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ABSTRACT

Optimization of an essentially inactive 3,4-dihydtd-pyrano[3,2€]quinoline
carboxylic ester derivative as acetylcholineste(a€ehE) peripheral anionic site
(PAS)-binding motif by double ©» NH bioisosteric replacement, combined with
molecular hybridization with the AChE catalytic anic site (CAS) inhibitor 6-
chlorotacrine and molecular dynamics-driven optatian of the length of the linker
has resulted in the development of the trimethylered 1,2,3,4-
tetrahydrobenzdi[1,6]naphthyridine—6-chlorotacrine hybrih as a picomolar
inhibitor of human AChE (hAChE). The tetra-, pentd octamethylene-linked
homologue$b—d have been also synthesized for comparison purpasdgound to
retain the nanomolar hAChE inhibitory potency & ffarent 6-chlorotacrine. Further
biological profiling of hybridsba—d has shown that they are also potent inhibitors of
human butyrylcholinesterase and moderately pot@d2Aand tau anti-aggregating
agents, with 1G, values in the submicromolar and low micromolaigemrespectively.
Also, in vitro studies using an artificial membrane model haeelipted a good brain
permeability for hybrid&a—d, and hence, their ability to reach their targetthe
central nervous system. The multitarget profiléhef novel hybrids makes them
promising leads for developing anti-Alzheimer daagdidates with more balanced
biological activities.
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1. Introduction

Alzheimer’s disease (AD) currently represents oféa® most important unmet medical
needs worldwide. Worryingly, because prevalenceraodality figures associated with
AD will keep increasing, this condition will be evenore pronounced in the upcoming
decades, unless efficient disease-modifying dregsime available [1].

Current treatments for AD involve the use of aadiglinesterase (AChE) inhibitors
(donepezil, rivastigmine and galantamine) or NM2&eptor antagonists (memantine),
which restore neurotransmitter deficits that aspomsible for the symptomatic phase of
the disease (cognitive, functional, and neuropstabideficits) that appears a decade
or more after the onset of the neurodegenerativegss.

It is becoming increasingly apparent that the siamdous modulation of several crucial
targets that play early roles in the neuropathagprocess is a promising approach to
derive effective drugs that can modify the coursAD [3,4]. Obviously,

administration of these multitarget drugs depemnda precise knowledge of the timing
of the critical neuropathologies to be hit and loe development of suitable biomarkers
that enable timely therapeutic interventions aredassessment of their impact on AD
progression. Whereas these important issues aressdd [2,5,6], the parallel
development of multitarget drugs hitting differesimbinations of key biological
targets should be actively pursued.

Neuropathologies related to theamyloid peptide (8) and tau protein are thought to
be at the root of the neurodegenerative proces®\[2p, AChE seems to play a role in
the early phases of the disease, inasmuch as bindrio A3, thereby accelerating its
aggregation into oligomers and fibrils and incregghe neurotoxicity of B aggregates
[7]. The A3 proaggregating action of AChE has been reporteddiale in its peripheral
anionic site (PAS) [7c], which is located at theutioof a 20 A deep gorge that leads to
the catalytic anionic site (CAS) of the enzyme [8].

We have recently developed a new family of pote@hB inhibitors able to
simultaneously bind at the CAS and PAS of the ergyire. dual binding site inhibitors,
which were designed by molecular hybridizationhef hovel 3,4-dihydro42-
pyrano[3,2€]quinoline scaffold of estet and the potent AChE CAS inhibitor 6-
chlorotacrine2 (Fig. 1) [9]. The most potent hybrid of the seriesmpound (Fig. 1)
retained the high human AChE inhibitory activitytbé parent 6-chlorotacring:(ICsq

=7 nM in human erythrocyte AChE; 4= 19 nM in human recombinant AChE
(hAChE)), and additionally exhibited a potent intoby activity of human



butyrylcholinesterase (hBChE) and a wedkaktiaggregating activity (29% inhibition
of AChE-induced 840 aggregation at 10M and 21% inhibition of self-induced
APB42 aggregation at 5aM) [9].

Please, insert here Fig. 1.

