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Abstract

Rationale—New psychoactive substances (NPS), including substituted cathinones and other
stimulants, are synthesized, sold on the Internet, and ingested without knowledge of their
pharmacological activity and/or toxicity. /n vitro pharmacology plays a role in therapeutic drug
development, drug-protein /n silico interaction modeling, and drug scheduling.

Objectives—The goal of this research was to determine mechanisms of action that may indicate
NPS abuse liability.

Methods—Affinities to displace the radioligand [*2°1]RTI-55 and potencies to inhibit
[3H]neurotransmitter uptake for 22 cathinones, 6 benzofurans and another stimulant were
characterized using human embryonic kidney cells stably expressing recombinant human
transporters for dopamine, norepinephrine or serotonin (hDAT, hNET, or hSERT, respectively).
Selected compounds were tested for potencies and efficacies at inducing [3H]neurotransmitter
release viathe transporters. Computational modeling was conducted to explain plausible
molecular interactions established by NPS and transporters.

Results—Most a-pyrrolidinophenones had high hDAT potencies and selectivities in uptake
assays, with hDAT/hSERT uptake selectivity ratios of 83 —360. Other substituted cathinones
varied in their potencies and selectivities, with Atethyl-hexedrone and A-ethyl-pentylone having
highest hDAT potencies and A-propyl-pentedrone having highest hDAT selectivity. 4-Cl-
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ethcathinone and 3,4-methylenedioxy- A-propylcathinone had higher hSERT selectivity.
Benzofurans generally had low hDAT selectivity, especially 5-MAPDB, with 25-fold higher
hSERT potency. Consistent with this selectivity, the benzofurans were releasers at hSERT.
Modeling indicated key amino acids in the transporters’ binding pockets that influence drug
affinities.

Conclusions—The a-pyrrolidinophenones, with high hDAT selectivity, have high abuse
potential. Lower hDAT selectivity among benzofurans suggests similarity to MDMA, entactogens
with lower stimulant activity.

Keywords

New psychoactive substances; psychostimulant; pharmacology; transporter; benzofurans;
cathinones

Introduction

Novel stimulants, a class of new psychoactive substances which includes amphetamine-
related compounds, substituted cathinones and benzofurans, are being detected in “street
drug” combinations (bath salts), in blood and/or tissue of emergency room patients, and in
stimulant-abuse related deaths (King and Corkery 2018; Krotulski et al. 2018; Tettey et al.
2018; Simmler and Liechti 2018). The reported use or detection of new compounds includes
mexedrone, PV9 (aPOP) and 2-MAPB (Roberts et al. 2017; Uchiyama et al. 2014; Staeheli
etal. 2017). /n vitro pharmacological assays are valuable for determining the initial sites of
action of new compounds, and can aid in predicting abuse potential and possible toxicity by
comparison with well characterized compounds (Simmler and Liechti 2017).

Synthetic cathinones (SC), with a keto group on the beta carbon, and abused amphetamines,
target the DAT, SERT and NET and have abuse potential (Dal Cason et al. 1997; De Felice
et al. 2014; Glennon and Dukat 2017). Acute toxicity is associated with sympathomimetic
effects, including hyperthermia, hypertension, tachycardia and anxiety (Tyrkko et al. 2016).
In addition, some SCs are structurally similar to MDMA, an entactogen. While entactogens
are associated with feelings of well-being and empathy, they can increase the risk of
developing life-threatening serotonin (5-HT) syndrome (de la Torre et al. 2004).

Several generations of SC have been detected in online drug supply offerings. The first wave
included MDPV, a very potent uptake blocker, and methylone, a substrate that increases
extracellular neurotransmitter concentrations both by competing for reuptake viathe
transporters and by inducing neurotransmitter release from intracellular stores (Eshleman et
al. 2013; Baumann et al. 2013; Schindler et al. 2016; Hadlock et al. 2011; Lopez-Arnau et
al. 2012; Cameron et al. 2013; Iversen et al. 2013). A second generation included a-PVP,
pentedrone and pentylone (Simmler et al. 2014; Eshleman et al. 2017; Gatch et al. 2015;
Saha et al. 2015). Many first and second generation SCs are Schedule 1 substances in the
USA, having no therapeutic uses and high potential for abuse (Drug Enforcement
Administration 2011; Drug Enforcement Administration 2017). We now describe another
generation of SCs, frequently created by adding a halogen, methyl or other small moiety to
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previously characterized and controlled compounds to circumvent regulatory scheduling
(Fig 1).

Pyrrolidino-substituted cathinones have a 5-membered nitrogen-containing ring on the alpha
carbon (Fig 1A) and are generally pure uptake blockers with no releasing activity (Eshleman
et al. 2013; Eshleman et al. 2017; Marusich et al. 2014; Rickli et al. 2015a). In addition, the
carbon chain length on the alpha carbon affects DAT affinity and potency, with compounds
containing tails with 3—-6 carbons having very high affinity (Kolanos et al. 2015; Eshleman et
al. 2017).

There is limited information about the mechanism of action and toxicity of newer synthetic
cathinones. In synaptosomes, dimethylone (bk-MDDMA) inhibits uptake by DAT, SERT
and NET with micromolar potencies, has minimal effect on neurotransmitter release from
DAT and NET, and very low potency at inducing release via SERT (Sandtner et al. 2016). In
rat brain synaptosomes, mexedrone is a weak non-selective uptake blocker with no releasing
activity at DAT and NET, but is a low potency releaser at SERT (McLaughlin et al. 2017). 4-
F-a-PVP was synthesized by Meltzer et al. (2006) in an effort to find medications for
cocaine abuse.

