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ABSTRACT: Synthetic cannabinoid receptor agonists (SCRAs) are one of the fastest growing classes of recreational drugs. Despite their
growth in use, their vast chemical diversity and rapidly changing landscape of structures makesunderstanding their effects challenging. In
particular, the side effects for SCRA use are extremely diverse, but notably include severe outcomes such as cardiac arrest. These side
effects appearat odds with the main putative mode of action, as full agonists of cannabinoid re ceptors. We have hypothesised that SCRAs
mayactas MAO inhibitors, owing to their structural similarity to known monoamine oxidase inhibitors (MAOI’s) as wellas matching dinical
outcomes (hypertensive crisis) of ‘monoaminergic toxicity’ for users of MAOIs and some SCRA use. We have studied the potential for SCRA
mediated inhibition of MAO-A and MAO-B via a range of SCRAs used commonly in the UK, as well as structural analogues to prowe the
atomistic determinants of inhibition. By combining in silico and experimental kinetic studies we demonstrate that SCRAs are MAO-A spedific
inhibitors and their affinity can varysignificantly between SCRAs, most notably affected by the nature ofthe SCRA ‘head’ group. Our data
allowus to posita putative mechanism of inhibition. Cruciallyour data demonstrate that SCRA activityis not limited to just cannabinoid
receptor agonism and that alternative interactions might account for some of the diversity of the observed side effects and that these
effects canbe SCRA-spedific.

Introduction

Synthetic cannabinoid receptor agonists (SCRAs), commonly referred to as ‘spice’ or ‘K2’ are the most rapidly growing class of re creational
drugs [1-3]. These compounds were originally developed for research purposes as SCRAs bind to the cannabinoid receptors CB1 and (B2,
mimicking the effect oftetrahydrocannabinol (THC), the main psychoactive component of Cannabis [4-8]. The cannabinoid receptor inter-
actionwithTHChas been well studied, with CB1, presentinthe brainand central nervous system, responsible for the psychoactive effects,
and CB2involved with the immune system[5,9-11]. THConly shows partial agonismforthe CB receptors, whereas SCRAs are typically high
affinity full agonists making themhighly potent and often unpredictable incomparison [5,8,12-14]. The using community, atleastinthe
UK, is primarilyhomelesspeople and peopleinprisons [2,13,15,16]. The nature of the usingpopulation and their circumstance thus pre-
sents significant challenges to harm reduction and intervention strategies.

In orderto circumvent legislation, manufacturers are structurally diversifying the SCRA compounds they synthesise by i ntroducing ‘scaffold
hopping’intotheirdrugdesign[13,17-19]. Essentially, theyare able to produce families of novel compounds that share similar structures
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butare able to mitigate some of the |l egal restrictions thatare in place aroundthe world. The common architecture of s pice compounds
consists ofa ‘head’, ‘linker’, ‘core’ and ‘tail’ group that can be substituted to introduce structural variety (Figure 1) [2,7,13,17]. As a result,
the interactions of these SCRA libraries with biological targets canvaryimmensely [8,13,18-20]. However, it is clear that fatal side effects
from SCRA consumption have beenreported across a broad range of ‘spice’ compounds [13,21].

SCRA consumption frequently leads to severe and adversehealth effects compared to those seen from cannabisusage [1,3,5,18,21]. These
include tachycardia, hypertension, myocardial infarction, stroke, acute kidneyinjuryand cardiacarrestto name a few. The origin of such
side effects is not well understood, as there is a distinct lack of evidence around the pharmacological and toxicological effects of these
compounds. However, such side effects are not obviously assodated with CB1/2 agonism [5,13].

We hypothesized that given some of the side effects of SCRA consumption do not track with CB1/2 agonism, there may be altemative
biologicalinteractions. SCRAs have structures which are reminiscent of some monoamine-oxidase inhibitors. Indeed, MAO assays from pig
brainisolates have shownthat WIN,55,212-2 inhibits MAO-A with anICso of 18 LM [22]. Monoamine oxidase (MAQ) enzymes catalyse the
oxidative deamination of ‘biogenic amines’ including key neurotransmitters in the brain [23-26]. The two MAO isoforms, MAO-A and MAO-
B are structurally verysimilar but have slightly differing substrate specificities, with MAO-A favouring noradre naline, adrenaline, serotonin
and dopamine, and MAO-B, 3-phenylethylamine, benzylamine and dopamine also [24-28]. As such, MAO enzymes pose an attractive drug
targetinthe treatment of neurodegenerative disorders, with much researchfocussingon the design of MAO inhibitors (MAOI) [29-33].

A number of MAO-I drugs exist, buttheiruse can be associated with hypertensive and cardiac effects that result from adrenergic toxicity
[27,33-37]. The so called ‘tyramine pressor response’ occurs under high concentrations of dietary tyramine, which can arise from spedific
foods including cheese, dried meats and beer [27]. The pressor response is primarily associated with MAO-A [27,29]. Consequently, pa-
tients taking MAO-I’s are instructed to monitor their blood pressure and follow restricted diets to avoid such ‘monoaminergic toxicity
[27,34,36]. Given that the pressor response can give rise to symptoms similar to some of the ‘unexplained’ symptoms of SCRA use induding
hypertension and stroke, and SCRAs have structural similarity to known MAO-Is, we testthe hypothesis that SCRAs mightact as MAO-Is.
Herein, we study the effect of a range of commonly abused SCRAs on inhibition of MAO-A and MAO-B in order to explain the severe
hypertensive side effects associated with this class of drug. We use a syntheticorganic chemicalapproachto dissect the molecular deter-
minants of inhibition and are able to re port upon the inhibitory effect of a number of SCRAs on MAO activity bothin silicoandin vitro.

Results and Discussion

In silico docking studies identify different binding strengths and modes between SCRAS and MAO-A/B. To investigate the atomistic deter-
minants of the potential inhibitory effects of synthetic cannabinoids on monoamine oxidases, we have turned to in silico docking studies.
We have opted for an in silico approach since crystallization of MAOs is notoriously challenging and in silico docking studies have been
fruitfullyusedinthe study of MAO-Is previously[38]. The ligands usedinthe docking analysis (Figure 1) include five SCRAs, 5F-ADB 1, 5F-
MDMB-PICA 2, 5F-PB-22 3, AM-2201 4, and AM-694 5. These compounds have been chosen due to their regular presence in SCRA seizures
[18,21,39,40]. Five other compounds 6-10, were also chosen containingeitheran indazole orindole core group. These were used to inves-
tigate the effect of the head, core andtailsections onthe putative monoamine oxidase inhibition.

X-raycrystal structures of MAO-A (PDB: 2z5x) and MAO-B (PDB: 2v5z) were obtained fromthe Protein Data Bankand pre pared in AutoDock
4.2. The ligands bound into the crystal structure were removed alongside all water molecules, whilst polar hydrogens were added. Only
chain A of the MAO-B structure was used in the docking calculations for computational simplicity. The ligand chemical structures were
drawn on Chem3D 16.0 software and optimised with DFT. Flexible docking was then undertaken using Autodock Vina [41], selecting
specificresidues in the protein active site and labelling them as flexible. All other residues remainedrigid.

Initially, a validation study was carried out usinganidentical docking method, with the co-crystallised i nhibitors from the original pdb files;
harmine into MAO-A and safinamide into MAO-B. The lowest energy output conformations were comparedto the originalligand confor-
mation (Figure S1). The simulated and crystal harmine ligands have an RMSD value of 1.237 Aand the safinamide ligands have an RMSD
value of 0.965A, calculated using DockRMSD software [42]. This is below the acce pted limit of 2.0 A for RMSD scoring [38], validating the
approachforuse withthe SCRAs and analogues.