Even though the 5-(4-chlorophenyl)-3,4-dihydidd-gyrano[3,2€]quinoline moiety of

3 might establislk—r stacking interactions with the aromatic PAS resgltlirp286 and
Tyr72 (hAChE numbering), concomitant to the intéicats of the 6-chlorotacrine unit
at the CAS, the 5-(4-chlorophenyl)-3,4-dihydnd-pyrano[3,2€]quinoline ested, used
as synthetic precursor 8f was found to be essentially inactive as AChEhQibr. With
the aim of optimizing this tricyclic scaffold aAS-binding moiety, we recently
designed a family of tetrahydrobeni}pll,6]naphthyridines, which mainly resulted
from the substitution of the oxygen atom at positloof the 3,4-dihydro42-
pyrano[3,2€]quinoline system of estdrby an amine nitrogen atom [10]. The rationale
behind this structural modification was that ther@ased basicity of the pyridine
nitrogen atom would enable i) its protonation aggblogical pH, and hence, ii) the
establishement of cation-interactions, apart froma—n stacking, with the aromatic PAS
residues. Indeed, the most potent compound ofehes# (Fig. 1), resulting from a
double O— NH bioisosteric replacement from esleait position 1 and at the side chain
in position 9, exhibited a nanomolar hAChE inhibytactivity (ICso = 65 nM) [10].
Molecular dynamics (MD) simulations confirmed thgected binding of the tricyclic
moiety of4 at the AChE PAS (catiom- n—r interactions with Trp286) and hydrogen
bond between the protonated pyridine nitrogen aachthe hydroxyl group of the PAS
residue Tyr72) as well as additional interactioh8he amide function at position 9 with
midgorge residues (hydrogen bond between the aRtitigroup and the hydroxyl
group of Tyr124) [10].

Once the PAS-binding moiety had been optimizedinfezred that molecular
hybridization with the CAS binder 6-chlorotacriresd provide further improvement
of the AChE inhibitory activity. The disposition tife amide chain at position 9 of the
tetrahydrobenzdi[1,6]naphthyridine4 along the midgorge, with its nitrogen atom at a
distance of ~6 A from the position occupied by éxecyclic amino group of tacrine in
its complex withTorpedo californicaAChE (Fig. 2) [11], suggested that a linker of 3

methylenes should be optimal to connect both nesettaining all their interactions



with AChE residues all along the enzyme gorge. Tthes
tetrahydrobenzdi[1,6]naphthyridine—6-chlorotacrine hybri (Fig. 1) was rationally
designed as a novel multiple-site AChE inhibiteabng optimized PAS-binding

moiety and tether length.

Please, insert here Fig. 2.

Herein, we describe the synthesis of the tetrathahmoh][1,6]naphthyridine—6-
chlorotacrine hybrida and its longer tetra-, penta-, and octa-methylared
homologue$b—d, the evaluation of their inhibitory activities agst hAAChE and
hBChE, and the study of their binding mode to hAQIyBVID simulations. To further
expand the potential multitarget profile of hybris#s-d, their inhibitory activities
against the aggregation of{A2 and tau protein in intaBischerichia colcells, as a
simplifiedin vivo model of aggregation of amyloidogenic proteinstensdso evaluated.
Moreover, the brain penetration of these hybridsl, therefore the ability to reach their
targets at the central nervous system (CNS), wsesaed by a parallel artificial

membrane permeation assay (PAMPA-BBB).

2. Resultsand discussion

2.1. Synthesis of the tetrahydrobenzo[h][1,6]naghttine—6-chlorotacrine hybrids
Apart from the rationally designed trimethylenekka hybrid5a, we planned the
synthesis of the longer tetra- and penta-methytemeologue$b and>bc, still bearing
relatively short linkers. We also envisioned thethgsis of the octamethylene-linked
analoguebd, mainly for comparison with the octamethylene-8dk3,4-dihydro-Bi-
pyrano[3,2€]quinoline-based hybri@, to gain further insight into the effect of the-®
NH bioisosteric replacement at position 1 of theytlic system, while keeping the
same tether length.

For the synthesis of hybrid®s—d, we used as starting material thidBoc-protected
tetrahydrobenzdi[1,6]naphthyridines, readily available by a multicomponent Povarov
reaction between 4-chlorobenzaldehyde, ethyl 4-ab@nzoate anN-Boc-3,4-
dihydro-ZH-pyridine under the catalysis of Sc(Odii) acetonitrile [12], followed by
DDQ oxidation [13] of the resulting diastereomeanixture of
octahydrobenzdi|[1,6]naphthyridines [10]. Saponification of es&ifollowed by

treatment of the resulting carboxylate with aglEsolution of HCI afforded the



corresponding carboxylic acid, which was isolatedhee naphthyridine hydrochloride.
Coupling of the carboxylic acid with the known awatkyltacrine derivativega—d

[14], using HOBt and EDC in the presence af\Ein a 10:1 mixture EtOAc/DMF,
followed by silica gel column chromatography purdfiion afforded the expectéd
Boc-protected amides, in some cases together wihtly deprotected amideSg and
5¢). Treatment of th&l-Boc-protected amides with 4 M HCI in dioxane ainmo
temperature afforded the target amiflasd in 34-80% total overall yields from es&r
(Scheme 1).