Benzofurans, structurally similar to MDMA, have similar or higher potency at inhibition of
5-HT uptake in rat synaptosomes than 3,4-methylenedioxyamphetamine (Monte et al. 1993).
Microdialysis in mouse striatum reveals that 2-MAPB and 5-MAPB increase 5-HT levels
more than dopamine (DA) levels (Fuwa et al. 2016). 6-APB (Benzofury) and 5-MAPDB
inhibit NET and SERT uptake more than DAT uptake (Rickli et al. 2015b). At micromolar
concentrations, some benzofurans interact with nicotinic, adrenergic and 5-HT24 g ¢
receptors (Shimshoni et al. 2017). The benzofurans, consumed as stimulating or
entactogenic drugs, have adverse effects typical for stimulants (Welter-Luedeke and Maurer
2016; Hofer et al. 2017).

The goal of this research was to determine mechanisms of action of these compounds that
may indicate abuse liability. We characterized /n vitro pharmacology of 8 pyrrolidino
cathinones, 6 pentedrone and 5 pentylone analogs, 6 benzofurans, and 3 additional
cathinones. /n sifico modeling revealed specific amino acids in the transporters that affected
affinity of compounds. For a subset of compounds, we determined potential to induce
release of [3H]neurotransmitter from cells. Using uptake inhibitory potencies, we
determined selectivity ratios for potency at DAT vs SERT, which aids in prediction of abuse
potential (Baumann et al. 2012).

Drugs and Materials

Cocaine, methamphetamine (METH), MDMA, and methcathinone (MCAT) were
generously supplied by the NIDA Drug Supply Program (Bethesda, MD). The hydrochloride
salts of 4’-chloro-a-pyrrolidinopropiophenone (4-Cl-a-PPP); 4-fluoro-a—
pyrrolidinopentiophenone (4-F-a-PVP); 4’-chloro-a—pyrrolidinopentiophenone (4-Cl-a-
PVP); 3’,4’-tetramethylene-a-pyrrolidinovalerophenone (TH-PVP); 4’-fluoro-a—
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pyrrolidinohexanophenone (4-F-a-PHP); 4’-methyl-a—pyrrolidinohexanophenone (4-Me-a.-
PHP); 3,4-methylenedioxy-a—pyrrolidinohexanophenone (3,4-MDPHP); 1-phenyl-2-
(pyrrolidin-1-yl)octan-1-one (PV9); 4-chloro pentedrone (4-CPD); 4-methyl pentedrone (4-
MPD); a-ethylaminopentiophenone (a-EPP); a.-propylaminopentiophenone (A-
propylpentedrone); 4-methyl-a-ethylaminopentiophenone (4-MEAP); a-
ethylaminohexanophenone (A-Et Hexedrone); N-ethyl pentylone; 3,4-methylenedioxy-/A-
propylcathinone (PRONE); bk-MDDMA (dimethylone); bk-DMBDB (dibutylone); N, A-
dimethylpentylone (bk-DMBDP); 3-methoxy-2-(methylamino)-1-(p-tolyl)propan-1-one
(mexedrone); 4-Cl-ethcathinone (4-CEC); 3-methylmethcathinone (3-MMC); 1-[1-
(phenylmethyl)butyl]-pyrrolidine (Prolintane); A,a-dimethyl-2-benzofuranethanamine (2-
MAPB); N.a-dimethyl-5-benzofuranethanamine (5-MAPB); N.a-dimethyl-6-
benzofuranethanamine (6-MAPB); 1-(2,3-dihydrobenzofuran-5-yl)- A~methylpropan-2-
amine (5-MAPDB); a-methyl-6-benzofuranethanamine (6-APB); and N-ethyl-a-methyl-6-
benzofuranethanamine (6-EAPB) were purchased from Cayman Chemical (Ann Arbor, MI).
[1251]RTI-55, [3H]DA, [3H]5-HT, and [3H]norepinephrine (NE), were purchased from
Perkin Elmer Life & Analytical Sciences (Boston, MA). Drugs were dissolved in DMSQO to
make a 10 or 100 mM stock. FetalClone and bovine calf serum (BCS) were purchased from
ThermoFisher, Waltham, MA. Other chemicals were purchased from Sigma-Aldrich (St.
Louis, MO).

Inhibition of [122[]RTI-55 binding to, and [3H]neurotransmitter uptake by, hDAT, hSERT or
hNET expressed in HEK-293 Cells

RTI-55 is a stable cocaine homolog (a phenyltropane-derived psychostimulant) and DAT
inhibitor that binds to the three transporters with low nM affinity. The methods for
characterizing radioligand binding and functional uptake assays have been described
(Eshleman et al. 1999). Human embryonic kidney (HEK-293) cells stably expressing the
recombinant hDAT (HEK-hDAT), hSERT (HEK-hSERT) or hNET (HEK-hNET) were used.
Cells were cultured in DMEM supplemented with 5% FetalClone, 5% bovine calf serum,
penicillin/streptomycin and 2 pg/ml puromycin (hDAT and hSERT) or 10% FetalClone,
penicillin/streptomycin and 300 pg/ml G418. (WNET). For [12%1]RTI-55 competition binding
assays, a total particulate membrane preparation was used, resuspended in 50, 15 or 5 ml
(hDAT, hSERT, or hNET, respectively) of 0.32 M sucrose /cell culture plate.

