcazole, GBR12909, and
related analogs do not induce robust reinforcing and stimulatory
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effects (15, 60). On the other hand, cocaine, which clearly acts as
a drug of abuse and also induces reinforcing and stimulatory
effects, does not present with a high DAT/SERT selectivity ratio.
Hence, the molecular basis for the differences in behavioral effects
across different DAT inhibitors is still not completely understood,
and numerous hypotheses have been put forward (15).

The in vitro pharmacology of drugs is normally assessed under
thermodynamic equilibrium conditions, yet in the human body,
the drug-target interactions are influenced by the constant flux of
fluids and a variety of physiological processes. Hence, the in vitro
effects of a given drug may not predict in vivo activity. In the past,
it was suggested that the DAT-selective benztropine analog
JHWO007 can antagonize the reinforcing effects of cocaine by
slowly occupying DAT in the CNS (61), indicating that binding

https://doi.org/10.1073/pnas.2114204120 7 of 11



8 of 11

kinetics can influence behavioral properties of DAT ligands. Prior
studies found that S-aPVP and S-MDPV engender robust self-ad-
ministration in rats, while R-aPVP and R-MDPV are less potent
in this regard (28, 62, 63), but a link with binding kinetics was
not attempted. Establishing kinetic-activity relationships for DAT
ligands may help to i) define the role of kinetics in pharmacolog-
ical processes and ii) develop DAT inhibitors with reduced abuse
liability.

In the present study, we compared the DAT binding kinetics
of pyrovalerone analogs with more traditional DAT inhibitors like
cocaine and MPH. In humans, aPVP and MDPV display a similar
onset of action to cocaine but have longer-lasting effects, which
may exacerbate their effects and consequently lead to serious intox-
ication (22, 24, 25, 27). Our systematic in vitro comparison of
aPVP enantiomers and cocaine highlighted substantial differences
between the kinetic profiles at DAT, which could be extended
in vivo as significantly prolonged psychomotor effects of the aPVP
enantiomers in mice. The relationship between slow £,,at DAT
and sustained locomotor activity could be extended further to the
structurally related drugs S-MDPV and S-pyrovalerone, therefore
suggesting that the slow dissociation kinetics at DAT may underlie
the long-lasting effects of these drugs.

Our in vitro experiments indicated that the slow dissociation
kinetics of aPVP enantiomers are not related to the binding at an
allosteric site on DAT, which differs from what is known about
the allosteric SERT inhibitors S-citalopram (64, 65) and Lu
AF60097 (52). Indeed, we found that aPVP enantiomers bind to
the orthosteric site on DAT. However, when the F76 of DAT was
mutated to the corresponding residue in SERT (DAT-F76Y), the
potency of aPVP enantiomers in inhibiting dopamine uptake was
reduced, while no changes were observed for cocaine. Thus, there
are subtle differences between the binding of aPVP and cocaine
to the orthosteric site on DAT. Our docking data agree with pre-
vious studies, where the F76 in DAT, together with the corre-
sponding Y95 in SERT are key residues for substrate recognition
in the central binding site (66-68).

Our computational data showed a slightly different interaction
mode between DAT and S-aPVP compared to cocaine. While the
aromatic ring of both drugs is located similarly to what has been
reported in the case of dopamine, amphetamines, and inhibitors
like cocaine, RTI-55, or nisoxetine structures (50, 69), S-aPVP
protrudes deeper in the S1 binding site compared to cocaine,
explaining why F76Y has an effect on S-aPVP but not on cocaine.
'The binding pose of aPVP is also consistent with the experimental
data summarized in Fig. 2G for several reasons: i) The V152I
mutant lowers the Ki of S-aPVP to DAT; ii) the binding pose
suggests that the V1521 mutation leads to an increase in hydro-
phobicity in the S1 site and therefore enhances the interaction
with the aromatic moiety of S-aPVDP; iii) mutations of S149 and
S$429 to alanine had minimal effects on Ki, which is in line with
the binding pose showing no direct contacts of these residues with
S-aPVP; iv) the mutation F76Y introduces an increase in local
hydrophilicity at the bottom of the S1 binding site and an addi-
tional hydrogen bond donor which cannot be used by S-aPVP
since the required rotation would perturb its interaction with the
S1 site.