Compounds 1-12 (Figure 1) were docked into both MAO-A and MAO-B using Autodock Vina, and the lowest docking scores from the 9
output modesof each ligand/protein combination are given in Table 1. Although in-silico docking scores are not able to predict true binding
affinities, these values allow us to compare probable protein-ligand interactions with a range of ligands. Benzylamine (BZA) 11 and kynu-
ramine (KYN) 12 are biogenic amines that are broken down by MAO-A and MAO-B, utilizing the FAD co-factor [24,43]. These two com-
pounds were alsoindudedinthe docking study as comparative naturalbinding substratesforthe MAO proteins. The non-covalent binding
interactions within the docked protein-ligand complexes have been analysed using Protein-Ligand Interaction Profiler (PLIP) software [44],
with the results given in Table 1. Figure 2 also shows an example ofthese bindinginteractions, displayingallpredicted non-covalent inter-
actions between 5F-PB-22 3 and residueswithin the active site of MAO-A and MAO-B. All other ligand-protein interactions can be seen in
FigureS2and S3inthe supplementaryinformation.

MAO-B, as the most computationally studied protein of the two, was anideal starting point for comparingthe binding of these compounds.
According to the docking scores for MAO-B giveninTable 1, SCRA compounds 1-5 have the strongest binding interaction with the protein,
with 5F-PB-22 3 and AM-2201 4 exhibiting the highest binding free energies of >10.0 kcal mol. Indeed, these results suggest that the
addition of a group inthe ‘head’ position of the SCRA structure increasesthe bindinginteraction with MAO-B. This can be attributed to
the largersize of the ligands, with greater potential for hydrophobicand hydrogen bonding interactions. Additionally, there will be limited
availability of alternative configurations to fit in the binding pocket. If the ‘head’ group is an aromatic ring, as seen in both 3 and 4, the
ligand is also more rigid with fewer rotatable bonds, reducing the degreesof freedom and rendering the entropy less negative. Therefore,
the ligand exhibits stronger binding to the protein. From Table 1, the data show that there is no significant difference in binding between
compounds with indole orindazole as the ‘core’ group. This finding is logical given the structuralsimilarities in compounds 1and2,and 6
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9. The most common interacting residues in the active site of these calculations were consistent with previous literature; Leu 171, GIn 206,
Tyr 326, Phe 343, Tyr 398 and Tyr435 [45]. With tyrosine and phenylalanine both containing aromaticrings, the potential for m-stacking
interactions is high with3 and4, although this hasnotbeenobservedin any of the calculated docking posesin MAO-B.

Aremarkablysimilar pattern of binding interaction is observed with MAO-A, with 5F-PB-22 3 and AM-2201 4 remaining to be the strongest
binding compounds. This is perhaps expected considering the structural similarity of both MAO proteins. The resulting mt-interaction be-
tween 3and Tyr407, as seen in Figure 2, was the only parallel m-stackinginteraction identified in both proteins with all ligands, which will
contribute to the increased binding interaction. Comparing compounds 6-9 to 1-methyl-1H-Indole 10, the binding scores are higher in both
enzymes, indicating that the added intermolecular interactions between the hydrocarbon chain in the ‘tail’ position and the active site
assist with stronger binding. The same pattern can also be observed for benzylamine 11, which has the lowest binding free energies for
both proteins, with the lowest number of interactions. The main residues involved with binding included Phe 208, GIn 215, |le 335, Phe
352, and Tyr407.

To investigate the effect of inhibition fromthese ligands, the output file for the lowest energy binding pose of AM-2201 4 in both proteins
was used for a further docking study. The docking of kynuramine 12 wasattempted in the MAO-A complex with AM-2201 4 and the docking
of benzylamine 11 was attempted intothe complex of MAO-B and AM-22014. The resultant configurations canbe seen inFigure 3. Itis
clearthat4islarge enoughto take up available spacein the active site and that this precludes access of the substrate to the FAD. That s,
ourdockingstudies suggest that SCRA binding is competitive with the s ubstrate.

Experimental kinetic inhibition studies. Given our in-silico data suggests SCRAs might provide specificinhibition to MAO-A and MAO-B, we
were encouraged to validate these data with experimental kinetic studies.

First, we use MAO-B as an exemplarsystemto studythe molecular determinants of SCRA inhibition on MAO. At leastin our hands, MAO-
B is more experimentally tra ctable with higher stability compared to MAO-A and so we have focused the bulk of our analysis on this system.
We have monitored the steady-state kinetics of MAO-B turnover using benzylamine 11 as the substrate andinthe presence of increasing
concentrations ofeach of 1-3 asshownin Figure 1. Figure 4A shows example steady-state turnover plots for MAO-B that show a rectangular
hyperbola, which canbe adequatelyfit to the normal form ofthe Michaelis-Menten equation,

Eq1l

giving Km=0.14% 0.03 mM.

Figure 5 shows the concentration dependence of the inhibition by SCRAs measured at saturating concentrations of substrate (>10
X Ku; 1.5 mM). In all cases a sigmodal relationship was found that could be fitted to the following equation:

%Inhib = % Eq2

Where, n, indicatesthe level of divergence from a rectangular hyperbolic function and 1Csp is the inhibition constant at 50 % s aturation of
the inhibition percentage. For each SCRA, the data saturate below 100 % inhibition, typically showing a maximalchange in percent inhibi-
tion of ~30 %. The resulting ICso and %max values are given in Table 2. We discuss the mechanistic interpretation of the inhibition data
below.

Forthe four SCRAs studied (1-3,5), we finda range of ICspand /Imaxvalues. For5, we could not observe inhibition at technically accessible
concentrations, given thesolubilityin MeOH. Structurally these SCRAs show individual unique differe nces, varying by either the core moiety
(indole orindazole; 1and 2, respectively) or head group (tert-leucinate or quinolynl group; 2 and 3, res pectively). Consideringthe trend in
ICsovalue, 3 hasthe smallestICspand 2 the largest. Itis thentemptingto speculate that the reason for the small 1Cso value is the presence
of the aromaticringsystem atthe head position, acknowledging that this also gives rise to an increase in/max, atleast compared to 3 by
~15 %. We note thatthe datainFigure 5suggestaverylarge potential /maxfor 2.

To studythe molecular determinants of inhibitionin more detail, we have synthesised the SCRA derivatives (6-9). When designing 6-9, we
focussed ourstudyon the effect of (a) removingthe head-group, (b) the indole/indazole functionalgroup and (c) modification/removal of
the tail group. From Figure 5B, 6-10 show sigmoidal character analogous to the original SCRA structures and have therefore been fit to
Equation 2. The parameters resulting fromthe fittingare given in Table 2.

From Table 2, we find that all the SCRA analogues (6-9) have similar Imaxvalues and that these are also similar to 1-methyl-1H-Indole (10).
Both indazole derivatives, 7and9, show a decrease in ICso compared to theirindole counterparts, 6 and 8, but the difference is smalland
atleastinthe case of 6 and 7, within the error of the measurement. We note that a decrease in ICso for an indazole derivative is also
evidentforthe SCRAs 1and 2, though again acknowledging the relatively large attendant error. Therefore, while there is a consistent trend
forindazole analogues to have somewhat lower I1Csovalues, the difference would appear to be small. Clearer is the difference in the
magnitude ofn. From Table 2 we find anincreaseinnforthe indazole derivatives (7 and 9) thatis outside the error of the measurement.
We discuss thisdifference inthe context of the mechanism of inhibition below. Thereis no cleartrendinanyof the extracted parameters
forvariationinthe tail group (atleast fluorination).
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Combined, ourdata suggestthatan indazole core and an aromatichead group are determinants of low |1Csg values for MAO-B. However,
the mostsignificant determinantis the nature of the head group. The magnitude of the 1Cso va lues is relatively large (hundreds of M) and
is a similar order magnitude for the SCRAs, the analogues and the simplest comparator, 1-methyl-1H-Indole (10).