Binding assay conditions: Each assay well contained membrane preparation, test compound
or buffer (Krebs-HEPES, pH 7.4; 122 mM NaCl, 2.5 mM CaCl,, 1.2 mM MgSOy, 10 uM
pargyline, 100 uM tropolone, 0.2% glucose and 0.02% ascorbic acid, buffered with 25 mM
HEPES), and [12%1]RTI-55 (40-80 pM final concentration) in a final volume of 250 pl.
Radioligand was added after a 10 min preincubation of membranes with test compounds.
Binding was terminated after 90 min incubation by filtration over Filtermat A filters (Perkin
Elmer) using a Tomtec 96-well cell harvester (Hamden, CT). Radioactivity on the filter was
determined using a Perkin Elmer pbeta-plate reader. Specific binding was defined as the
difference in binding observed in the presence and absence of 5 uM mazindol (hDAT and
hNET) or 5 uM imipramine (hSERT).
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For [3H]neurotransmitter uptake assays, confluent cells were removed from plates by gentle
scraping and trituration with a pipette. Krebs-HEPES and test compound, compound used to
define non-specific uptake (5 uM mazindol (hDAT and hNET) or 5 pM imipramine
(hSERT)) or buffer and cells were added to vials and preincubated for 10 min at 25°C.
[3BH]DA (hDAT), [3H]5-HT (hSERT), or [BH]NE (hNET) (20 nM final concentration) was
added and uptake was conducted for 10 min. Uptake was terminated by filtration as
described above through Filtermat A filters presoaked in 0.05% polyethylenimine.

Biogenic amine transporters: [3H]Neurotransmitter release

Cells were scraped from one plate (hDAT and hSERT) or three plates (hNET) into 8 ml
Krebs HEPES buffer, centrifuged at 500 rpm for 7 min, and resuspended in 8 ml Krebs
HEPES (Gatch et al., 2011; Eshleman et al., 2013). Cells were loaded for 15 min at 30°C
with 120 nM [3H]DA (hDAT), 30 min at 25°C with 20 nM [3H]5-HT (hSERT) or 12 min at
30°C with 120 nM [3HINE (hNET). After centrifugation to remove extracellular
[3H]neurotransmitter, cells were resuspended in Krebs HEPES, and cell suspension (280 pl)
was added to a Suprafusion 2500 device (Brandel, Gaithersburg, MD) using polyethylene
discs in reaction tubes. Drug-induced neurotransmitter release was conducted at 30°C
(hDAT) or 25°C (hSERT and hNET). Baseline release was established by perfusion of buffer
(12 min hDAT and hSERT or 15 min hNET), with the last 6 min (3 x 2 min fractions)
collected. Drug-induced release was initiated by perfusion of drug solutions (10 nM to 100
uM) for 22 min, collecting 11 x 2 min fractions. Maximal release typically occurred 4-6 min
after substrate perfusion. To lyse cells and release remaining radioactivity, SDS (1%) was
perfused, and 4 x 2.5 min fractions were collected. Radioactivity in the samples was
determined using conventional liquid scintillation spectrometry. An advantage of this
method is continuous removal of released [3H]neurotransmitter, decreasing reuptake of
released [*H]neurotransmitter, which could be a confound. In addition, the use of transfected
cells stably expressing a single transporter allows the release to be conducted in the absence
of inhibitors for other transporters, as is needed with release assays conducted with
synaptosomes.

Modeling of bath salts’ interaction with the transporters

The crystal structures for hDAT and hNET are not available, therefore we used homology
modeling method to generate 3D models based on the available hSERT crystal structure
(Coleman et al., 2016; PDB: 516X) as a template. The sequence identity of the aligned
regions of the template and target sequence is 51.4% (hDAT) and 53.4% (hNET). The
sequence alignment and the template crystal structure served as an input to MODELLER
9.14 program (Sali and Blundell, 1993; Webb and Sali, 2017) with the best models selected
based on the discrete optimized protein energy (DOPE) score (Shen and Sali, 2006) and
visualization.

To model ligand/protein interactions, we used the Schrédinger Small Molecule Drug
Discovery Suite of Programs (Schrédinger, LLC, New York, NY, 2013). The crystal
structure of hSERT and homology models generated for hDAT and hNET were subjected to
docking. Before docking all ligand molecules were aligned using paroxetine as a template,
key pharmacophores were generated based on the alignment and matching atom types. All
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ligands carry a positive net charge (+1) due to a protonated nitrogen (Fig 1). The induced-fit
docking (IFD) protocol (Sherman et al., 2006) was performed in extended mode; the active-
site was defined based on the 20A surrounding the conserved aspartate. During IFD, protein
residues within 5A of the protein active site surrounding the docked pose were allowed to
move. Under physiological conditions both protein and ligand molecules are flexible; IFD
mimics this flexibility while docking. The binding poses were rank-ordered using the grid-
based ligand docking with energetics (GLIDE) scoring function (Friesner et al., 2004;
Friesner et al., 2006; Halgren et al., 2004).

Data analysis

Results

Competition binding data were normalized to specific binding in the absence of drug. Three
or more independent competition experiments were conducted with duplicate
determinations. Data was analyzed with GraphPAD Prism7 (La Jolla, CA), and ICsq values
were converted to K;j values using the Cheng-Prusoff equation (Cheng and Prusoff, 1973)
using Ky values previously determined (Eshleman et al., 2013). Differences in affinities were
assessed by one-way ANOVA using the logarithms of K; values and Dunnett’s multiple
comparison test compared test compounds to a drug standard as noted. In uptake assays,
ICsq values were determined using Prism7. The DAT/SERT ratio was determined by
dividing 1/(DAT ICsp) by 1/(SERT ICsq), with higher values indicating more DAT
selectivity (Baumann et al. 2012).