The novel tetrahydrobenzonaphthyridine—6-chloratechybridssa—d were fully
characterized in the form of dihydrochloride s#ti®ugh their spectroscopic data (IR,
'H and®*C NMR) and HRMS and their purity was assessed &yehtal analysis. The

biological characterization was also performed il dihydrochloride salts.

Please, insert here Scheme 1.

2.2. Acetylcholinesterase inhibition

2.2.1. Evaluation of AChE inhibitory activity

The inhibitory activity of the novel hybridsa—d against hAChE was evaluated by the
method of Ellmaret al.[15]. The 3,4-dihydro-B-pyrano[3,2€]quinoline derivatived
and3, as well as 6-chlorotacring, were also evaluated under the same assay
conditions as reference compounds. Also, the regattivity of compound [10] was
considered for comparison purposes.

All the tetrahydrobenzonaphthyridine—6-chlorotaerybrids turned out to be very
potent inhibitors of hAChE (Table 1). Indeed, imegment with the rational design
strategy, the trimethylene-linked hybBd was the most potent hAChE inhibitor of the
series, exhibiting a surprising picomolasd®alue (1Go = 6.27 pM). The highly potent
inhibitory activity of5a is indicative of the success of the rational desigategy, in
terms of both the molecular hybridization and tpé&roization of the tether length. On
the one hand, molecular hybridization has beenessfal becausga is roughly 1000-
fold and >10000-fold more potent than the paremipaunds 6-chlorotacrin@, and4,
respectively (Table 1). On the other hand, the MDeh optimization of the tether
length has been also successful, inasmuch the tinyteae-linked hybridba is much
more potent than the tetra-, penta-, and octa-rfeibylinked counterparts (>2000-fold
more potent thaBb and5c and >300-fold more potent thad).



Please, insert here Table 1.

The O— NH bioisosteric replacement, which had provendsibccessful in the
optimization from the 3,4-dihydrok2pyrano[3,2€]quinoline ested to the
tetrahydrobenzdi[1,6]naphthyridine amidd [10], has been also successful in the
corresponding hybrids with 6-chlorotacrine, thealeydrobenzdj][1,6]naphthyridine-
based hybridd being roughly 10-fold more potent than the 3,4ydio-2H-
pyrano[3,2€]quinoline-based hybri@, with the same tether length (Table 1).
Overall, hybrid5a constitutes one of the most potent noncovalenbitadrs of hAAChE
so far reported, even though a few examples ofrgtiscemolar or even femtomolar
inhibitors of AChE have also been described [14a,16

2.2.2. Binding mode within AChE: Molecular modejlstudies

To shed light on the structural basis of the ssmpgly high AChE inhibitory activity
determined for compourteh, the binding mode to hAChE was explored by medns o
MD simulations, taking advantage of the X-ray cajlsgraphic structure of the hAChE
complex with huprine W (PDB entry 4BDT [17]). Thatial pose of the ligand was
guided by the structural information available tioe binding mode of huprine X to
Torpedo californiceAChE (PDB entry 1E66 [18]), which matches well #tructure of
huprine W bound to hAChE, and by the recently reggbbinding mode of compourd
[10].

The analysis of the 100 ns MD trajectory suppottedstructural integrity and stability
of the ligand bound to the hAChE gorge. Thus, \thign sole exception of a slight
reorientation of the tetrahydrobenbfjll,6]naphthyridine moiety in the PAS, which was
originated from a conformational change in the ldefined by residues 289-292, the
RMSD of the ligand remained fully stable during tast 60 ns of the trajectory (Fig.
S1, Supplementary Material). The hybBa establishes a complex network of
interactions with the residues of the binding @iig. 3). As expected, the 6-
chlorotacrine moiety was tightly bound in the CA&do the catioreinteractions with
the aromatic rings of Trp86 and Tyr337 (averagéadises of 3.4 between the indole
or phenol rings and the aminoacridine unit) andtygrogen bond of the protonated
acridine nitrogen atom with the carbonyl oxygeti$447 (average distance of 2.9 A).

