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Abstract

The multifactorial pathophysiology of neurodegetigeadisorders remains one of the main
challenges in the design of a single molecule thay ultimately prevent the progression of
these disorders in affected patients. In this lative report on twelve novel polycyclic
amine cage derivatives, synthesized with or witreopropargylamine function, designed to
possess inherent multifunctional neuroprotectivesiég. The MTT cytotoxicity assay results
showed the SH-SY5Y human neuroblastoma cells toiddg@e with the twelve compounds,
particularly at concentrations less than @d. The compounds also showed significant
neuroprotective activity, ranging from 31% to 66%lauM, when assayed on SH-SY5Y
human neuroblastoma cells in which neurodegeneratias induced by MPP Calcium
regulation assays conducted on the same cell howesd the compounds to be significant
VGCC blockers with activity ranging from 26.6% t®.3% at 10 uM; as well as significant
NMDAr antagonists, with compourts showing the best activity of 88.3% at 10 uM. When
assayed on human MAO isoenzymes, most of the congsoshowed significant inhibitory
activity, with compound showing the best activity (MAO-B: Kg = 1.70 uM).Generally,
the compoundsvere about 3 — 52 times more selective to the MAGd&nzyme than the
MAO-A isoenzyme. Based on the time-dependency studbnducted, the compounds can be
defined as reversible MAO inhibitors. Several stuwe activity relationships were derived
from the various assays conducted, and the compoyussible putative binding modes
within the MAO-B enzyme cavity were assessgedlico.

Key words: Neurodegeneration, apoptosis, neuroprotection,tifonuttional, polycyclic
amine, propargylamine, excitotoxicity, monoaminéase.

Introduction

Neurodegenerative disorders (NDs) refers to a etusff neuronal diseases that are
characterised by transient and irreversible lossenfronal cells in the brain due to apoptosis
[1]. Examples of these diseases include AlzheimBisease (AD), Huntington’s Disease
(HD) and Parkinson’s Disease (PD). Though the mghesis is yet to be fully understood, it
is known that several factors are involved in thielegy of these disorders. Some of the
established theories of disease causation inclode,are not limited to, disturbances in



neurotransmitter systems such as the monoaminsygiem [2,3], as well as excitotoxicity
resulting from excessive calcium influx into neuasboells [4,5].

Patients with PD and AD have been shown to haveegted elevated levels of the B-type
monoamine oxidase isoenzyme (MAO-B) in the braij Tehis enzyme does not only act
indirectly as a trigger to the apoptotic procesaenronal cells, but together with the A-type
isoenzyme (MAO-A), they form the major catabolidipgays of dopamine [7] and give rise
to some of the signs and symptoms associated Viéset disorders [8]Both these
isoenzymes are therefore promising drug targes $de the treatment of NDs and as such,
monoamine oxidase enzyme inhibitors (MAOI's) haweib the mainstay therapy for the
management of NDs. By inhibiting the activity oetMAO isoenzymes, MAOI's may exert
neuroprotective effects by inhibiting the formatiohtoxic by-products of MAO-catalyzed
oxidation of neurotransmitters [9]. Further to thiMMAOI's enhance dopaminergic
neurotransmission in the nigro-striatal pathwayreéby providing symptomatic relief in
patients with PD [10].

The first generation of MAOI's such as tranylcypiam are nonspecific and irreversible
inhibitors of both isoforms of MAO. While these duahibiting compounds produce a
significant rise in dopamine levels and behaviouwtsnges after administration [1ijey
present a drawback of causing clinically significpotentiation of the ‘pressor response’, a
common adverse effect associated with ingestingntyme containing foods together with
nonspecific MAOI's. Potentiation of this adversefeet is mainly influenced by the
irreversibility of the inhibitor and the degreeMAO-A inhibition [12]. This has been shown
to be due to MAO-A being the major form of MAO ihet liver and stomach. Reversible
inhibitors of MAO-A are therefore preferred to thareversible counterparts as they show a
reduced hypertensive response [13].

A more widely explored strategy entails selectivadfiibiting the MAO-B isoenzyme by
inhibitors such as rasagiline and selegiline (Feglly. This approach is based on the fact that
the extrapyramidal region of the human brain hagr@pmately 4-times more MAO-B
isoenzyme than the MAO-A isoenzyme [14]. Rasagidnd selegiline are second generation
propargylamine derivatives that irreversibly inhillirain MAO-B, and have promising
neuroprotective activities [15]. Their activity cée attributed to the propargyl moiety [8],
that after oxidation, reacts with the flavin prasthb group in the active site of the MAO-B
enzyme, forming a covalent adduct at & position of thelavin adenine dinucleotide
(FAD) [16]. The propargyl moiety is also now knowmplay an important role in providing
neuronal and mitochondrial protective propertieg] [ds well as anti-apoptotic properties
[18]. This moiety has been particularly useful fiocorporation into multi-target compounds
with inherent MAO-B inhibitory capacity [19].

While inhibiting the oxidative deamination reactioatalysed by the MAO isoenzymes is a
useful strategy in managing NDs, targeting a siegieymatic system or receptor has proved
to be insufficient for the treatment of these niatiiorial diseases [20]. A more effective
therapy would result from the use of multi-targeected ligands (MTDLS) able to intervene
in the different pathological events implicatedhe etiology of neuronal disorders [21].