Having established that SCRAS act as MAO-B inhibitors, we then turned our study to MAO-A, the alternative monoamine isoform. The
monoamine oxidases share similar structures (70% sequence identity), molecular weights and each have hydrophobic active sites
[23,24,34]. In general, the MAO isoforms show differing selectivity for substrates and inhibitors [24-33]. Given our data for MAO-B showed
the key determinant for lowering ICso arose from the nature of the head group, we have selected 4 molecules from Figure 1 to track
variationin hydrophobicity and bulk, namely 1 (indazole; tert-leucinate), 2 (indole; tert-leudnate), 3 (quinolynl)and 5 (iodobenzene). From
Table 1,these moleculesare calculated to have a progressive increaseindocking score (3>5>1 and 2;-10.6,-9.4,-9.0 kcal mol?).

We performed analogous inhibition kinetics experiments using kynuramine 12 as the substrate (Figure 4B), giving Km = 0.14 + 0.03 mM.
This allowed us to compare the potency of inhibition between the two MAQ isoforms. The resultinginhibition plots are shown in Figure 6.
As with MAO-B, the data show inhibition saturation with a sigmoidal like relationship to SCRA concentration. We have therefore fit the
data using Eq2and the resultingdata fromthe fitting is givenin Table 2. From Figure 6and Table 2 the range of Imaxvalues is similar to
MAO-B, with average and standard deviation; 32.2 + 6.5 % for MAO-A versus 50.5 + 18 % for MAO-B. The extracted ICso values directly
mirrorthe trendin the calculated affinities; 3 is the most potent (19.3+0.5 uM) and 1 the |east potent inhibitor (87.8 £ 4.4 uM). Moreover,
1 also the smallest Imaxbeing 24.9+0.8 % compared to 37.1+0.4 % for3. Thatis, the difference between a tert- leucinate and quinolynl
headgroupis sufficientto increase the inhibitor potency by~ 5-fold.

Compared to MAO-B, the ICso values are ~an order magnitude smaller for MAO-A, with average and standard deviation; 52 + 34 uM for
MAO-A versus 460 + 280 uM for MAO-B. Specifically, 5F-PB-22 3 and 5F-ADB 1 show increases of ~14 foldand ~9 fold respectively between
the MAOQ isoforms. From these data we can infer that SCRAs are MAO-A selective inhibitors. Our data suggest a range of potendes of
inhibitor dependingon the specific SCRA head group, with increasingly hydrophobic, bulky groups being correlated with a smaller | Cso.

Ourdockingstudies provide a means to interpret the experimentally observed selectivity of MAO-A for certain SCRA analogues vs. MAO-
B. From Figure 2, MAO-B has a smaller, more restrictive entrance to its active site, whichwe suggestimpedesthe bindingof larger head
groups [24,33,34]. These binding characteristics have been successfullyemployed in targeted design of MAO inhibitor molecules [30,46-
49].

Mechanism of SCRA MAO inhibition. Figure 7A shows the correlation between our experimentally extracted inhibition data and the docking
scores from our docking studies (Figure 2). From Figure 7A there is an evident positive correlation between the docking s cores and the
extracted ICspand Imaxvalues: The data havera calculated Pearson coefficient of 0.56. However, we note the large error for some of the
values. However, we note the large error for some of the values. The direct correlation with experiment s uggests the binding ge ometries
identified from our dockingstudies are accurate. From Figure 2 (as we describe above), these studies suggest SCRA binding may be com-
petitive with the normal substrate and that, without conformational change, SCRA and substrate binding would be mutually exdusive.
Figure 7B and 7Cshowthe concentration dependence of8 on MAO-B turnover. These data show anincrease in the apparent Kv value with
increasingconcentration of 8. This finding is a classical kinetic relationship that characterises competitive i nhibition and tracks directly with
the findings of our docking studies. Whilst the SCRA binding predudes access to the flavin in our docking studies (Figure 3), it would be
interesting to understand the structural relationship over time, not least because we have recently shown that MAO-B motions during
turnoverareimportant [50].

The observation of a sigmoidal relationship with respect to inhibitor concentration (Figure 5 and Figure 6) and at saturating substrate
concentrations is suggestive of an allosteric model of inhibition. The magnitude of n characterises the sensitivity of the allosteric effect.
From Table 2, we find the value is in the range n =1.5-10. There is no obvious trend in the magnitude of n and either I1Csp or /max Values.
Sigmoidalplots of percentinhibition at saturating substrate concentrations arise where the inhibitor preferentially binds to aninactive/less
active formof the enzyme. The observation of less than 100 % inhibitionis consistent with the notion ofthe SCRA bound enzyme having a
decreased, but not zero, rate of turnover. That is, increasing saturation of the inhibitor bound form will result in a less active, but not
inactive enzyme.

Togetherourdata suggest competitive, allostericinhibition, which drives the formation of a | ess active enzyme. The simplest mechanistic
modelisthenonewhere SCRAbindingincudesa conformationalchange, allowing substrate bindingbutina lessoptimalgeometry, giving
rise to a decrease in the observed rate of turnover.

Conclusions

Combined, our computational and experimental data show that SCRAs can act as MAO-A selective inhibitors and that the nature of the
SCRAhead groupisa keydeterminantinthe affinity of the SCRA. In particular, we note thatthe m-interaction betweenthe SCRAand Tyr
407 in MAO-A appearsto be a keydeterminant of this specificity/affinity. Our data suggest the mode of inhibition maybe complex, likely
involving a competitive allosteric effect, which decreasesthe rate of MAO turnover.

The use of MAO-I’s has long been associated with the potential for serious cardiovascularevents when accompanied by the ingestion of
high-levelsof dietary tyramine, known as the tyramine pressor response [27,37]. Tyramine, a biogenic amine, is commonly found in certain
food types and dietary control is required to reduce the risk of hypertensive crisis upon the administration of MAO-I to patients [27].
Tyramine consumption causesan increase in blood pressure or ‘pressor response’, however under normal conditions this effect isnegligible
as Tyris easilyoxidised by the MAO enzymes. When combined withthe use of MAO-I, the level of Tyr reaching the systemic circulation is
much higher due to the absence of first passmetabolism of Tyr by MAOIs in the liver. This causes various effects, suchas the release of
high levelsof adrenaline and noradre naline, which | ead to adrenergic toxicity and hypertensive events [27,29,34].

These interactions have been well studied and despite both MAO isoforms showing similar affinities for tyramine, the pressor response
has been primarily linked to the selective inhibition of MAO-A [29]. This is due to the predominance of this monoamine isoform in the

85U0]7 SUOWILLIOD @A 18810 3ol dde 8Ly Aq peuseob ke sapie YO ‘8sn JO Sa|n 10} ARIqIT 8UIIUO AB]I/M UO (SUORIPUOD-PUB-SWB D" A3 1WA e1q|Bu1 UO//:SdnL) SUORIPUOD pue Swia | 8y3 &8s *[£202/T0/TE] uo Areiqiiauliuo A8|im ‘AisieAiun velijodosis \ se1seyoue N AQ T29T'SGRY/TTTT OT/I0p/W0D A8 | Akeuq 1 pulUO'STRY//SANY Wo.y pepeojumoq ‘el ‘8sovzy.T



intestine andliver, and the greater affinity MAO-A has foradrenaline and noradrenaline than MAO-B [37]. Substantial pressor effects can
be provoked by the excessive consumption of Tyr rich foods on an empty stomach [27]. For example, beeris Tyr rich liquid, with the average
Europeanbeverage containing 7mg/L Tyr, which when drunk in moderation (two servings; 500ml) would not pose a significant Tyr pressor
response. However, it is important to consider when consumed in excess and on an empty stomach, concentrations could become very
high and this scenario is likely in particular in the homeless community, where there can be very high rates of SCRA use. Given our data
show SCRAs are MAO-A selective inhibitors, a tyramine pressor response, precipitated by s moking certain SCRAs, could therefore provide
an explanationforthe severe and unpredictable hypertensive side effects recordedin the usingcommunity.