For release assays, fractional release was defined as radioactivity in a fraction divided by the
total radioactivity remaining in cells. The area under the curve (AUC) for each time course
was calculated using Prism7 with baseline defined as the average of the two lowest fractions.
For each experiment, the basal release AUC in the absence of drug was subtracted from each
AUC before normalizing to the percent of maximal METH-stimulated release. Prism7 was
used to calculate ECs values using sigmoidal nonlinear regression.

a-Pyrrolidinophenones at hDAT, hSERT and hNET: Inhibition of [1251]RTI-55 binding and
[3H]neurotransmitter uptake and efficacy at inducing [3H]neurotransmitter release

[125]]RTI-55 binding and [3H]neurotransmitter uptake: a-Pyrrolidinophenones are
cathinones with a pyrrolidine group with varying carbon chain lengths on the a-carbon (Fig
1A). The prototypical a-pyrrolidinophenones, a-PVP, has a 3 carbon tail (Fig 1A, position
Ry). All a-pyrrolidinophenones tested, except TH-PVP, had rank order of binding affinity of
hDAT > hNET > hSERT, which suggests selectivity for catecholamine versus indoleamine
transporters (Table 1). Five compounds had substitutions at the para position of the benzene
ring (Fig 1A, Rq) and varied carbon tail length (Fig 1A, Ry): 4-Cl-a-PPP (1 carbon), 4-F-a.-
PVP and 4-Cl-a-PVP (3 carbons), and 4-F-a-PHP and 4-Me-a.-PHP (4 carbons). 4-Me-a.-
PHP had highest hDAT affinity (23 nM) and 4-Cl-a-PVP had highest affinities for hNSERT
(2.02 uM) and hNET (281 nM, Table 1). TH-PVP, with a six-membered ring fused to the
benzene ring of a-PVP, had higher affinity for \SERT than hDAT or hNET. Compared to a-
PVP, 4-Cl-a-PVP, 4-F-a-PVP, 4-F-a-PHP and TH-PVP had decreased hDAT affinities
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(p5<0.05-0.0001), while all had increased hSERT and decreased hNET affinities (ps<0.05-
0.001).

In the uptake assays, among these compounds, 4-Cl-a-PPP, with the shortest carbon chain,
had the lowest hDAT and hNET uptake inhibition potencies (0.73 and 1.42 uM,
respectively), while 4-F-a.-PVP had the lowest hSERT potency (42.5 uM, Fig 2A, Table 1).
The potencies to inhibit uptake by hDAT and hNET were very similar for each compound,
as shown for 4-F-a.-PVP, 4-Cl-a-PVP and TH-PVP (Fig 2A,B,C). 4-Cl-a-PVP (Fig 2B), 4-
F-a-PHP and 4-Me-a-PHP had very high potency at hDAT (13-38 nM), while 4-F-a.-PVP
had the highest selectivity for hDAT over hSERT (360 fold, Fig 2A). 3,4-MDPHP, which has
a 3,4-methylenedioxy moiety and a 4-carbon tail (Fig 1A), had the highest hDAT potency of
all a-pyrrolidinophenones tested (8.4 nM), and 160-fold hDAT selectivity (Table 1, Fig 2D).
PV9, with a 7 carbon tail (Fig 1A), had similar potency as the substituted PVP and PHP
compounds. No compound had significantly increased hDAT or hNET potency compared to
a-PVP. 4-Cl-a-PPP, 4-F-a-PVP, TH-PVP and PV9 had lower potency at hDAT (ps<0.05-
0.0001), and 4-Cl-a-PPP, 4-F-a-PVP, TH-PVP and 4-F-a-PHP had lower potency at hNET
(ps<0.05-0.0001) compared to a-PVP. In contrast, at hRSERT all compounds except 4-F-a-
PVP had increased potency (ps<0.05-0.0001) compared to a-PVP. TH-PVP had the highest
SERT potency (0.208 uM) and was the only compound in this set with selectivity for SERT
over DAT (12-fold, Fig 2C). Prolintane, structurally similar to a-PVP except without the
ketone group (Fig 1A) and thus not a substituted cathinone, had hDAT and hNET potencies
similar to 4-F-a-PVP but 40-fold higher hSERT potency (p<0.0001, Table 1).

[3H]Neurotransmitter Release: The pyrrolidino cathinone analogs TH-PVP and 4-Cl-
PVP had minimal to no releasing efficacy at hDAT, hSERT or hNET (Table 2).