Calcium homeostasis in neuronal cells has also beplicated in the pathogenesis of NDs.
Given the crucial and widespread role calcium digitahas in excitable cells, it is not
surprising that alterations in calcium homeostasislinked to several NDs [22,23].
Maintenance of intracellular calcium homeostasisisential for the functioning and survival
of neurons and is a fundamental component of synamnsmission for both pre- and
postsynaptic mechanisms [24]. Excessive influx altiom can therefore overwhelm €a
regulatory mechanisms and lead to excitotoxicity aauronal cell death [25]. The activation
of the postsynaptidN-methyl-D-aspartate receptors (NMDAr), 2-amino-3-(3-hydrd¢y-
methylisoxazol-4-yl)proprionate receptors and k&n@ceptors allows for opening of their
associated ion channels to allow the influx of'Cand N& ions into the neuronal cells.
Calcium entry may also occur througktype voltage gated calcium channels (VGCC) and
result in both calcium overload and mitochondriedraption [25]. This mechanism of cell
death suggests these receptors and their assoc@ai@dm channels to be supplementary
drug target sites for the treatment of NDs.
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Figure 1. The molecular structures of the selective MAO-Biliitbrs selegiline and rasagiline, the VGCC
blocker and NMDAr antagonist NGP1-01, compoundsnfra previous stud¥1 and P2, and the new series
represented by compountl2, with the polycyclic scaffold, benzylamine and propdamine moieties
highlighted.

In our previous work [26], we designed and synthesi polycyclic propargylamines,
represented b1 andP2 (Figure 1), to serve as multifunctional drug ligarby inhibiting
MAO-B enzyme activity, and as regulators of cytasotalcium entry predominantly
mediated by NMDAr and VGCC. While these compountiswed goodin vitro anti-
apoptotic activity, they showed little to no MAOiBhibitory activity and were inactive as
NMDAr antagonist and VGCC blockers. These findisgggested thaPl and P2 exhibit
their neuroprotective effect through some other mmasm(s) implicated in the complex
etiology of neurodegeneration unexplored in thelstWe further postulated that the lack of
calcium regulatory activity ilP1 and P2 was due to the absence of a benzylamine moiety
within their structures. This moiety, which is peasin structure of NGP1-01, a molecule
known to have neuroprotective properties throughtC@3lockade and NMDAr antagonistic
activity [27], seems to be vital for calcium modoly activity in such polycyclic analogues.



It is for this reason that we incorporated a beszyhe moiety in the design of a new series
of compounds reported in this current study (regmeesd by compound2, Figure 1).

Further investigation to clarify the lack of MAO-Bhibitory activity in these compounds
was carried out by performing computer-assistedukitad docking in the MAO-B enzyme
(PDB ID: 2Vv5Z7) [28], utilizing Molecular Operatingnvironment (MOE) as previously
described [29]. The best-ranked docking solutidrsagd that compoundl andP2 occupy
only the entrance cavity of the MAO-B enzyme ancklygaccess the substrate cavity to form
the necessary binding interactions with the FADactdr, which could have resulted in
increased activity of these compounds (Figure 2jh\We inclusion of a benzylamine moiety
in the structures of the new series of compoundsseen in compountl2 (Figure 1 and
Figure 2), we envisaged better MAO-B inhibitory @ity as this moiety significantly
elongates the compound allowing the adjacent pgytemine moiety to come in close
proximity to the FAD cofactor of the enzyme.

Figure 2. Schematics showing inactive compouRd (left) and a representative of the new polycyclic
propargylamine derived series compouti?l (Right) in a computer simulated MAO-B enzyme cavithe
compounds are shown in yellow and the FAD co-faotagreen. Note that compoufl merely occupies the
entrance cavity of the enzyme pocket and remaistsuali from the FAD co-factor rendering it inactivehile

the new series traverses deeper into the enzyméy davcome in close proximity with the FAD co-fact
allowing for potential binding interactions whichagnresult in improved MAO-B activity.

The findings from our previous work have thus insgithe design, synthesis and evaluation
of a new series of twelve pentacycloundecane angladyeloundecane derivatives,
synthesized with or without a propargylamine fuoicti The compounds in this series,
represented by compouri® (Figure 1 and Figure 2), carry some or all of tbhkowing
features; (a) a polycyclic cage scaffold - for suthain attachment as well as for improving
the drug’s lipophilicity [30] and enhance drug tsport across cellular membranes, including
the selectively permeable blood—brain barrier, alsd to increase drug affinity for lipophilic
regions in target proteins [30,31]; (b) a benzyl@nmoiety - as present in the structure of
NGP1-01, for improved VGCC blockade and NMDAr amtaigm [27]; (c) a propargylamine
moiety - for inherent MAO inhibitory capacity and provide neuronal and mitochondrial
protective properties [17], as well as anti-apaptqtroperties [18]; (d) an elongated
orientation — resulting from the inclusion of a bglamine moiety, to promote molecular
interaction between the propargylamine function ti@FAD cofactor of the MAO enzyme.
Compounds that show such multi-mechanistic activitgy have promising potential to
curtail the multifactorial etiology of neurodegeative disorders.

The novel compounds were therefore synthesized aackened for cytotoxicity,
neuroprotection, NMDAr antagonism and VGCC blockbgieperformingin vitro assays on



human neuroblastoma SH-SY5Y cells. Further to thisitro assays on the human MAO-A
and MAO-B enzymes were performed in order to detegrtheir inhibitory potential on the
respective isoenzymes.

Chemistry

Each compound was synthesised to evaluate thatgand benefit of the presence of certain
functional groups in the molecule. These groupsluged the following; a terminal
propargylamine§, 6, 9 and12), a terminal secondary aming, ¢, 4 and10), as well as the
ketal (L - 6), aza 7 - 9) and oxa 10 - 12) variations of the polycyclic cage scaffold. The
common starting Cookson’s diketors,(was prepared according to the method of Cookson
et al. [32] From the Cookson’s diketone, the monopraedtetal polycyclic cagebf was
preparedaccording to the method of Dekkeiral. [33] NGP1-01 was synthesized according
to an adaptation of the microwave assisted methWAM) described by Joubest al. [34]

To synthesize the mono amine cagg (lebenzylation of NGP1-01 was carried out under
high-pressure catalytic hydrogenation as reporiebléarchandet al. [35] (Scheme 1).