We acknowledge the extracted |Cso values are in the micromolar range, whichis rather larger than for clinically used MAO-Is. For example,
the potent MAO-A inhibitors, Clorgyline and 8- carboline harmaline exhibit 1 Cs¢’s of 16 nm and 20 nm respectively. However, this is not the
caseforallestablishedinhibitors. For example, Toloxatone and Moclobemide, both MAO-A selective antidepressant drugs, have reported
1Cs0’s of 6.71 uM and 500 uM res pectively. Indeed, when tested with the assayusedin this study, we find an I1C50 of 9.94 uM for Moclobe-
mide (Figure 8). Both compounds are considered potent MAO-Is despite their|Cso’s, due to the metabolites theyform invitro. As such,
the studyof SCRA’s invivoshould be considered.

Havingestablished the ICso values of these SCRA compounds in vitro, itis important to consider these values ina clinically relevant context.
When studying the ACMD SCRA report alongside a conciliated database of quantified post-mortemtoxicology reports, itis postulated the
average concentration of SCRAinthe blood falls between 1.32nMand 6.62 nM with valuesupto 0.5 uM observed. Moreover, it hasbeen
suggested that such compounds are unstable in vivo and post-pyrolysis and assuch this must be factored into any conce ntrations reported.

We note that the enzyme system is in a non-native environment (detergent rather than the mitochondrial membrane) and we hawe re-
cently demonstrated that differences in the lipid environment affects MAO-B activity [50]. Our data therefore provides the rationale for
the need to study the effect of SCRA mediated MAO inhibition in an in vivo model, to establish further the rationale for harm reduction
advice associated with SCRA use and the potential for negative side-effects associated with the tyramine pressor response.

Materials and Methods

Kinetic measurements. All reactants were pre-incubated at 25 °Cin 50 mM HEPES (pH 7.5), containing 0.5% (w/v) reduced Triton X-100.
Kinetics data was collected using a UV/Vis s pectrophotometer (Agilent Cary 60 UV-Vis spectrometer) fitted with te mperature regulation,
in 3 mm quartz cuvette. For MAO-B kinetic data, reactions were initiated by the addition of MAO-B and the formation of benzaldehyde
was monitored using €,5,= 12 800 M-1cm-! [51]. For MAO-A kinetic data, reactions were initiated by the addition of MAO-A and the
formation of 4-hydroxyquinoline was monitored using €514=12 300 M-1cm~1 [52]. The data was collected in triplicate and with all steady-
state kinetics fitting well to the Michaelis—-Menten equation (Figure 4). Initial rates were typically collected over 2 minutes.

MAO Inhibition kinetics. All inhibitory kinetics measurements were performed using the conditions stated above. For MAO-B inhibition by
compounds 1-3 and 6-10, 1.5 mM benzylamine 11 (10 x Km) was used in conjunction with 30 uM of enzyme. For MAO-A inhibition by
compounds 1,3,5, 1 mM kynuramine 12 (10 x Km) was used in conjunction with 20 uM of enzyme. In all cases, the inhibitory SCRA com-
pounds were dissolved in MeOH, therefore MeOH controls were recorded, where MeOH concentration was kept as low as possible and
did not exceed 10% of the assayvolume. All conditions were measuredin triplicate.

Compounds. Synthetic cannabinoid reference materials of 5F-ADB 1, 5F-MDMB-PICA 2, 5F-PB-22 3, and AM-694 5, were purchased from
Cayman chemical (Cambridge, UK). All other compounds were purchased from Merck (Gillingham, UK).

Synthesis of compound 6 & 7. Under N3, sodium hydride (60% in mineral oil, 0.3942 g, 9.860 mmol) was dissolved in DMF (16.4 mL) and
stirredat0°C.Indole orindazole(4.930 mmol) in DMF (5.0 mL) was added to the sodium hydride solutionat0°Cand stirred for 30 mins.
A solution of 1-bromo-5-fluoropentane (5.916 mmol, 1.000 g) in DMF (5 mL) was added to the mixtureat0°C, allowed to gradually heat
to room temperature andstirredfor 14 hours (overnight). Methanol (6 mL) andwater (9 mL) was added at 0°C to quench the reaction,
and the compound wasextracted with DCM (3 x20 mL), water(2x30 mL) and 1M sodium chloride solution (1 x 30 mL). After drying over
MgSQa, all solvent wasremovedin vacuo. The crude product was then purified by column chromatography (pentane: ethyl acetate).

1-(5-fluoropentyl)-1H-Indole 6. Pale-yellow oil (0.4167 g, 2.03 mmol, 41.2 %); *H NMR (500 MHz, CDCl3) 6 7.64 (dt,J = 7.9, 0.9 Hz, 1H), 7.34
(dt,J=8.2, 0.9 Hz, 1H), 7.21 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 7.13 — 7.07 (m, 2H), 6.49 (dd, ) =3.1, 0.8 Hz, 1H), 4.46 (t,J = 6.0 Hz, 1H), 4.37 (¢,
J=6.0Hz, 1H),4.15(t,J =7.0 Hz, 2H), 1.90 (dt,J = 15.0, 7.2 Hz, 2H), 1.78 — 1.64 (m, 2H), 1.50— 1.40 (m, 2H) ppm; 13C NMR (126 MHz, CDCls)
6 136.05,128.75, 127.87, 121.53, 121.13, 119.38, 109.43, 101.19, 84.57, 83.26, 46.40, 30.26, 30.10, 30.06, 23.04, 23.00 ppm; 19F NMR (376
MHz, CDCl3) 6 -218.51 (s, 1F); IR (ATR) 3051.45 (Ar-H), 2940.68 (Ar-H), 2868.21 (Ar-H), 1463.12 cm-1; m/z: [M+H]* Calculated for C13H1NF
205.1267; Found 205.1271.

1-(5-fluoropentyl)-1H-Indazole 7. Pale-yellow oil (0.3544 g, 1.78 mmol, 34.9 %); *H NMR (500 MHz, CDCl3) 6 7.99 (d, J = 0.9 Hz, 1H), 7.73
(dt,J=8.1, 1.0 Hz, 1H), 7.43—7.35 (m, 2H), 7.14 (ddd, ) = 7.9, 6.5, 1.2 Hz, 1H), 4.48 — 4.33 (m, 4H), 1.99 (dt, J = 15.0, 7.2 Hz, 2H), 1.79 - 1.66
(m, 2H), 1.44 (tt, ) = 10.1, 6.5 Hz, 2H); 13C NMR (126 MHz, CDCl3) 6 139.54, 132.95, 126.30, 124.14, 121.30, 120.57, 109.03, 84.57, 83.26,
77.41,77.16, 76.91, 48.78, 30.21, 30.05, 29.60, 22.86, 22.82. 1°F NMR (376 MHz, CDCl3) 6 -218.48 (s, 1F); IR (ATR) 3059.11 (Ar-H), 2938.76
(Ar-H), 2866.72 (Ar-H), 1615.57 (Ar-C=C), 1498.98, 1465.00 cm; m/z: [M+H]* Calculated for C12H1sN2F 206.1219; Found 206.1222.