We show that the non-competitive pharmacology of aPVP is
secondary to DAT binding kinetics since the non-competitive
inhibition could be converted to a competitive profile by increas-
ing incubation time for dopamine uptake. This pharmacological
profile is consistent with a slow binding kinetics mechanism
(53-55), and it is not due to DAT-internalization (S/ Appendix,
Fig. §3), similar to previous reports on cocaine (70, 71).
Importantly, the slow binding kinetics mechanism of aPVP to

https://doi.org/10.1073/pnas.2114204120

DAT differs, at least in part, from the binding of the indole
alkaloid ibogaine to SERT. Ibogaine exhibits a non-competitive
pharmacology by stabilizing the inward-open conformation of
SERT (57, 72, 73). For aPVD, similarly to ibogaine, we see
non-competitive pharmacology without interactions with sec-
ondary sites. However, compared to ibogaine, aPVP seems to be
more dependent on a single state of the transport cycle and shows
amuch slower £, similar results were obtained for S-MDPV and
S-pyrovalerone. On the other hand, RMDPV and R-pyrovalerone
showed a similar profile to ibogaine suggesting that subtle differ-
ences in the chemical structure or the enantiomeric configuration
of DAT inhibitors might drastically change their interaction
mode with DAT. We could not rule out the final conformation
stabilized by aPVP, but we may speculate that the binding of
aPVP in the central binding site of DAT may elicit local struc-
tural re-arrangements that are preventing its dissociation. A sim-
ilar mechanism has been recently shown in the case of the
5-HT2B receptor crystal structure in complex with lysergic acid
diethylamide (74).

When examined in native tissue preparations, we observed dif-
ferences in the relative potency of the various DAT ligands in
HEK?293 cells and synaptosomes, showing a rank order of potency
of S-aPVP > cocaine > R-aPVP. By contrast, the rank order of
drug potency in the FSCV slice experiments was S-aPVP >
R-aPVP > cocaine. The differences in relative potency across the
experiments could be related to the different assay preparations
employed, where DAT sites are more readily accessible in uptake
assays as compared to slice preparations where DAT sites are
embedded in a complex cellular matrix. Other possibilities include
non-DAT sites of action for PVP isomers, which contribute to
their effects on dopamine clearance measured in the FSCV
experiments.

Based on the collective in vitro studies, we examined whether
the differences in binding kinetics between different DAT inhib-
itors could be reflected in their psychomotor stimulant properties
in mice. By conducting time-course experiments, we compared
the onset and decline of locomotor effects produced by the various
drugs. We found that a slow £,;at DAT for S- and R-aPVDP,
S-MDPYV, and S-pyrovalerone was associated with prolonged psy-
chomotor effects of the drugs in vivo. Accordingly, the faster £,
for cocaine, MPH, R-MDPV, and R-pyrovalerone was associated
with much shorter duration of locomotor effects. For all of the
tested DAT inhibitors, the descending limb of the locomotor
time-effect curve showed virtually no dose-dependence, as expected
from an in vivo surrogate of £, By contrast, the onset of drug
action always showed a clear dose-dependency, as expected from
an in vivo surrogate of a k,,(SI Appendix, Fig. S7 and Table S4).

Collectively, our findings show that a prolonged residence time
on DAT can have important repercussions: i) The in vivo stimu-
lant effects of DAT inhibitors are prolonged, and ii) tightly bound
drugs are not available for metabolic degradation.

It has been shown previously that the reinforcing effects medi-
ated by aPVP both in monkeys and rats are substantially pro-
longed when compared to effects of cocaine (13, 75). Similarly,
prolonged stimulatory effects have been observed for MDPV in
experimental animals (76) and for pyrovalerone in controlled clin-
ical studies in humans (21). The tested DAT inhibitors show
striking differences in binding kinetics which strongly correlate
with the decline of stimulant effects in vivo.

The slow off rate observed in the case of ®PVP enantiomers,
S-MDPYV, and S-pyrovalerone at DAT has important consequences
for understanding their serious and protracted side effects (at least
for aPVP and MDPV) such as psychosis, delirium states, and
cardiovascular complications (23, 31, 77). In this study, we have

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2114204120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2114204120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2114204120#supplementary-materials

focused on DAT because of its well -established role in psychomo-
tor functions (4). However, considering the role of norepinephrine
and NET in the regulation of blood pressure and heart rate (78),
the structural similarities between DAT and NET (1), and the high
affinity that aPVE MDPYV, and pyrovalerone have for NET (20),
we surmise that a slow dissociation rate at NET might underlie
the peripheral side effects commonly observed in drug users. A
prolonged NET inhibition could dramatically impact the cardio-
vascular system due to the stimulatory role of norepinephrine in
the regulation of blood pressure and heart rate (78). In agreement,
administration of MDPV or aPVP-enantiomers in rats shows an
extended increase in blood pressure (28, 79). However, it is impor-
tant to consider that DAT, in addition to its important role in the
brain, is also widely expressed peripherally (80). Prolonged inhi-
bition of the peripheral DAT could therefore, in principle, result
in a peripheral hyperdopaminergic state, consequently altering
systemic blood pressure (81). A more systematic analysis focusing
on the peripheral effects of DAT inhibitors will be required to
further elucidate the molecular targets leading to possibly detri-
mental side effects.