Compoundsl — 12, were subsequentlysynthesized by direct conjugation of various
analogues to the three polycyclic cage scaffolds—(c) using microwave irradiation.
MWAMSs present several advantages which include;ar&able reduction of reaction time,
improved vyields, cleaner reactions and reductionelmination of hazardous solvents
compared to reactions performed under conventitheamal heating conditions [36,37]. As
such, MWAMs have since been adopted by severahrelsers as the preferred strategy for
the synthesis of these cage-derived organic conysojs#,38].

The synthesis of compounds 2 and 3 was performed by conjugating their respective
primary diamines to the mono ketal polycyclic cdgethrough a direct amination reaction
using microwave irradiation (Scheme 2). An excessunt ofp-xylylenediamine (5.0 equiv)
was used for the synthesis of compouhth order to promote the formation of a mono-
substituted amine, however, a significant percenté#ghe di-substituted derivatiBsformed
during the reaction and was successfully isolaigohg respective yields of 32% and 13%.
The serendipitously synthesized compodngas also included in the series of compounds
for screening of potential activity. Propargyl afle was conjugated to compouBdising
MWAMSs through an §2 nucleophilic substitution reaction, in the presenf K;CO;, to
produce compoun8. To synthesize compoundsand6, reductive amination of the imin@s
and5 was carried out using NaBHA comparison of the biological activities of tke®ur
compounds provides insight on the influence of timne bond on their activity. The
reduction of the imined and 2 with NaBH,, followed by acid hydrolysed transanular
cyclization using HCI, gave the desired aza-bridgesnpounds7 and 8 respectively.
Propargyl chloride was conjugated to compo@nthrough a nucleophilic 2 substitution
reactionusing MWAMs to yield compounél (Scheme 2).

Compound10, which is an oxa analogue and structural isomer,ofvas synthesized by
conjugating 4-amino benzylamine to the Cooksorkeidine &), followed by reduction with
NaBH; (Scheme 3). A microwave assisted nucleophili2 Substitution reaction was
employed to conjugate the mono amine cayeq p-xylylene dichloride to yield compound



11 and to conjugate propargyl chloride 1d and yield final compound12. (Scheme 3)
Compoundsl, 7 and10 were synthesized to serve as intermediates tanfatesubsequent
propargyl derivatives. However, due to the low téy of the aniline amine, reactions with
halopropargyls in the form of propargyl chloridedgoropargyl bromide could not yield the
desired derivatives. All compounds$ € 12) were protected from light after synthesis and
were appropriately stored at -84 °C to prevent aeagtion.
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Scheme 1:Reagents and conditions for thgnthesis of diketone), ketal p) and monoaminec] polycyclic scaffolds: (i)
benzene, 0 °C, 1 h, 74%; (ii) benzepd,sOH (cat), Dean—Stark reflux, 5 h, 72%; (iii) atiol, MW, 80 °C, 100 W, 100 psi,
2 h, quantitative yield; (iv) ethanol, NaBHt, 8 h, 62%; (v) ethanol, 10% Pd/C,,;206 kPa, 50 °C, 14 h, 32%.
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Scheme 2:Reagents and conditions for thynthesis of ketal- and aza-polycyclic derivatif@smpoundd —9): (i, a: n = 0)
ethanol, MW, 80W, 150 psi, 100 °C, 30 min, 65%b(in = 1) ethanol, rt 1 h, then MW, 60 W, 80 pSIDTC, 3 h, 32%; (i,
¢) ethanol, rt 1 h, then MW, 60 W, 80 psi, 100 °@, 33%; (ii) acetonitrile, KCOs, 60°C, 4 h, 21%; (iii) ethanol, NaBH
rt, 8 h, 72%; (iv) ethanol, NaBHrt, 8 h, 69%; (v) acetone, 4 M HCI, rt, 12 h, 42%d 78%; (vi) acetonitrile, ¥CO;, MW,
60 W, 60 °C, 2.5 h, 18%.
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Scheme 3:Reagents and conditions for thgnthesis of oxa-polycyclic derivatives (compoud@s- 12): (i) ethanol, MW,
100 W, 100 psi, 80 °C, 2 h; (ii) ethanol, NaBlt, 8 h, 32%; (iii) acetonitrile, }CO;, MW, 150 W, 20 psi, 70C, 1 h, 19%;
(iv) acetonitrile, KCO;, MW, 150 W, 20 psi, 70C, 1 h, 21%.

Characterization of all the compounds was carriedby means ofH-, *C-NMR, IR and
HREI-mass spectra. A common structural featurellitha synthesized compounds was the
polycyclic cage moiety. This structural moiety shealcharacteristic signal peaks on the
NMR spectra which included a characteristic AB deiarsignal, due to the two
unsymmetrical protons on the bridgehead. This $igppeared at a chemical shift in the
range of6 1.10-1.91 ppm, with a coupling constant in thegeaaf 10.6—10.8 Hz. The rest of
the protons making up the polycyclic cage appea®dnultiplets or groups of multiplets,
apparent quartets, and apparent triplets in thgerasf 6 2.30-3.00 ppm. These signals
confirmed the presence of the polycyclic scaffoldhe compound structures [38].

All ketal derivatives 1 — 6) showed a characteristic multiplet signal in thegeonfé 3.70—
3.95 ppm, owing to the four protons on the ketaboas. In compounds were the polycyclic
cage scaffold was linked to the rest of the molkewid a rigid imine bondj, 2, 3 and5), the
ketal moiety seemed to influence the signal oftéhe protons of the -N-CH linker by virtue

of long-range coupling. Due to this coupling, theotprotons appeared on thE-NMR
spectra as apparent doublet of doublets at abdl80—4.60 ppm, with a coupling constant of
3.2 Hz. When the imine bond was reduced to a rol@tamine bond, in the case 4£&and6,
this coupling effect was lost and the signal appeas a multiplet at an upfield shift of about
6 3.95 ppm.