Synthesis of compounds 8 & 9. Under N3, sodium hydride (60% in mineral oil, 0.497g, 12.43 mmol) was dissolved in DMF (20.7 mL) and
stirredat0°C.Indole orindazole(11.3 mmol)in DMF (11.3 mL) was added to the sodium hydride solutionat0°Cand stirred for 30 mins.
A solution of 1-bromopentane (16.95 mmol, 2.5601 g, 2.1 mL) in DMF (5.7 mL) was added to the mixture at 0 °C, allowed to gradually heat
toroomtemperatureand stirredfor 1 hour. Water (20 mL) was added at0°Cto quenchthe reaction, and the compound was extracted
with EtOAc (3 x 25 mL) and water (2 x 30 mL). After drying over MgSQy,, all solvent was removed in vacuo. The crude product was then
purified by column chromatography (Pentane: Ethyl Acetate).

1-pentyl-1H-Indole 8. Yellow oil (0.3986 g, 2.13 mmol, 18.8%); 'H NMR (126 MHz, CDCl3) 6 7.63 (d, J = 7.9 Hz, 1H), 7.35 (d, J = 8.3 Hz, 1H),
7.20 (ddd,)=8.3, 7.0, 1.2 Hz, 1H), 7.13 — 7.06 (m, 2H), 6.49 (dd, J = 3.1, 0.9 Hz, 1H), 4.12 (t, ) = 7.1 Hz, 2H), 1.85 (p, ) = 7.2 Hz, 2H), 1.41 —
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1.24 (m, 4H), 0.89 (t, J = 6.9 Hz, 3H) ppm; 13C NMR (500 MHz, CDCl3) 6 136.10, 128.71, 127.91, 121.41, 121.06, 119.27, 109.51, 100.95,
77.41, 77.16,76.91, 46.55,30.11, 29.31, 22.49, 14.10 ppm; IR (ATR) 3054.84 (Ar-H),2955.23 (Ar-H), 2929.44 (Ar-H), 2871.24 (Ar-H), 146311
cm; m/z: [M+H]* Calculated for C1sH17N 187.1361; Found 187.1365.

1-pentyl-1H-Indazole 9. Yellowoil (1.2228 g, 6.50 mmol, 57.5%); 'H NMR (500 MHz, CDCl3) § 7.99 (d,J = 0.9 Hz, 1H), 7.73 (dt,) = 8.1, 1.0
Hz, 1H), 7.43 —7.34 (m, 2H), 7.13 (ddd, ) = 7.9,6.7, 1.1 Hz, 1H), 4.38 (t,] = 7.2 Hz, 2H), 1.93 (p, ) = 7.3 Hz, 2H), 1.40 — 1.26 (m, 4H), 0.88 (t, J
=7.0 Hz,3H); 13CNMR (126 MHz, CDCl3) 6 139.51, 132.78, 126.16, 124.11, 121.25, 120.46, 109.14, 77.41, 77.16, 76.91, 49.07, 29.72, 29.18,
22.46,14.08. IR (ATR) 3062.59 (Ar-H), 2956.37 (Ar-H), 2931.05 (Ar-H), 2859.84 (Ar-H), 1615.71 (Ar-C=C), 1498.91, 1464.94 cm-L; m/z: [M+H[]*
Calculatedfor Ci2H16N2 188.1313; Found 188.1316.

Flexible Docking in Autodock. 3D crystal structures were downloaded from RSCB Protein Data Bank for both MAO-A (PDB: 2z5x) and MaAO-
B (PDB: 2v5z). Both crystal structures were preparedin AutoDockTools 1.5.6. To prepare the proteins, the bound inhibitors were remowed
alongside all water molecules and any heteroatoms apart from FAD. Polar hydrogens were added and Kollman charges were calculated.
Flexible docking was achieved by setting flexible residues for each protein in close proximity to the active site. The side chain residues lle
180, GIn 215, Ile 335, Leu 337, Phe 352, Tyr407, and Tyr 444 were chosen as flexible residues for Mao-A, andresidues Leu 171, lle 199, Tyr
326, Phe 343, and Tyr 398 in Mao-B. All other residues remained rigid and all rotatable bonds could freely rotate. The ligand chemical
structures were drawn on Chem3D 16.0 software and the energy was initially minimized using the MM2 force field. All structures were
furtheroptimised using DFT, with geometry optimizations beingperformedin Gaussian 16 (Rev. A.03). Calculations were completed at the
B3LYP/6-31glevel of theoryto find the geometry of the compounds attheir energy minima. Flexible docking was then undertaken using
Autodock Vina byselectingcertainresiduesinthe protein active site and labelling them as flexible. All other residues remainedrigid. All 9
output configurations were inspected for location in protein and interactions with residues. The lowest energy conformation for each
compound were used for comparison. Interactions were furtherinvestigated using the Protein-Ligand Interaction Profiler [37].

Author Contributions

SAH, RCA, CRP—Planned experiments, performed experiments, analysed data, contributed reagents, wrote the paper. MID, MWvdK, AEM,
OS, TFH, TF, JS, SH, 1B, JLRA, DC—Planned experiments, Guidance given on experiments, Edited Paper. $These authors contributed equally.

Acknowledgements

SH and RA acknowledge studentship funding from the BBSRC and EPSRC, respectively. MWvdK acknowledges the BBSRC for fund-
ing (BB/M026280/1).]LRA thanks BrisSynBio, a BBSRC/EPSRC Synthetic Biology Research Centre (Grant Number:
BB/L01386X/1).CRP acknowledges the EPSRC for funding (EP/V026917/1 and EP/L016354/1).

Data Availability Statement
The authors confirm that the data supporting the findings of thisstudyare available within the article andits supplementary materials.

References

1. Gunderson, E. W.; Haughey, H. M.; Ait-Daoud, N, Joshi, A. S; Hart, C. L., "Spice" and "K2" herbal highs: A case series and systematic
review of the clinical effects and biopsychosocial implications of synthetic cannabinoid use in humans. Am. J. Addict. 2012, 21 (4), 320-6.

2. May, B.; Naqi, H.A, Tipping, M.; Scott, ], Husband, S. M.; Blagbrough, I.S,; Pudney, C. R, Synthetic cannabinoid receptor agonists detec-
tion using fluorescence spectral fingerprinting. Anal. Chem. 2019, 91 (20), 12971-9.

3. Banister, S,; Kevin, R;; Martin, L.; Adams, A; MacDonald, C; Manning, . J.; Boyd, R;; Cunningham, M.; Stevens M. Y.; McGregor, I.S,; Glass,
M.; Connor, M.; Gerona, R.R,, The chemistry and pharmacology of putative synthetic cannabinoid receptor agonist (SCRA) new psychoactive
substances (NPS) 5F-PY-PICA, 5F-PY-PINACA, and their analogs. Drug Test. Anal. 2019, 11 (7), 976-89.

4. Sholler, D.]; Huestis, M. A; Amendolara, B.; Vandrey, R.; Cooper, Z. D., Therapeutic potential and safety considerations for the clinical
use of synthetic cannabinoids. Pharmacol. Biochem. Behav. 2020, 199, 173059.

5. Yeruva, R. R; Mekala, H. M; Sidhu, M.; Lippmann, S, Synthetic cannabinoids— ”spice” can induce a psychosis: A brief review. ICNS.
2019, 16 (1-2), 31-2.