Other substituted cathinones at hDAT, hSERT and hNET: Inhibition of [1251]RTI-55 binding
and [3H]Neurotransmitter uptake and release

Five pentedrone analogs (Fig 1B) with 3 carbon tails were tested. Two compounds, 4-MPD
and 4-CPD, had para-methyl or -chloro addition to the phenyl ring (Fig 1B, R1). Both
substitutions decreased hDAT affinity approximately 4- to 5-fold (p<0.01) compared to
pentedrone and increased hSERT affinity modestly. In uptake assays, these phenyl ring
substitutions had less effect on hDAT potency; 4-CPD had lower potency (p<0.05) while 4-
MPD had potency similar to pentedrone. However, potency was increased 15- to 17-fold at
SERT (p<0.001), shifting the hDAT/hSERT selectivity from 50 for pentedrone to 1-3 for the
para-substituted compounds. 4-CPD had similar potencies at hDAT, hSERT and hNET, (Fig
2E). a-EPP and A-propyl pentedrone have ethyl and propyl substitutions for the methyl
group on the nitrogen (Fig 1B, Ry). The ethyl substitution increased hNET affinity (p<0.05)
and had minimal effects on uptake inhibition potency by the transporters, with an overall
effect of slightly increasing the hDAT/hSERT ratio (Fig 2F). The propyl substitution had
little effect on hDAT or hNET affinity or potency, but decreased hSERT potency (p<0.001),
thus increasing the hDAT/hSERT ratio compared to pentedrone (Fig 2G). 4-MEAP, with
both a para-methyl group and an A-ethyl group (Fig 1B, R1g>), increased affinity 20-fold
and potency 8-fold for hNSERT compared to pentedrone (p<0.0001), decreasing hDAT
selectivity 8-fold (Fig 2H). A-Et-hexedrone is similar to a.-EPP but has a 4 carbon tail (Fig
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1B, R3). It has similar affinities for the transporters as a-EPP and slightly higher hDAT/
hSERT selectivity (100).

Five compounds in this group have the 3,4 methylenedioxy moiety which is shared with
MDMA (Fig 1C). Two analogs differ from pentylone by substitution of the methyl group on
the nitrogen. N-Et pentylone has an ethyl group at this position (Fig 1C, R,) and has similar
hDAT affinity and higher hSERT (p<0.0001) and hNET (p<0.01) affinities compared to
pentylone. However, increased hDAT potency (p<0.01) resulted in a ~2-fold increase in
hDAT/hSERT selectivity (Table 1). bk-DMBDP has 2 methyl groups on the nitrogen (Fig
1C, R1g2) and increased hNET affinity (p<0.01) and decreased hSERT potency (p<0.001),
which slightly shifted selectivity toward hDAT (Table 1). Dibutylone, which is similar to bk-
DMBDP with two methyl groups on the nitrogen but with a shorter tail (Fig 1C, R3), had
hDAT and hNET affinities and potencies similar to pentylone and very low hSERT affinity
and potency. The shorter carbon tail caused lower affinity and potency at all three
transporters. Dimethylone, with 2 methyl groups on the nitrogen and a short 1 carbon tail
(Fig 1C, R3), had the lowest affinities and potencies of the pentylone group, with all
parameters in the micromolar range (Table 1). PRONE, similar to dimethylone with a short 1
carbon tail but with a propyl group instead of the dimethyl groups (Fig 1C, Ryg3), had very
low affinities and potencies at all three transporters. In the release assays, three compounds,
N-Et pentylone, dibutylone, and dimethylone, had no efficacy at inducing release from
hDAT, hSERT or hNET (Table 2), consistent with previous results with pentylone (Eshleman
etal. 2017).

Three MCAT analogs with modifications on the phenyl ring were tested (Fig 1D). MCAT
had low micromolar affinities for hDAT and hNET, and much lower hSERT affinity. In
uptake assays, MCAT had a rank order of potency of hNET > hDAT >>hSERT (Fig 21). In
release assays, MCAT had high nanomolar to low micromolar potency at NET and DAT, but
had 50-fold lower potency at SERT (Table 2, Fig 3A). 3-MMC, with a meta-methyl on the
phenyl ring (Fig 1, R,), had similar hDAT affinity and potency as MCAT. In contrast, at
hSERT it had ~40-fold higher affinity and 6.5-fold higher potency (ps<0.0001) than MCAT,
resulting in a hDAT/hSERT shift from 130 for MCAT to 10 for 3-MMC (Table 1, Fig 2J). 4-
CEC, with a para-chloro on the phenyl ring and an ethyl on the nitrogen (Fig 1, R1g3), had
high nanomolar to micromolar hDAT and hNET affinities and potencies. At hSERT, it had
low micromolar binding affinity and mid nanomolar uptake potency, resulting in a 3-fold
selectivity for hSERT (Fig 2K). Consistent with this selectivity, 4-CEC had minimal
releasing efficacy at hDAT and hNET, but had full releasing efficacy at hSERT, suggesting
that it is a substrate only at the latter (Fig 3B). These results are similar to those reported
earlier for ethylone (ethcathinone) (Eshleman et al. 2017). Mexedrone has a para methyl
group and a methyl-methoxy tail on the alpha carbon (Fig 1, R1g4). It had low affinities and
potencies at all transporters and low selectivity for hDAT (Table 1, Fig 2L). In release assays
it had no hDAT efficacy, minimal hNET efficacy, but full efficacy with low potency at
hSERT, suggesting that it too is a substrate only at hNSERT (Fig 3C).
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Benzofurans