A typical signal for the presence of the aza-cageety (7 — 9), was a triplet at a chemical
shift in the range 0é 3.21-3.95 ppm, with coupling constants in the eaafj4.8-5.2 MHz.
This triplet corresponded to the single protonhat {CH-N- position, and its multiplicity is
attributed to the presence of two protons at thacaat carbons atoms within the polycyclic
cage [38]In the case of the oxa-cage moiely) ¢ 12), this triplet signal was at a range of
abouts 4.65—-4.73 ppm with a coupling constant in the eanfj4.8-5.0 Hz. The downfield
shift of this methine hydrogen resulted from theldelding effect of the adjacent oxygen
atom. This downfield shift, compared with that ¢ aza analogues, is attributed to the
electronegativity difference between nitrogen arggen, and thus, an increased deshielding
effect compared to the aza derivatives.



The presence of a propargyl moiety in the strustwe compounds, 6, 9 and 12 was
confirmed by a characteristiei-NMR triplet at a chemical shift in the range$%®.20-2.30
ppm, with a coupling constant of about 2.4 Hz. Ttiiplet corresponds to the terminal
acetylene proton and its multiplicity is attributéal the neighbouring methylene protons
which influence itvia long-range coupling. The terminal acetylene praqoally influenced
the two symmetrical methylene protons, which forant of the propargyl moiety, to appear
as a doublet in the range ®8.40-3.50 ppm, with a coupling constant of aboditH2z.

Further characterization of these compounds wagedaout by means dfC-NMR, IR and
HREl-mass spectra, which all supplemented #&NMR spectra findings, further
confirming the structures of the compounds.

Cytotoxicity

Compoundsl-12 were assayed for cell viability on SH-SY5Y humaguroblatoma cells
using a standard 3-[4,5-dimethylthiazol-2-yl]-2 pltenyl tetrazolium bromide (MTT) assay
method [39]. The results are depicted in Figuren@ &able 1. This assay, which measures
cell metabolic activity, was used to determine ¢i®otoxicity of the test compounds at 10
UM, 50 uM and 100 uM concentrations. The cells wesqgosed to test compounds for 48
hours, after which cell viability was determineaspophotometrically. Vehicle control cells
were treated with dimethyl sulfoxide (DMSO, solvdat dissolving test compounds) and
served as a reference for 100% cell viability. N&R1 known to have neuroprotective
properties [27], was also used as a referencealdotrrelative comparison.
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Figure 3. Percentage cell viability of compountid 2 assessed by means of measuring the metabolidtyactiv
SH-SY5Y neuroblatoma cells, after 48 h exposuréesd compound, relative to a control of untreatable
cells. Data are mean + SEM (n = 3, four fields pepeat). Data were subjected to an ANOVA statiktica
analysis and significance was defined as [(*) pG50(**) p < 0.001, (***) p < 0.0001].

The results from this assay suggested the SH-SYbivah neuroblastoma cells to be viable
with the test compounds, particularly at 101, as none of the compounds showed



statistically significant cytotoxicity on the cellne at this concentration (Figure 3).
Percentage cell viability at this concentrationgeah from 84% to 116% relative to the
untreated control. This was comparable to NGP1wliich was found to be 86% viable at
the same concentration. The influence of the pgpamoiety was evident at higher
concentrations of test compound as seen when campdhe propargyl containing
compound5, which was 99% viable at 1Q0M, with its precursor devoid of this moiety,
compound?2, which was only 32% viable at the same concentratiims observation
suggests compourito be 3-times more toxic than its propargyl camtay derivative. The
same observation was made when comparing compg&uwmdich was 70% viable at 1M,

to its precursor compour) which was only 5% viable at the same concenmasaggesting
the inclusion of a propargyl moiety to be respolesibr a 14-fold decrease in cytotoxicity.

Neuroprotection

The SH-SY5Y cytotoxicity assay results were usedldtermine the test concentration of
compoundsl-12 which would insignificantly affect the viability othe SH-SY5Y cells.
Based on the SH-SY5Y cytotoxicity analysis, it vaesided to conduct the neuroprotection
studies at test concentrations betweg@Mland 10uM, in order to maintain cell viability.

In this study, we employed a widely used cellulaxdel in which neurotoxicity was induced
by 1-methyl-4-phenyl pyridinium (MP®in SH-SY5Y neuroblastoma cells [40,41]. MAR
highly toxic to neurons and has been widely usemhdoce neurodegeneration in varians
vitro and in vivo models [40,41]. Several signaling pathways havenlmeggested to be
responsible for MPPmediated neurotoxicity in SH-SY5Y cells, for insta, trigger of
oxidative stress [42], induction of apoptosis [43nd inactivation of pro-survival
phosphoinositide 3-kinase (PI3-K)/Akt cascade [8#,4his assay was deemed appropriate
to test for initial neuroprotective ability of theompoundsbecause of the multitude of
pathways involved in MPP mediated neurotoxicity and the potential multiftizcal
inhibitory abilities of the test compounds.

Briefly, the assay entailed treating the SH-SY5Y tire with different concentrations (1
uM, 5 uM, 10 uM) of test compounds two hours prior to MPiReatment. After 48 hours of
incubation, the neuroprotective effect of the comuts was assessed by means of the MTT
mitochondrial function assay which measured celbility. Vehicle control cells were treated
with DMSO (solvent for dissolving test compoundsyl &erved as a reference for 100% cell
viability. Percentage neuroprotection values wealeudated as the difference between the
final percentage cell viability of the test compdureated cell line and that of the MRly
treated cell line. These values are presentedgar€i4 and Table 1. NGP1-01, known to
have neuroprotective properties [27], was also uageda reference control for relative
comparison.