6. Banister, D. S,; Moir, M,; Stuart, J.; Kevin, R. C; Wood, K. E;; Longworth, M,; Wilkinson, S. M,; Beinat, C,; Buchanan, A.S.; Glass, M.; Connor,
M.; McGregor, 1.S, Kassion, M., Pharmacology of indole and indazole synthetic cannabinoid designer drugs AB-FUBINACA, ADB-FUBINACA,
AB-PINACA, ADB-PINACA, 5F-AB-PINACA, 5F-ADB-PINACA, ADBICA, and 5F-ADBICA. ACS Chem. Neurosci. 2015, 6 (9), 1546-59.

7. Krotulski, A. ], Cannaert, A.,; Stove, C; Logan, B. K,; The next generation of synthetic cannabinoids: Detection, activity, and potential
toxicity of pent-4en and but-3en analogues including MDMB-4en-PINACA. Drug Test.Anal. 2021, 13 (2), 427-38.

8. Grafinger, K. E; Cannaert, A.; Ametovski, A,; Sparked, E,; Cairns, E,; Banister, S. D.; Auwarter, V.; Stove, C. P. Systematic evaluation of a
panel of 30 synthetic cannabinoid receptor agonists structurally related to MMB-4en-PICA, MDMB-4en-PINACA, ADB-4en-PINACA, and
MMB-4CN-BUTINACA using a combination of binding and different CB1 receptor activation assays—Part II: Structure activity relationship
assessment via a -arrestin recruitment assay. Drug Test. Anal. 2021, 13 (7), 1402-11.

9. Kunos, G.; Jarai, Z.; Sdndor, B.; Goparaju, S. K; Ishac, E. . N; Liu, J.; Wang, L.; Wagner, J. A, Endocannabinoids as cardiovascular modula-
tors, Chem. Phys. Lipids. 2000, 108 (1-2), 159-68.

10. Wagner, J. A; Varga, K,; Kunos, G., Cardiovascular actions of cannabinoids and their generation during shock, ]. Mod. Med. 1998, 76
(12), 824-36.

11. Basavarajappa, B. S; Subbanna, S, Potential mechanisms underlying the deleterious effects of synthetic cannabinoids found in
spice/K2 products. Brain Sci. 2019, 9 (1).

12. Assi, S.; Marshall, D.; Bersani, F. S; Corazza, 0., Uses, effects and toxicity of synthetic cannabinoids from the perspective of people with
lived experiences. ]. Psychoact. Drugs. 2020. 52 (3), 237-47.

13. Alam, R. M;; Keating, ]. ], Adding more “spice” to the pot: A review of the chemistry and pharmacology of newly emerging heterocyclic
synthetic cannabinoid receptor agonists. Drug Test. Anal. 2020. 12 (3), 297-315.

85U0]7 SUOWILLIOD @A 18810 3ol dde 8Ly Aq peuseob ke sapie YO ‘8sn JO Sa|n 10} ARIqIT 8UIIUO AB]I/M UO (SUORIPUOD-PUB-SWB D" A3 1WA e1q|Bu1 UO//:SdnL) SUORIPUOD pue Swia | 8y3 &8s *[£202/T0/TE] uo Areiqiiauliuo A8|im ‘AisieAiun velijodosis \ se1seyoue N AQ T29T'SGRY/TTTT OT/I0p/W0D A8 | Akeuq 1 pulUO'STRY//SANY Wo.y pepeojumoq ‘el ‘8sovzy.T



14. Banister, S. D.; Longworth, M.; Kevin, R.; Sachdev, S, Santiago, M,; Stuart, J; Mack, J. B.C,; Glass, M.; McGregor, I.S.; Connor, M.; Kassiou,
M., Pharmacology of valinate and tert-leucinate synthetic cannabinoids 5F-AMBICA, 5F-AMB, 5F-ADB, AMB-FUBINACA, MDMB-FUBINACA,
MDMB-CHMICA, and their analogues. ACS. Chem. Neurosci. 2016, 7 (9), 1241-54.

15. Antonides, L. H.; Cannaert, A.; Norman, C; NicDaeid, N, Sutcliffe, O. B.; Store, C. P, McKenzie, C, Shape matters: the application of
activity-based in vitro bioassays and chiral profiling to the pharmacological evaluation of synthetic cannabinoid receptor agonists in drug-
infused papers seized in prisons. Drug Test.Anal. 2020, 13 (3), 628-43.

16. Naqi, H. A;; Pudney, C. R; Husbands, S. M.; Blagbrough, I. S; Analysis of synthetic cannabinoid agonists and their degradation products
after combustion in a smoking simulator. Anal. Methods. 2019, 11 (24), 3101-7.

17. Andrews, R; Jorge, R,; Christie, R.; Gallegos, A, From JWH-018 to OXIZIDS: Structural evolution of synthetic cannabinoids in the Euro-
pean Union from 2008 to present day. Drug Test. Anal. 2022.

18. Brents, L. K;; Prather, P. L., The K2/Spice Phenomenon: Emergence, identification, legislation and metabolic characterization of syn-
thetic cannabinoids in herbal incense products. Drug Metab. Rev. 2014, 46 (1), 72-85.

19. Banister, S. D,; Stuart, J.; Kevin, R. C; Edington, A.; Longworth, M,; Wilkinson, S. M,; Beinat, C.; Buchanan, A.S.; Hibbs, D. E.; Glass, M,;
Connor, M.; McGregor, 1.S,; Kassiou, M,, Effects of bioisosteric fluorine in synthetic cannabinoid designer drugs JWH-018, AM-2201, UR-144,
XLR-11, PB-22, 5F-PB-22, APICA, and STS-135. ACS. Chem. Neurosci. 2015, 6 (8), 1445-58.

20. Longworth, M.; Banister, S. D.; Boyd, R.; Kevin, C. R;; Connor, M,; McGregor, 1. S; Kassiou, M., Pharmacology of cumyl-carboxamide
synthetic cannabinoid new psychoactive substances (NPS) CUMYL-BICA, CUMYL-PICA, CUMYL-5F-PICA, CUMYL-5F-PINACA, and their ana-
logues. ACS. Chem. Neurosci. 2017, 8 (10), 2159-67.

21. Kraemer, M.; Boehmer, A; Madea, B.; Maas, A, Death cases involving certain new psychoactive substances: A review of the literature.
Forensic Sci. Int. 2019, 298, 186-267.

22. Fisar, Z., Inhibition of monoamine oxidase activity by cannabinoids. NSAPCC. 2010, 381 (6), 563-72.

23. Binda, C; Newton-Vinson, P.; Hubalek, F.; Edmondson, D. E.; Mattevi, A, Structure of human monoamine oxidase B, a drug target for
the treatment of neurological disorders. Nat Struct Biol. 2002, 9 (1),22-6.

24. Gaweska, H.; Fitzpatrick, P. F., Structures and mechanism of the monoamine oxidase family. Biomol Concepts. 2011, 2 (5), 365-77.

25. Ramsay, R. R.; Albreht, A, Kinetics, mechanism, and inhibition of monoamine oxidase. J. Neural. Transm. Suppl. 2018, 125 (11), 1659-
83.

26. Moriguchi, S.; Wilson, A. A,; Miles, L.; Rusjan, P. M,; Vasdev, N,; Kish, S. ]; Rajkowska, G.; Wang, ].; Bagby, M.; Mizrahi, R.; Varughese, B,;
Houle, S; Meyer, ]. H, Monoamine oxidase b total distribution volume in the prefrontal cortex of major depressive disorder: An
11[C]SL25.1188 positron emission tomography study.JAMA Psychia. 2019, 76 (6), 634-41.

27. Gillman, P. K, A reassessment of the safety profile of monoamine oxidase inhibitors: elucidating tired old tyramine myths. Neural.
Transm. Suppl. 2018, 125 (11), 1707-17.