2-MAPB was the only benzofuran with the furan group directly attached to the ethylamine
group (Fig 1E). It had low micromolar affinities for hDAT, hSERT and hNET, and
nanomolar uptake potency with rank order ANET>hDAT>hSERT (Table 1). 2-MAPB
induced partial release of preloaded [3H]neurotransmitter at the three transporters with rank
order of potency hSERT=hNET >hDAT (Table 2, Fig 3D). 5-MAPB, 6-MAPB, 6-APB and
6-EAPB have the furanyl group attached to the phenyl ring in differing configurations (Fig
1E). 5-MAPB and 6-MAPB, with secondary nitrogens, had high nanomolar to low
micromolar affinities but much higher potencies for inhibition of uptake, suggesting that
these compounds may be substrates. 5-MAPB was fully efficacious in releasing [3H]5-HT
from hSERT at nanomolar concentrations, and was partially efficacious at ANET and hDAT
at micromolar concentrations (Fig 3E). 6-MAPB had high nanomolar releasing potencies at
the transporters, and was fully efficacious at hSERT (Fig 3F). 6-APB, with a primary amine
group, had rank order for potency at uptake and release hNET>hDAT>hSERT, however it
was a fully efficacious releaser only at hSERT (Fig 3H). 6-EAPB, with an ethyl group on the
nitrogen, had rank order of affinity of hDAT>hNET>hSERT, but similar uptake inhibition
potencies at hDAT, hNET, and hSERT. 5-MADPB, with a dihydrofuran group, had high
selectivity for h\SERT over hDAT in binding and uptake assays. It was a fully efficacious
hSERT releaser with mid-nanomolar potency, had lower hNET efficacy but higher potency,
and much lower hDAT potency and efficacy (Fig 3G). The benzofurans had higher potency
at SERT release compared to METH and MCAT (Table 2).

Modeling of drug-receptor interactions

At the binding pocket, hDAT and hNET share 100% sequence similarity, and hSERT has
95.5% similarity with the other two. Due to this high sequence homology, ligands can target
all three transporters. The compounds tested here, capable of binding more than one
transporter, were analyzed using a structure-based approach to understand the transporter
selectivity for selected candidates. In general ligands binding to hSERT, hDAT, and hNET
have key pharmacophore features: a protonated nitrogen, an aromatic ring, and a
hydrophobic moiety (Fig. 4A). For ligands that bind at the central site (Fig. 4B), the majority
of the ligands occupy mainly subsites A and B and some additionally extend to subsite C
(Fig 4C). The protonated nitrogen binds subsite A to establish ionic interaction with a
conserved aspartate residue (Fig. 4C). The predicted binding poses of the representative
ligands matched the experimentally determined paroxetine poses with hSERT (Coleman et
al. 2106).

Compounds with differing hDAT/hSERT selectivities were individually modeled. 4-Cl-a.-
PVP and TH-PVP have one structural variation: 4-Cl-benzene is replaced by tetralin in TH-
PVP (Fig 1). The bulky tetralin group binds deeply into subsite B. hSERT residues T-439
and L-443 increase the favorable interaction whereas the hDAT and hNET residues at this
position (A-423/S-420 and M-427/M-424) lead to slightly unfavorable interaction (Fig. 5
A&B). Also, extended interaction at subsite C causes the butyl tail in TH-PVP to point
downward (Fig. 5C). This position leads to favorable interaction with hSERT V-501,
whereas isoleucine in this position causes steric clash with hDAT and hNET. In contrast, the
upward positioning of the butyl chain in 4-Cl-a-PVP favorably interacts with hDAT V-152/
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hNET V-148, while hSERT 1-172 causes steric clash with the butyl tail and decreases
affinity. Importantly, the predicted position suggests that the tail location determines
selectivity.

Phenethylamine derivatives pentedrone and A-propyl PD bind selectively to hDAT and
hNET over hSERT (Table 1). The extra carbon present in hSERT 1-172 causes steric
hindrance to the benzene ring and leads to lower affinity (Fig 5D&E). Benzofuran 5-MAPB
prefers hSERT (1.39 pM) over hDAT (2.66 M) and hNET (3.15 pM). Higher hSERT
affinity may be due to increased hydrophobic interaction between the benzofuran benzene
ring and hSERT 1-172 (Fig 5F), with the furan ring influencing the benzene ring position to
increase favorable interaction.

Discussion

First reported more than 30 years ago, a positive relationship exists between affinities of
drugs for DAT and potencies of drugs in self-administration (Ritz et al. 1987; Kuhar et al.
1991). Higher affinity and potency at DAT is associated with higher abuse liability and
increased activity at SERT is associated with decreased abuse liability (Wee et al. 2005; Wee
and Woolverton 2006). The DAT/SERT uptake potency ratio is a predictor of abuse liability
(Baumann et al. 2012), and we have applied it to the compounds reported here.

Structure activity studies indicate that modifications to the cathinone molecule can influence
in vitro and /n vivo potencies and can aid in predicting whether a compound will be an
uptake blocker or a substrate (reviewed in Glennon and Dukat 2017). To increase
extracellular neurotransmitter concentrations, uptake blockers are dependent on
depolarization-induced release of neurotransmitter, whereas substrates can directly cause an
increase by reverse-transport of neurotransmitters (Blough et al. 2014). Primary amines are
optimal as substrates, secondary amines are acceptable, but compounds with tertiary amines
are uptake blockers. Consistent with this concept, the a-pyrrolidinophenones as a group are
uptake blockers, which we and others have reported for many compounds with a 5-
membered nitrogen-containing ring (Eshleman et al. 2013; Eshleman et al. 2017; Simmler et
al. 2014). The two a-pyrrolidinophenones tested in release assays, TH-PVP and 4-a-Cl-
PVP, had no releasing efficacy, consistent with this class of SCs being uptake blockers.