As illustrated in Figure 4, after the exposure @auM MPP' for 48 hours, the cell viability
declined significantly to around 45%. However, d@gotoxic effects were significantly
ameliorated in the presence of the test compoahdsuM, 5 uM and 10 UM concentrations.
All compounds in the series exhibited significarguroprotective effects at a iM
concentration as they managed to improve cell Wglib values between 86% and 110%.
This was expected from these compounds as thehale molecular similarities with NGP1-
01 which is known to have neuroprotective propsréie confirmed in this assay [27]. At 5
UM and 10 uM a slight decrease in cytoprotectios wlaserved for most of the compounds.
This may indicate that the neurotoxin challengedesbf the SH-SY5Y cells may be more
sensitive to the cytotoxic effect of the test comnpas at higher concentrations.
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Figure 4. The effects of compounds-12 on MPP-induced (100Q:M) cytotoxicity in SH-SY5Y cells. The
viability of the untreated control was defined @0%. MPP without test compound showed a significant
decrease in cell viability relative to the cont(8l p < 0.05). Data are mean + SEM (n = 3, fouldfieper
repeat). The level of statistical significance fioe test compounds is set at * p < 0.05 comparatiedMPP
only treated control. Tukey's multiple comparisatatistical analysis was performed on all raw dabal
significant neuroprotective effect was defined @ p < 0.05, (**) p < 0.01, (**) p < 0.001, (**) p <
0.0001].

VGCC assay

To investigate the test compounds’ potential VGQ&king effect, we developed an assay
based on the methods described by Yoetral. [46] and Ledret al. [47] Briefly, SH-SY5Y
human neuroblastoma cells loaded with the ratiamétrorescent calcium indicator, Mag-
Fura-2/AM, were incubated at 37 °C in the preseoic¢he test compounds at a 10 uM
concentration for 30 mins, then stimulated with aaentrated solution of KCI to allow
opening of the calcium channels. The assay wameed at a 10 uM concentration as
determined by the cytotoxicity assay performed btwe same cell line. Changes in
fluorescence as a consequence of an increase asotigt calcium elicited by high K



concentrations were measured in a BiStdkiorescent microplate reader. Two positive
controls were included in the VGCC assay; nimodipira commercially available
dihydropyridine L-type calcium channel blocker [48], and the prgetypolycyclic amine
cage compound, NGP1-01 [49]. The percentage VGGkhte of each compound was
calculated relative to the activity of nimodipinedathe data is presented in Table 1.

Based on the assay results, all compounds, ex;déptand 10, showed significant VGCC
inhibitory activity; ranging from 26.6% to 51.3%lative to a 10 uM solution of nimodipine.
This activity is comparable to that of NGP1-01, g¥hinhibited calcium influx by 25.7% at
the same concentration. This general improvemeatiivity, compared t&1 andP2 which
were inactive as VGCC blockers at 100 uM [26], easites the need to include a
benzylamine moiety in the structure of polycyclioiae cage derived compounds designed
for VGCC blockade as we previously postulated [26].

It seems that a primary terminal amine imparts thelecules with increased VGCC
inhibition. This was seen in compountis2, 4, 7 and8, which showed activities of 40%,
35%, 43%, 36% and 51% respectively, a significamprovement to the activity noted for
NGP1-01. When this primary amine terminal was coi@kto a secondary amine, by
conjugating a propargyl moiety, in the case of coomus5, 6 and 9, the VGCC inhibitory
activity notably decreased to 26%, 22.9% and 39%peaetively, when compared to their
primary amine carrying precursord 5%;4, 43% ands, 51%). A terminal primary amine
could be necessary for the formation of producthiading interactions between the
respective compounds and the binding site of th€&@esulting in their blockade.

NMDA assay

To assess the compounds’ ability to block'Gaflux via the NMDAr channels, a similar
method as in the VGCC assay was used. Howevemeentrated NMDA/Glycine solution,
instead of KCI, was used to stimulate calcium fhinxough the NMDAr. Two positive
controls were included in this assay; MK-801, a pwecially available non-
competitive antagonist of the NMDAr [50], and NGB1{49]. All compounds were assayed
at 10 uM and the percentage NMDAr inhibition of r@ompound was calculated relative to
the activity of MK-801. The calculated percentagi@bition values are presented in Table 1.

Several compounds showed great NMDAr antagonisnth wompound5 showing the
highest activity of 88.3%. Compounds3 and6 also showed good activity with percentage
inhibition values of 63.1%, 70.5% and 63.9% regpebt. These four compounds, as well as
compound2, which showed significant activity of 49.5%, showBiMDAr antagonism
comparable to NGP1-01, which exhibited 32.5% irtfohi at the same concentration. A
common structural feature of these five compousda ketal moiety which seemed to be
important for increased NMDAr antagonism. This aleagon was more compelling when
considering that compoundand 10, which were devoid of this functional moiety, were
both inactive; as well as compoundsand11, which also lacked the ketal moiety, showed
statistically insignificant activity of 11.9% an®.2% respectively. The ketal moiety could be
providing necessary bulk and charge which coul@dwalfor productive ligand-NMDAr



binding interactions. Further mechanistic studiesl@ provide further insight on the putative
binding mode of these compounds.

The inclusion of a propargyl moiety in the compowtdictures seemed to contribute to
improved NMDAr antagonism. This was evident whemparing the propargyl carrying
compounds5 and 6, which were 88.3% and 63.9% active respectivedytheir precursor
compounds2 and 4, devoid of this moiety, which were 49.5% activedaimactive
respectively. An imine bond between the polycydage and the benzylamine moiety, as
seen in compound? and5, seemed to be ideal for NMDAr inhibitory activicpmpared to
the simple amine bond contained in the structufesompounds4 and6. When the imine
bond in compound is reduced to a simple amine bond in compodndhe NMDAr
antagonistic activity was completely loSimilarly, there was about 25% decrease in activity
when the imine bond in compourtdwas reduced to afford compouid The rigid imine
bond seemed to be ideal for NMDAr inhibition. A patle explanation for this could be that
the rigid ligand confirmation allows the compountis adequately traverse the ligand-
recognition region of the NMDAr subunit which isfaed by two polypeptide segments, S1
and S2 [51].

Generally, these compounds seem to possess calegutatory potential comparable to the
prototype NGP1-01 by acting on both VGCC and NMDAtowever, the compounds
appeared to be more active as NMDAr antagoniststtiay are VGCC blockers.