28. Wang, J; Edmonson, D. E, High-level expression and purification of rat monoamine oxidase A (MAO A) in Pichia pastoris: Comparison
with human MAO A. Protein Expr. Purifi. 2010, 70 (2), 211-7.

29. Youdim, M. B. H.; Edmonson, D.; Tipton, K. F,, The therapeutic potential of monoamine oxidase inhibitors. Nat. Rev. Neurosci. 2006, 7
(4), 295-309.

30. Kavuly, F. S; Oh, J. M,; Dev, S.; Kaipakassen, S.; Palakkathondi, A.; Vengamthodi, A, Azeez, R.F. A; Tondo, R. A;; Nicolotti, O.; Kim, H.;
Mathew, B., Design of enamides as new selective monoamine oxidase-B inhibitors. ]. Pharm. Pharmacol. 2020, 72 (7), 916-26.

31. Chavarria, D; Fernandes, C. Silva, V,; Silva, C; Gil-Martins, E.; Soares, P.; Silva, T.; Silva, R,; Remido, F.; Oliveira, P.].; Borges, F. Design
of novel monoamine oxidase-B inhibitors based on piperine scaffold: Structure-activity-toxicity, drug-likeness and efflux transport studies.
Eur. J. Med. Chem. 2020, 185, 111770.

32. Shih, J. C; Thompson, R. F, Monoamine oxidase in neuropsychiatry and behaviour. Am. ]. Hum. Genet. 1999, 65 (3), 593-8.

33. Finberg, J. P. M.; Rabey, J. M,, Inhibitors of MAO-A and MAO-B in psychiatry and neurology. Front. Pharmacol. 2016, 7, 1-15

34. Finberg, J. P. M,, Update on the pharmacology of selective inhibitors of MAO-A and MAO-B: Focus on modulation of CNS monoamine
neurotransmitter release. Pharmacol. 2014, 143 (2), 133-52.

35. Korn, A,; Da Prada, M.; Raffesberg, W.; Gasic, S.; Eichler, H. G. Effect of moclobemide, a new reversible monoamine on absorption and
the pressor effect of tyramine. J. Cardiovasc. Pharmacol. Ther. 1988, 11, 17-23.

36. Tiller, J. W. G.; Maguire, K.P.; Davies, B. M., Tyramine pressor response with moclobemide- A reversible monoamine oxidase inhibitor.
Psychiatry Res. 1987, 22 (3), 213-20.

37. Simpson, G. M.; De Leon, ], Tyramine and new monoamine oxidase inhibitor drugs. Br.]. Psychiatry. 1989, 155 (6), 32-7.

38. Azam, F,; Madi, A. M.; Alj, H. I, Molecular docking and prediction of pharmacokinetic properties of dual mechanism drugs that block
mao-b and adenosine a2a receptors for the treatment of parkinson's disease. J. Young Pharm. 2012, 4 (3), 184-92.

39. Kleis, J.; Germerott, T.; Halter, S; Héroux, V.; Roehrich, J.; Schwarz, C. S; Hess, C, The synthetic cannabinoid 5F-MDMB-PICA: A case
series. Forensic Sci. Int. 2020, 314, 110410.

40. Bertol, E.; Vaiano, F.; Grazia Di Milia, M.; Mari, F., In vivo detection of the new psychoactive substance AM-694 and its metabolites.
Forensic Sci. Int. 2015, 256, 21-7.

41. 0. Trott, A. J. Olson, AutoDock Vina: improving the speed and accuracy of docking with a new scoring function, efficient optimization
and multithreading, J. Comput. Chem. 2010, 31, 455-61

42. Bell, E. W, Zhang Y., DockRMSD: an open-source tool for atom mapping and RMSD calculation of symmetric molecules through graph
isomorphism. J. Cheminform. 2019, 11 (1), 1-9.

43. Hardeland, R.; Tan, D.; Reiter, R. ]; Kynuramines, metabolites of melatonin and other indoles: the resurrection of an almost forgotten
class of biogenic amines. J. Pineal Res. 2009, 47 (2), 109-26.

44, Adasme, M. F,; Linnemann, K. L, Bolz, S. N, Kaiser, F,; Salentin, S; Haupt, V.].; Schroeder, M.; PLIP 2021: expanding the scope of the
protein-ligand interaction profiler to DNA and RNA. Nucl. Acids Res. 2021, 49 (W1), W530-W534.

45. Azam, F.; Madi, A. M,; Alj, H. I, Molecular docking and prediction of pharmacokinetic properties of dual mechanism drugs that block
mao-b and adenosine a2a receptors for the treatment of parkinson's disease. J. Young Pharm. 2012, 4 (3), 184-92.

46. Jia, Z.; Zhuy, Q. ‘Click’ assembly of selective inhibitors for MAO-A. Bioorg. Med. Chem. Lett. 2010, 20 (21), 6222-5.

47. Suresh, J; Baek, S. C,; Ramakrishnan, S. P,; Kim, H.; Mathew, B., Discovery of potent and reversible MAO-B inhibitors as furanochalcones.
Int. J. Biol. Macromol. 2018, 108, 660-4.

85U0]7 SUOWILLIOD @A 18810 3ol dde 8Ly Aq peuseob ke sapie YO ‘8sn JO Sa|n 10} ARIqIT 8UIIUO AB]I/M UO (SUORIPUOD-PUB-SWB D" A3 1WA e1q|Bu1 UO//:SdnL) SUORIPUOD pue Swia | 8y3 &8s *[£202/T0/TE] uo Areiqiiauliuo A8|im ‘AisieAiun velijodosis \ se1seyoue N AQ T29T'SGRY/TTTT OT/I0p/W0D A8 | Akeuq 1 pulUO'STRY//SANY Wo.y pepeojumoq ‘el ‘8sovzy.T



48. Magyar, K. Szeude, B., (-)-Deprenyl, A Selective MAO-B Inhibitor, with Apoptotic and Anti-apoptotic Properties. NeuroToxicology.
2004, 25 (1-2), 233-42.

49. Carradori, S,; Silvestri, R, New frontiers in selective human mao-b inhibitors. J. Med. Chem. 2015, 58 (17), 6717-32.

50. Jones, H.B.L,; Crean, R. M,; Mullen, A,; Kendrick, E. G; Bull, S. D,; Wells, S. A;; Carbery, D. R,; MacMillan, F.; van der Kamp, M. W.; Pudney,
C. R, Exposing the interplay between enzyme turnover, protein dynamics, and the membrane environment in monoamine oxidase B. Bio-
chem. 2019, 58 (18), 2362-72.

51. Walker, M. C,; Edmondson, D. E, Structure- activity relationships in the oxidation of benzylamine analogs by bovine liver mitochondrial
monoamine oxidase b. Biochem. 1994, 33, 7088-98

52. Weyler, W,; Salach, J. 1., Purification and properties of mitochondrial monoamine oxidase type A from human placenta. ]. Biol. Chem.
1985, 260, 13199-207

85U0]7 SUOWILLIOD @A 18810 3ol dde 8Ly Aq peuseob ke sapie YO ‘8sn JO Sa|n 10} ARIqIT 8UIIUO AB]I/M UO (SUORIPUOD-PUB-SWB D" A3 1WA e1q|Bu1 UO//:SdnL) SUORIPUOD pue Swia | 8y3 &8s *[£202/T0/TE] uo Areiqiiauliuo A8|im ‘AisieAiun velijodosis \ se1seyoue N AQ T29T'SGRY/TTTT OT/I0p/W0D A8 | Akeuq 1 pulUO'STRY//SANY Wo.y pepeojumoq ‘el ‘8sovzy.T



Supporting Information

Figure S1. Validation study to compare Autodock 4.2 method with the co-crystallized inhibitors within MAO-A (left) and MAO-B
(right). Following removal of co-crystalised inhibitor from the original pdb files, these compounds were then used for in-silico bind-
ing via Autodock Vina to validate the method in use during this study. The RMSD of the lowest energy binding pose and the co-
crystalised configuration was compared. In both examples, the pink-coloured compound is the co-crystalised geometry obtained
from the original pdb file. The RMSD of harmine in MAO-A (left) is 1.237 A and RMSD of safinamide in MAO-B (right) is 0.965 A,
calculated using DockRMSD software [35]. These RMSD values are below the accepted value of 2.0 A for RMSD scoring [36].Structure
figures were generated using PyMol (The PyMOL Molecular Graphics System, Version 2.4.1, Schrédinger, LLC).