The length of the a-carbon chain of a-pyrrolidinophenones is correlated with uptake
inhibition potency (Kolanos et al. 2015; Eshleman et al. 2017). In accordance with these
previous findings, 4-Cl-a-PVP (3 carbon tail) had much higher affinities and potencies at
DAT, SERT and NET than 4-Cl-a-PPP (1 carbon tail). Similarly, 4-F-a-PHP (4 carbon tail)
had higher affinities and potencies at DAT and SERT compared to 4-F-a-PVP (3 carbon
tail). Except for 4-Cl-a-PPP and TH-PVP, the DAT/SERT potency ratios range from 83 to
360 for all a-pyrrolidinophenones, which suggests that they have high abuse potential, with
the caveat that abuse liability is also dependent on pharmacokinetic parameters such as
absorption, metabolism and ability to cross the blood-brain barrier. For many a-
pyrrolidinophenones, with similar NE and DA uptake inhibition potencies (Table 1, Figure
2A-D), the in vivo stimulant effects will be influenced by blockade of both DAT and NET
and subsequent activation of both DA and NE receptors. Similar to the pyrrolidino series, the

Psychopharmacology (Berl). Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eshleman et al.

Page 11

length of the a-carbon chain affected potency of pentylone analogs containing the
methylenedioxy moiety. Comparing compounds containing tertiary nitrogens, uptake
potencies decreased with decreasing carbon tail length for bk-DMBDP, dibutylone and
dimethylone.

Para substitutions on the phenyl ring of MCAT, in correlation with their electron-
withdrawing capacity, generally decrease DAT potency and may shift selectivity toward
SERT (Bonano et al. 2015). In addition, the volume and maximum width of substituents are
inversely correlated with DAT selectivity (Sakloth et al. 2015). Our results agree with these
observations, although changes in DAT potency were not universal. For example, a-PVP
had very high selectivity for DAT compared to SERT, and addition of para-fluoro or para-
chloro decreased the selectivity. Pentedrone’s DAT selectivity was reduced 18- to 40-fold by
addition of a para-chloro or para-methyl, primarily by increasing SERT potency. Similarly,
addition of a para-methyl (4-MEAP) to a-EPP decreased DAT selectivity 10-fold by
increasing SERT potency. However, addition of para-chloro (4-CEC) to ethylone, a SERT
selective compound, did not further decrease DAT selectivity (0.27- to 0.39-fold (Eshleman
et al. 2017)). 4-CEC, mexedrone, and ethylone belong to the hybrid DAT blocker-SERT
releaser ligand group, which increase extracellular 5-HT more than DA (Blough et al. 2014;
Yu et al. 2000; Saha et al. 2015).

MCAT’s DAT selectivity was reduced by addition of a meta-methyl (3-MMC), similar to
selectivity change when a para-methyl is added to MCAT (mephedrone, 5.2-fold selectivity
(Eshleman et al. 2013; Luethi et al. 2018)). No phenyl ring modification increased DAT
potency and several increased SERT potency, which could result in compounds with more
entactogenic activity while still retaining stimulant properties.

Over the last 5 years benzofuran activity has been investigated on cellular and systems
levels. The benzofurans 2-MAPB, 5-MAPB and 5-EAPB, administered orally, elicited 6- to
12-fold increases in extracellular 5-HT levels in mouse striatum (Fuwa et al. 2016), with
lower increases in NE and DA. Consistent with these in vivo results, we found that all tested
benzofurans were fully efficacious releasers via SERT and only partial releasers via DAT.
Using a different methodology (Rickli et al. 2015b) reported lower DAT, SERT and NET
potencies of 6-APB and 5-MAPDB for uptake inhibition. Although DAT/SERT ratios were
quite different, both Rickli et al. and our results reveal that 5-MAPDB has very low DAT
selectivity and may have entactogen activity, while 6-APB has higher DAT/SERT selectivity,
but it is still much lower than a-pyrrolidinophenones. 5-MAPB and 6-MAPB (10 uM)
displaced [12°1]DOI from 5-HTa g ¢ receptors (Shimshoni et al. 2017), and
autoradiography with rat brain slices indicates that 5-APB, an analog of 6-APB, displaces
both [1251]RTI121 from DAT in the caudate and nucleus accumbens and [3H]ketanserin from
5-HT,a receptors in nucleus accumbens and prefrontal cortex (Dawson et al. 2014),
suggesting that benzofuran pharmacology is complex.

Modeling suggested critical pharmacophores (Qing et al. 2014) shared by this set of drugs,
and revealed the hDAT/hSERT selectivity reversal between 4-Cl-a-PVP and TH-PVP is due
to interactions with hSERT L-443 and T-439. hSERT T-439 also causes steric repulsion of
4’-methyl-a-pyrrolidinopropiophenone (4-MePPP) compared to 4’-methyl-A-ethylcathinone
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(4-MEC (Saha et al. 2015)). Other residues contributing to selectivity include hSERT 1-172
causing steric clash in 4-Cl-a-PVP binding and hDAT V-152/hNET V-148 increasing
binding.

The data described here will contribute to decisions about drug scheduling by the United
States Drug Enforcement Administration and similar agencies. In Sweden, the use of 6-
APB, in addition to other abused compounds, was dramatically affected by scheduling, as
daily online posts dropped from 21 to 4, suggesting less interest and use after scheduling
(Ledberg 2015). Additionally, these /n vitro and in silico findings may influence structure
activity and chemical modeling to better understand drug-transporter interactions and may
help to identify specific drug-transporter interfaces.
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Figure 1.
Structures of substituted cathinones, benzofurans, prolintane, METH and MDMA at

physiological pH.
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Figure 2.
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Concentration-response curves of 12 substituted cathinones for inhibition of [BH]DA uptake
by hDAT, [3H]5-HT uptake by hSERT and [3H]NE uptake by hNET. (A) 4-F-a-PVP, (B), 4-
Cl-a-PVP, (C) TH-PVP, (D) 3,4-MDPHP, (E) 4-CPD, (F) a-EPP, (G) A-propyl PD, (H) 4-
MEAP, (1) MCAT, (J) 3-MMC, (K) 4-CEC and (L)Mexedrone. Data are the mean and
S.E.M. of three or more experiments, each conducted in duplicate.
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Figure 3.