MAO-A and MAO-B inhibition studies

The target compounds were investigated for theirbitory activity against human MAO
(hMAO) by measuring the extent to which the teshpounds reduce the oxidative catalysis
of kynuramine, a mixed MAO-A/B substrate, by thespective MAO enzymes [52]. The
fluorescence of the MAO generated 4-hydroxyquir®lin the supernatant fractions were
measured using a Biotekluorescent microplate reader at an excitation elength of 310
nm and an emission wavelength of 400 nmy IGalues were calculated as the compound
concentration that produces 50% enzyme activitybitibn. The inhibition potencies of the
test compounds and reference compounds, selegitidelorgyline, are presented in Table 1.

Based on the results, most of the active compoulgisayed higher inhibitory potencies
against the MAO-B compared to the MAO-A isoenzyrmeaggested by the selectivity index
(S1) values. The only exception was compodfdwhich showed selectivity to the MAO-A
isoenzyme. The ketal moiety seemed to be influemti@zonferring the molecules MAO-B
selectivity as observed from the high Sl valuesahpoundsdl, 2, 5 and6, which all carry
this moiety. These compounds were about 3 to 52gimore selective to the MAO-B
compared to the MAO-A isoenzyme. Conversely, comps9 and 12, though devoid of the
ketal moiety, also showed selectivity to MAO-B wilhvalues of 14.8 and 3.6 respectively.

Several structure activity relationships could keivied from comparing the MAO g
values of the various compounds in the series.rdateng to note, was that the
propargylamine carrying compounfs6, 9 and12 showed MAO-B inhibition values which
ranged between 1.7 uM and 36.31 uMsg)CThis was a significant improvement from the
activities shown by the previously reported commtsial and P2, which were inactive as



MAO-B inhibitors[26]. This improved activity can hattributed to the increased molecular
length of these compounds as a result of the imratipn of a benzylamine moiety into their

structures.

Table 1: The biological activity profiles of compoundsl2 and related reference compounds.

Compound Cell Neuro- VGCC NMDA MAO- A MAO-B Sl
Viability ~ protection % % MAO-B®
% %?
10puM 1pM 10puM 10puM ICsouM  IC5ouM
Selegiline - - - - - <10 nM -
Clorgyline - - - - <10 nM - -
MK-801 - - Inactive 100.0 - - -
Nimodipine - - 100.0 Inactive - - -
NGP1-01 86+7.8 66+69 257+9.2 325+99 >100 >100 -
P19 - - Inactive Inactive . Inactive -
p22e - - 18 4 - 6% -
1 97+7.9 59+72° 401371 63.1+11.3" >100 1.91 >52.4
2 96+11.4 60+13 35.0+10.2 495+6.0 >100 13.80 >7.2
3 88+6.8 61+59 243+157 705+ 472 >100 100 -
4 84+120 54+8%5 432+39 Inactive >100 >100 -
5 114+253 53+35 26.6+3.9 88.3+7.9" >100 1.70 >58.8
6 116 £10.4 38+9.4 229+55 63.9 + 1374 >100 36.31 >2.8
7 101+6.0 31+130 365%8.2 119738 >100 >100 -
8 107+55 46+132 51.3+104" 59.0+4.7" >100 >100 -
9 98+14.2 43+9727 394180 0.6+8.1 56.23 3.80 14.8
10 104 +13.4 46+17 76+13 Inactive 2.37 100 0.02
11 98 +2.7 4841 31617 26.1+2.0 >100 14.13 7.08
12 116 +18.8 54+78 29.1+58 31.4+6.8 >100 28.18 3.55

®Percentage neuroprotection values calculated adiffieeence between the final percentage cell Vighof the
test compound treated cell line and that of the MP® treated cell line. Experimental values areeamof at
least 9 independent experiments (n = 9); (b) = hMBGelectivity index calculated as: §{hMAO-
A)/1IC5o(hMAO-B); Statistical analysis was performed on rdata, with asterisks indicating significant adtivi
[(*) p<0.05, (**) p<0.01, (***) p <0.001, (***) p <0.0001].

The data from this study suggests the juxtapogtidmenzylamine and propargyl moieties are
imperative in rendering the compounds better MA@iBibitory activity. This observation
was noted by comparing the activity of compoudAdsd8, which both lacked the propargyl
moiety but carried the benzylamine moiety, to thevay of compounds and9, with both
moieties. Compoundé and8 showed IGy values of more than 100 uM, while compouBds
and9 showed values of 36.31 uM and 3.89 UM respectivklg.important to note that when
the benzylamine moiety is absent in the molecullarctire of these compounds, as in the
case ofP1 andP2, the propargylamine moiety alone fails to rendgnificant activity on the
MAO-B enzyme, thus further supporting the needdfoth moieties in the structures of these
type of compounds for activity.

By comparing derivatived and 6, whose 1G, values were 1.70 uM and 36.31 pM
respectively, the influence of the imine bond be&wehe polycyclic scaffold and the
benzylamine moiety could be appreciated. This s@emed to confer compoubd 16-fold
increase in activity when compared to compo6nich which the imine bond was reduced to a
secondary amine. The same was true for the presuo$@ompound$ and6, compound
(imine) and4 (amine),whose IGy's were 13.8 uM and >100 uM respectivdPerhaps this is



because the imine bond, present in compo@ratsd5, is more rigid than the rotatable amine
bond present in compoundsand6, thus allowing compound® and5 to be confined to a
fixed region of the MAO-B enzyme active site allogi for more productive binding
interactions.

When compoun@ is di-substituted with the ketal-polycyclic moietty give compound,
MAO-B inhibitory activity is lost. The di-substitetl molecule appears to be bulky and
probably fails to make access into the enzyme agbocket, rendering it inactive. The
absence of a propargyl function within the struetaf compound further explains the lack
of MAO inhibition observed from this compound.