In conclusion, we show that drug-binding kinetics at DAT can
have a significant 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 compounds with improved clinical
utility. Furthermore, our findings show how psychopharmacolog-
ical research on illicit drugs may help to reach a better understand-
ing of physiological and toxicological processes.

Materials and Methods

Uptake experiments were conducted to evaluate the competitive/non-competitive
pharmacology of the inhibitors and to characterize DAT-mutants. Experiments
were conducted in HEK293 cells as previously done (57, 82). Buffer was Krebs
HEPES buffer, and radiotracers were 0.2 uM [°H]DAfor DATand 0.2 pM [*H]5-HT
for SERT. Nonspecific uptake was determined in the presence of 30 uM MPH (DAT)
or 10 uM paroxetine (SERT) and subtracted.

Binding experiments were used to evaluate the involvement of an S2-like site
in DAT. Experiments were adapted from previous experiments (83). When con-
ducted in membranes from HEK293 cells expressing DAT, we used 10 pg/assay
of DATmembranes and [PH]WIN35428 as a tracer. When conducted in whole cells
instead, COS-7 expressing DAT were seeded onto poly-ornithine-coated plates and
[*HIMFZ 2-12 was used as a tracer.

site-Directed Mutagenesis. QuikChange Il site-directed mutagenesis kit
(AgilentTechnologies) was used to create DAT-mutants required for defining the
interacting residues of DAT orthosteric site with the inhibitors.

Uptake inhibition experiments were conducted to assess the interaction of the
inhibitors with WTand mutants of DATas previously reported (82, 84). Conditions
were the same as the uptake experiments described before. Uptake in the absence
of the substance of interest was defined as 100% uptake.

Molecular Modeling. The mutagenesis data were integrated in a molecular
model which highlights the interaction between the inhibitors and DAT. The
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homology model used is based on the outward-open crystal structure of hSERT
[PDBID: 5171, (64)].

Confocal Microscopy. We used a YFP-tagged version of DATand a Nikon laser
scanning confocal microscope system to study DAT-internalization following inhib-
itor binding. Plasma membrane was stained with 0.4% Trypan blue (Sigma) for
5min.

Kinetic modeling was performed as done previously (85). Systems Biology
Toolbox and MATLAB 2015a (Mathworks) were used to study the time-dependent
non-competitive pharmacology of the inhibitors.

Transporter electrophysiology was used to resolve the dissociation constant of
the tested inhibitors in vitro and to assess the dependence of inhibitor binding on
transporter state/s as reported previously (57, 86). Transporter-mediated current was
recorded from HEK293 cells expressing DAT, in the whole-cell configuration. Cells
were clamped at —60 mVand continuously superfused with the necessary solutions.

Fscv. FSCVin acute rat striatal slices was employed to test the reproducibility of
the data in complex rodent systems. Acute slices were prepared from Long-Evans
rats. 7 um carbon fibers were used for the recordings. Scans consisted of sweeps
from —0.4 to 1.3 Vand back to —0.4 Y, at a rate of 400 V/s, and were obtained
at 50 Hz. Dopamine release was electrically evoked every 90 s with a bipolar
stimulating electrode and a single, constant current pulse (10 to 180 pA, 1 ms
duration). All the procedures were carried out as done previously (87).

Behavioral Experiments. Procedures were adapted from previous experi-
ments (88, 89). Open-field test in adult male WT C57BI6/N mice (10 to 12 wk
old at the beginning of the experiments) was used to derive correlates of
in vivo binding kinetics. The compounds were freshly dissolved in saline the
day of the experiments and injected i.p. The distance traveled during 90 min
session was recorded in 5 min bins. All animals experiments were conducted
in agreement with the ARRIVE guidelines and the UK Animals (Scientific
Procedures Act, 1986 and associated guidelines, EU Directive 2010/63/EU
for animal experiments) and approved by the national ethical committee
on animal care and use (Bundesministerium fiir Bildung, Wissenschaft und
Forschung: BMBWF-2022-0.121.471).

Detailed procedures and Materials used in the current study are provided in
the S Appendix.

Data, Materials, and Software Availability. Figures and tables data have
been deposited in Figshare (https://doi.org/10.6084/m9 figshare.14958270.v1).
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