Concentration-response curves for [3H]neurotransmitter release by METH, MCAT, and 7
substituted cathinones and benzofurans. (A) MCAT, (B) 4-CEC, (C) Mexedrone, (D) 2-
MAPB, (E) 5-MAPB, (F) 6-MAPB, (G) 5-MAPDB, (H) 6-APB and (I) METH. The AUC
for each drug concentration was normalized to the maximal METH effect. hDAT: [3H]DA
release. hSERT: [3H]5-HT release. hNET: [3H]NE release. Data are the mean and S.E.M. of
three or more experiments, except when a drug had no releasing efficacy, when data are the

mean and range of two experiments.
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Figure 4.
Alignment of all ligands in the binding pocket. A. Ligand alignment based on the paroxetine

binding pose derived from hSERT crystal structure (PDB: 516X). Key pharmacophore
features such as positive charge, aromatic ring and hydrophobic are shown in the dotted
lines. B. Slab view of hSERT and the central site showing aligned ligands. C. An enlarged
view of central site and plausible ligand binding poses, dotted lines indicate subsites A, B,
and C.
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Figure 5.
Modeling of representative ligands. A) Superimposition of predicted docking poses of TH-

PVP against the three transporters, hSERT residues are labeled and indicated with orange
stick and carton, hDAT and hNET are represented in green and pink colors, respectively. The
sequence comparison table in the bottom shows aligned sequences of the transporters in the
same position. The color code is the same for all the panels except for panel C. B) Predicted
pose of 4-Cl-a-PVP. C) Overlay of the predicted binding poses 4-Cl-a-PVP (blue stick) and
TH-PVP (pink stick), and protein in orange. The selectivity is caused by the different
position of the butyl tail of each ligand. For clarity, only hSERT is shown. D) Pentedrone E)
N-propyl PD F) 5-MAPB.
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Table 2:

Potency and efficacy of substituted cathinones and standard compounds to release preloaded
[BH]neurotransmitter from HEK-hDAT, HEK-hSERT and HEK-hNET cells.

Drug

Drug-induced release of [3H]neurotransmitter ECs;  sem (UM) (n) % maximum release + sem”

hDAT [*H]DA

hSERT [3H]5-HT

hNET [*HINE

Substituted cathinones

MCAT 1.57 +0.48 (8) 54 +17 (3) 0.40 +0.12 (5)
79.0 +3.2% 65.0 + 0.6% 75+ 10%
4-Cl-a-PVP >10 uM (2) >10 uM (2) >10 uM (2)
<1% <1% 9.4 +6.0%
TH-PVP >10 uM (2) >10 uM (2) >10 uM (2)
<1% <1% <1%
N-Et pentylone >10 uM (2) >10 uM (2) >6,700 (3)
<1% 72+1.4% 15.6 £ 8.4%
Dimethylone >10 uM (2) >10 uM (2) >10 uM (2)
<1% <1% 9.9+2.2%
4-CEC >100 UM (2) 0.78 £0.17 (3) 92 >100 uM (2)
1.17 £ 0.05% + 14% 59+25%
Mexedrone >100 uM (2) 26.1+9.3(3) >61 pM (2)
3.04 £ 0.61% 84 +13% 125+3.1%
Benzofurans
2-MAPB 2.08 +0.31 (3) 0.35+0.13 (3) 0.45 +0.12 (4)
48.0 + 2.6% 77.3+5.3% 63 £ 10%
5-MAPB 2.61+0.68 (3) 0.40 +0.14 (3) 0.58 +0.21 (7)
53.8 + 6.6% 104.3 £5.7% 89.0 + 8.0%
6-MAPB 0.86 +0.12 (4) 0.91+0.24 (3) 0.64+0.21 (5)
40.6 £8.7% 107.0 £2.3% 60 £ 11%
6-APB 0.582 + 0.088 (3) 0.85 + 0.15 (3) 0.051 +0.012 (7)
68.2 + 9.0% 119 + 16% 69 + 12%
5-MAPDB 34.7+9.6 (4) 0.340 + 0.035 (4) 0.84 +0.31 (9)
32 +£13% 95.7 + 8.9% 64.2+4.7%
Non-cathinones
METH 1.20 + 0.35 (6) 145+ 4.2 (6) 0.255 +0.078 (3)
106.7£2.3 101.8 £3.1% 107.5+8.7%
MDMAZ 7.5+ 2.3 (10) 1.10 +0.29 (9) 0.360 + 0.092 (7)
94 +10% 85.1+7.8% 147 + 15%

(n) Number of independent experiments.
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*
Maximum release is defined as the maximum release (maximal AUC) induced by METH (1 or 10 pM, hDAT; 0.3 or 1 pM, hNET; 0.3-1 mM,
hSERT) for each experiment. When the data could not be fit by nonlinear regression (EC50 > 10 or 100 uM), the maximum release is the average

of release at the 3 highest concentrations tested.

aData from (Eshleman et al. 2017), with permission.
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