NGP1-01 showed little activity on both MAO-A and NDAB enzymes, 16 >100 uM on
both isoenzymes, but when para-substituted withrimgry amine to give compounti,
MAO-A inhibition improved (IGo = 2.37 uM) This improved activity may be due to the
involvement of the amine group in the formationbifding interactions with amino acid
residues found in the substrate cavity of the MA@#xyme.Contrary to this, compourd]
which was also para-substituted with a secondaimpenshowed little activity on the MAO-
A isoenzyme. This could be due to the presencén@fbiulk ketal moiety attached to the
polycyclic cage scaffold, which may be hindering tentrance of the molecule into the
enzyme substrate cavity. It is important to nota il ketal derivatived — 6 showed little
activity on the MAO-A isoenzyme of g> 100 uM.

In general, compoundsk 2, 5, 6, 9and12 showed the best overall MAO inhibitory activity
and appear to be selective for the MAO-B isoenzyAéough the MAO-B inhibitory
activity herewith reported was a significant impeawent in comparison to the previously
reported compoundBl andP2, it is important to note that this activity wadlstbout 1000-
fold weaker than selegiline. Further structural moations of these compounds may
therefore be necessary to afford molecules whick pwentially show improved MAO-B
inhibition.

MAO reversibility studies

To determine the binding mode of the studied comdsuon MAO-A and/or -B, a time
dependency of enzyme inhibition was measured.dfdbmpounds form a covalent adduct
with the enzyme, a time-dependent reduction of erezgctivity would be expected. In this
regard, the time dependent inhibition of MAO-A aBdy the active compounds 5, 6, 9
and 12, were evaluated (Figure 5). Briefly, recombinaotan MAO-A and MAO-B was
preincubated with the test compounds for period3, d5, 30 and 60 min prior to starting the
enzyme reaction and the residual rates of the MA@ -B catalysed oxidation of
kynuramine were measured. For this purpose, theertrations of the test compounds
chosen were approximately twofold the measuregh Malues for the inhibition of the
respective enzymes. Clorgyline, with known irreudes inhibition for MAO-A [53], and
selegiline, with known irreversible inhibition fohe MAO-B [54], were used as a reference
compounds.
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Figure 5. Time-dependent inhibition of the recombinant hanAO-A (top) and MAO-B (bottom) catalysed
oxidation of kynuramine by the selected active cougs. The enzymes were preincubated for variotiegse
of time (0—60 min, x-axis) Data are expressed asntiean RFU (relative fluorescent units) + SEM akéh
independent experiments.

As shown in Figure 5, only compouBdshowed a significant reduction in enzymatic atfivi
with increased preincubation time when assayedhen MAO-A isoenzyme, suggesting
compound9 to be an irreversible inhibitor of MAO-A. MAO-B egme activity was not
reduced by compounds 5, 6, 9and 12 with increased preincubation time. This indicates



that the selected compounds were reversible imngbiof MAO-B. Preliminary MAO-A
molecular modelling studies performed on compo@ndata not shown) showed potential
involvement of the free hydroxyl group attachedh® polycyclic moiety in forming covalent
binding interactions with amino acid residue GIn2#f5the MAO-A substrate cavity. This
interaction could be the explanation for the obsdnirreversible MAO-A inhibition
exhibited by compoun8. No covalent interactions were observed betweempoand9 and
the MAO-B isoenzyme (see Figure 7), perhaps exjplgithe reversible MAO-B inhibition
observed for compound It also was interesting to note that compoubdsd5 showed a
notable increase in enzymatic activity over timéisTmight be due to test compound
degradation in the agueous medium as both compquustess a ketal moiety as well as an
imine bond. The imine function is known to undetgalrolysis in aqueous medium [55],
however, further degradation studies on these comgmare necessary to validate this
notion.

MAO-B molecular modelling studies

With most compounds showing selectivity for the M&BOsoenzymes, the binding modes of
all twelve compounds in the MAO-B substrate cawitgre examinedn silico. Docking
simulations were performed on the human MAO-B ailystructure (PDB ID: 2V5Z2) [28],
using the Molecular Operating Environment (MOE)twafe [29]. In general, the amino acid
residues between 120 and 220, as well as the FABctow, are important in conferring
substrate selectivity of MAO-B [56], most importhntesidues lle-199, situated in the
entrance cavity, and GIn-206, situated in the satestcavity. Interaction with these amino
acid residues may confer a compound MAO-B inhilgitactivity as shown by safinamide
(Figure 6), a known MAO-B inhibitor.
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Figure 6. The putative binding modes of safinamide withia ttuman MAO-B enzyme active site. Safinamide
and the FAD cofactor are shown in the docking satioh on the left as bold lines (indicated in yelland
green respectively), and the binding interactioiith whe amino acid residues shown on the rightindafide
shows productive interactions with amino acid resgllle-199 and GIn-206.

The docking simulation results generally showed tha lipophilic polycyclic cage unit,
carried by all the test compounds, stabilized witthie hydrophobic environment of the
enzymes entrance cavity, while the rest of the mdé structure traversed deep into the
substrate cavity (see Figure 7). Further analylsth@best-ranked docking solutions showed
all active compounds to be forming productive bmdiinteractions with the MAO-B
substrate cavity. Interestingly, most of the actteenpounds, particularly compountis?, 5,



9, 11 and 12, seemed to be forming binding interactions spedalify with lle-199, an
observation which could explain their notadvitro activity. The electron-richt system,
presented by the aromatic ring within these comgsustructures, appeared to be vital for
the formation of ‘arene-hydrogen’ interactions wtitle amino acid lle-199.

Figure 7: MOE generated binding interactions of compouhd3 5, 6, 9 and12 with the respective amino acid
residues within the human MAO-B enzyme active site.