Figure S2. Lowest energy binding poses between ligands and residues in the active site of MAO-A. Structure figures were generated
using PyMol (The PyMOL Molecular Graphics System, Version 2.4.1, Schrédinger, LLC).

Figure S3. Lowest energy binding poses between ligands and residues in the active site of MAO-B. Structure figures were generated
using PyMol (The PyMOL Molecular Graphics System, Version 2.4.1, Schrédinger, LLC).
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Tables

Table 1. MAO insilico binding results

MAO-A MAO-B
Compound | DockingScore Hydrophobic Hydrogen m-stacking | DockingScore Hydrophobic Hydrogen  m-stacking
(Binding free  Interactions bonds Interactions | (Bindingfree Interactions Bonds Interactions
energy / kcal energy / kcal
mol) mol1)

1 -9.0 11 -8.8 13

2 -9.0 11 -8.8 14

3 -10.6 15 1 -10.7 13 2

4 -10.1 11 -11.0 9 1

5 9.4 14 1 -9.2 10 1

6 -7.8 9 -7.6 5

7 -7.7 8 1 -7.5 5

8 -7.8 7 -7.6 8

9 -7.8 10 -7.5 6

10 -6.6 -6.4 5

11 -5.8 2 -5.4 2 3

12 -6.8 2 -6.7 6 3

Table 2. MAO in vitro inhibition resulting from the fit of Eq. 1 to the data shown in Figure 5.
C1 MAO-B MAO-A
Imax (%) ICso (mM) n Imax (%) ICso (M) n

1 36.45+10.86 042+0.19 1.59+0.59 24.89+0.83 87.82+4.38 3312046
2 70.81+44.29 0.69+042 1.30+0.29 52.13+1.50 77.10+1.09 10.28+2.19
3 4429+2.19 0.28+0.02 2.03+0.21 37.10+0.36 19.32+048 2.00x0.09
5 NM NM NM 34.70+8.17 49.15+0.39 1.80+0.64
6 2994 +282 0.65+0.09 194 +0.38 - - -
7 3146+0.95 0.62+0.02 421+055 - - -
8 33.10+1.27 0.63+0.03 198+0.16 - - -
9 3137127 0.54+0.03 293+045 - - -
10 26.68+093 0.50+0.02 3.72+0.64 - - -
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Figure Legends

Figure 1. Structures of compounds investigated in this study. A, Schematic of general SCRA architecture and alterations made to
create SCRA derivatives studies. B. SCRA structures; These compounds include synthetic cannabinoid receptor agonists (1-5), five
compounds that emulate the core and tail section of SCRAs (6-10),benzylamine 11, and kynuramine 12.

Figure 2. 3D protein interactions of 5F-PB-22 (3) with residues in the active site of MAO-A (left) and MAO-B (right) from docking
studies. Hydrophobicinteractions have been represented with dashed grey lines, hydrogen bonds with solid blue lines and pi-stack-
ing interactions with solid green lines. Structure figures were generated using PyMol (The PyMOL Molecular Graphics System, Ver-
sion 2.4.1, Schrédinger, LLC).

Figure 3. LEFT: Lowest energy binding pose of kynuramine (12, green) into the complex of AM-2201 (4) in MAO-A.
RIGHT: Lowest energy binding pose of benzylamine (11, pink) into the complex of AM-2201 (4) in MAO-B.

Compounds 11 and 12 can be seen on the outer surface of the MAO proteins, indicated by a black circle. AM-2201 (4) is
bound to the active site inside both proteins, indicated by a blue circle. The cofactor, FAD, can also be seen under the outer
surface of the protein. Structure figures were generated using Pymol (The PyMOL Molecular Graphics System, Version
2.4.1, Schrodinger, LLC).

Figure 4. A, Steady state kinetics plot of MAO-B turnover, varying [Benzylamine 11], Conditions, 30 uM MAO-B, 50 mM HEPES, pH
7.5 + 0.5% Triton X-100. B, Steady state kinetics plot of MAO-A turnover, varying [kynuramine 12]. Conditions, 20 uM MAO-A, 50
mM HEPES, pH 7.5 + 0.5% Triton X-100 All data were recorded in triplicate and error bars represent the standard error.

Figure 5. Concentration dependence of MAO-B inhibition by SCRA compounds. A, Concentration dependence of SCRA compounds
1-3 versus rate of MAO-B turnover at 25°C. Solid lines are the fit of the data to Eq 2. B, Concentration dependence of compounds 6-
10 versus rate of MAO-B turnover at 25°C. Solid lines are the fit of the data to Eq 2. C, Resulting ICso values depicting the inhibition
potency of compounds 6-10. Conditions, 30 uM MAO-B, 1.5 mM BZA, 50 mM HEPES, pH 7.5 + 0.5% Triton X-100, All data was col-
lected in triplicate and error bars indicate standard error.

Figure 6. Concentration dependence of MAO-A inhibition by SCRA compounds. MAO-A turnover in the presence of three SCRA
compounds. A, Concentration dependence of SCRA compounds 1,3,5 versus rate of MAO-A turnover at 25°C. Solid lines are the fit of
the data to Eq 2,dashed lines are fit of corresponding MAO-B data. B, Resulting ICso values depicting the inhibition potency of SCRA
compounds 1,3,5, with the corresponding ICso values for MAO-B shown in pastel. Conditions, 20 uM MAO-A, 1mM KYN, 50 mM
HEPES, pH7.5 + 0.5% Triton X-100, All data was collected in triplicate and error bars indicate standard error.

Figure 7. Additional kinetic investigation into the SCRA inhibition of MAO-B turnover. A, Comparison of in silico and in vitro data;
the experimentally determined IC,, values of eight compounds are plotted against the computationally determined docking score.

The overlaid heat map indicates the relationship of the maximum % inhibition with respect to the other parameters B, Kinetics study
of the mechanism of MAO-B inhibition by compound 8. A Lineweaver-Burk plot for MAO-B inhibition by 8 has been plotted where
substrate concentrations of 50-3000 mM BZA were used in conjunction with three inhibitor concentrations. C, Plot of Km/Vmax versus
inhibitor concentration for the determination of the Kjvalue of compound 8. Conditions, 24 uM MAO-B, 50 mM HEPES, pH7.5 + 0.5%
Triton X-100, All data was collected in triplicate and error bars indicate standard error.

Figure 8. Concentration dependence of MAO-A inhibition by known inhibitor Moclobemide (Structure known above). Concentration
dependence of Moclobemide versus rate of MAO-A turnover at 25°C. Solid lines are the fit of the data to Eq 2. Conditions, 20 pM MAO-
A, 1mM KYN, 50 mM HEPES, pH7.5 + 0.5% Triton X-100, All data was collected in triplicate.
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