In the case of compounds and 2, the ketal moiety also seemed to be involved & th
formation of binding interactions with lle-199. TBhiinteraction may be due to the
electronegative oxygen atom which creates a slightkitive environment on the adjacent -
CH, group causing it to serve as a proton donor tathmo acid residue. While the aromatic
system and ketal moiety seemed to be importanth®formation of productive interactions
with the enzyme cavity, it appeared as though thetractions were dependent on the
presence of an imine bond between the polycyclgecand the benzylamine moiety. This
was evident when comparing binding interactionseoled for compounds, 2 and5, which

all carried this bond and showed interactions wi#199, to the binding interactions
observed for compoundsand6, which lacked this bond and hence failed to irdevéth lle-
199. This observation suggests the imine bond tonipertant for stabilizing the molecules’
benzylamine moiety within the MAO-B enzyme cavitlgus allowing for the formation of
productive binding interactions. The observatiorr@&ates with the observed vitro activity

of compoundd, 2 and5, which all showed significant MAO-B inhibition ¢€so: 1.91 uM,
13.80 uM and 1.70 uM, respectively. While compoéndhows no interaction with lle-199
due to the absence of an imine linkage, the comghoaimains active due to the presence of a
propargylamine group which forms interactions vifte FAD cofactor.

The inactive compoundg, 8 and 10, the oxa- and aza-type derivatives with a terminal
primary amine group, showed no interaction with amyno acid residues within the MAO-B
active site. This observation may be the explanatmthese compounds’ lack of activity.
Interesting to note was that when the secondaryamioup was conjugated to a propargyl
function, as seen in compoud the resultant compound showed interactions wekl99
and the FAD cofactor. The role of the propargyl etpiseems to be particularly important for
MAO-B inhibitory activity as suggested by thevitro activities of compounds, 6, 9 and12
(ICs0: 1.70 pM, 36.31 uM, 3.80 pM and 28.18 pM, respety). Molecular modelling
findings showed the propargyl moieties of theser foampounds to either be in close
proximity to the FAD cofactor, in the case of comapds5 and12, or to beforming binding
interactions with the FAD cofactor, in the caseofmpound$ and9.

Conclusion

We have successfully designed and synthesized éwelwel pentacycloundecane and
hexacycloundecane derived compounds which showaaliging neuroprotective potential.
Regarding cytotoxicity, the SH-SY5Y human neurotdasa cells seemed to be viable with
all the test compounds, particularly atdd, as none of the compounds showed statistically
significant cytotoxicity at this concentration. A&t 1 pM concentration, the compounds
significantly improved the viability of SH-SY5Y neablastoma cells, previously exposed to
the neurotoxin MPP from about 45% to values between 86% and 110%.

Most of the compounds, except6 and10, showed statistically significant VGCC inhibitory
activity ranging from 26.6% to 51.3%, relative td@ uM solution of nimodipine. This was
comparable to that of NGP1-01, which inhibited wmaft influx by 25.7% at the same
concentration. Compounds 2, 3, 5, 6, 8 and 12, showed significant NMDAr inhibitory
activity ranging between 31.4% and 88.3%, relativa 10 uM solution of MK-801.



When assayed for MAO inhibition, most of the acto@mpoundsy, 2, 5, 6, 9, 11 and12)
displayed selectivity to the MAO-B isoenzyme wilisd values ranging from 1.70 uM to
36.31 uM, with the only exception being compout@ which showed selectivity to the
MAO-A isoenzyme. The most active MAO-A inhibitogmpoundl0, as well as the MAO-B
inhibitors, compoundq, 5, 6, 9 and 12, all appeared to be reversible MAO inhibitors as
defined by the time-dependency studies conductechpound9 however, seemed to be an
irreversible inhibitor of the MAO-A isoenzyme, andesirable type of inhibition which has
been shown to cause the unwanted hypertensivensspo patients [13]. Further structural
modifications to compouné are therefore necessary in order to afford a t@sumolecule
with the desired reversible MAO-A inhibitory poteait

Molecular modelling studies gave some insight oe ttompounds’ potential binding
interactions with the MAO-B isoenzyme. Based on ithesilico studies, the benzylamine
moiety seemed to be a very important structuralpament in affording this series MAO-B
inhibitory activity. Not only was it important faglongating the molecules to allow for the
propargylamine moiety to interact with the isoene}gn=AD cofactor, but it also seemed to
be involved in most of the binding interactions etvedin silico with the MAO-B substrate
cavity, particularly with lle-199.

Various other structure-activity relationships wdegived from the series of compounds, and
these include the influence of; (a) the proparggliety, in reduced cytotoxicity, improved
NMDAr antagonism and improved MAO-B inhibition, (B)terminal primary amine, which
improved VGCC blockade (c) a benzylamine moietyifoproved VGCC blockade as well
as MAO-B inhibition, (d) an imine bond between fhaycyclic cage and the benzylamine
moiety, which was ideal for NMDAr antagonism and 8/ inhibition, (e) a ketal moiety,
which seemed to be important for increased NMDAtagonism and conferring the
compounds MAO-B selectivity.

When considering multifunctionality, compoundls2, 5 and 12 showed the best overall
activity as viable neuroprotective agents with nmeme¢ calcium regulatory potential, by
blocking VGCC and NMDAr, and MAO-B inhibitory capac More importantly, due to the
inclusion of a propargyl moiety within their struots, compoundS and12 are promising
leads to multi-mechanistic compounds the may bé&ilas drug agents for the treatment of
neurodegenerative disorders. Furtharvitro and in vivo studies, which may include
mechanistic studies as well as elucidation of tttea binding mode of these compounds,
would provide better insight on their drugabiltylsé, these analogues may be screened for
potential neuroprotective activity on various othairug targets implicated in
neurodegeneration.
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Highlights

* Insilico studies guided the design of twelve new polycyclic cage compounds.

* All compounds showed significant neuroprotection between 31% and 61% at 1 uM.

« The compounds have VGCC and NMDAr C&" regulatory potential similar to or
better than NGP1-01.

e In vitro and in-silico studies suggest the compounds to be reversible MAO-B
inhibitors,

* Theinclusion of the propargylamine led to multi-mechanistic neuroprotective agents.