On the other hand, the tetrahydrobehi{dl,6]naphthyridine moiety was firmly stacked



against Trp286, thus enabling the formation oftéooar interaction between the
protonated quinoline nitrogen atom and the indwig of Trp286. The binding of this
moiety was also assisted by transient hydrogen badrdactions between the NH group
and the hydroxyl oxygen of Tyr72. The most remal&dinding concerns the
interactions formed by the amide group in the tetag the amide NH group is involved
in a hydrogen bond with Asp74 (average distanc@®®), which is in turn hydrogen-
bonded to the hydroxyl group of Tyr341 (averagéatise of 2.8 A), while the amide
carbonyl oxygen forms either direct or water-meetiahteractions with the hydroxyl
group of Tyr337 (average distance of 4.9 A). Asdhier test, the binding free energy
of compoundba was determinedith the Solvated Interaction Energy (SIE) method
[19], which relies on MM/PBSA calculations in conption with weighting scaling
factors for the free energy components suitablpmpaterized to reproduce the
experimental binding affinities for a diverse skpmwtein—ligand complexes. The SIE
binding affinity obtained for compourigh is —12.5 kcal/mol (Table S1, Supplementary
Material), which is 4 kcal/mol lower than that deténed for compound (-8.5

kcal/mol [10]), which is in agreement with the <1atio between the Ig values
reported in Table 1.

These findings provide a basis to explain the abrbpnge in inhibitory activity
between compoundsa and5b, as the enlargement of the oligomethylene chain
between tacrine and the amide group would dishgptriteractions with the midgorge
residues. On the other hand, the amide group $haesent in the tether of some
tacrine—indole heterodimers reported by Mufioz-Rtiial as picomolar AChE
inhibitors was also suggested to participate inramlex network of interactions with
midgorge residues [14a]. In the most potent taeim#ole heterodimer the amide
group, located at six methylene groups from thdriaanit, was suggested to interact
with Tyr124 and Tyr337. In hybrifia the shortening of the chain to three methylenes
enables the formation of a distinct interactiortgrat with Asp74 and Tyr337. Overall,
these findings reinforce the significant contribuatplayed by the midgorge in
complementing both PAS and CAS and modulating tfeity of AChE inhibitors.

Please, insert here Fig. 3.

2.3. Butyrylcholinesterase inhibition



BChE is partly responsible for acetylcholine hygisid and hence, for the cholinergic
deficit of AD patients, especially in advanced s&gf the disease, when the levels of
AChE in CNS markedly decrease. Thus, BChE alscesgmts a biological target of
interest for AD treatment [20]. The BChE inhibitagtivity of hybridsSa—d against
hBChE was evaluated by the method of Ellreaal. [15].

The parent compounds 6-chlorotacriBeand4 are selective inhibitors of hAChE,
albeit still exhibiting a moderately potent hBChhibitory activity, with 1Go values in
the submicromolar range. Not unexpectedly, hylbasl were also more potent
against hAChE than hBChE, displaying submicromiilgs values for hnBChE
inhibition (Table 1). In this case, molecular hylization resulted in an increased
hBChE inhibitory activity relative to the parentnepound4 (3—8-fold) but in a slightly
decreased potency relative to 6-chlorotacreyith the exception of hybrifla, which
was equipotent to 6-chlorotacrine.

The length of the linker has little influence or thBChE inhibitory activity. Only a
slight trend toward decreased potency with increasther length was observed, the
shorter homologuba being 1.7-, 2.8-, and 2.4-fold more potent thanltimger
counterpart®b, 5c, and5d, respectively. Finally, the ©> NH bioisosteric replacement
had little influence on the hBChE inhibitory actixithe octamethylene-linked 3,4-
dihydro-ZH-pyrano[3,2€]quinoline- and tetrahydroben#g[1,6]naphthyridine-based
hybrids3 and5d roughly displaying the same potency (Table 1).

2.4. Ab42 and tau aggregation inhibition

The aggregation of the amyloidogenic proteirfls éspecially the most aggregation-
prone and neurotoxic 42 amino acid form thered¥42), and tau are widely thought to
constitute early pathogenic events in AD, and hetiegy are the target of many drug
candidates purported to modify the natural coufsherdisease [21].

We have recently developed a new methodology ®etraluation of the effects of
putative inhibitors on the aggregation and subsegfeemation of insoluble inclusion
bodies of any amyloidogenic protein that can baex@ressed k. colicells [22]. The
method relies on monitoring the changes in therfiscence of Thioflavin S (Th-S) that
are produced upon binding to amyloid aggregatésini-sheet structures. Compounds
that are able to cross the membranes.afoli cells and inhibit the aggregation of
overexpressed amyloidogenic proteins will lead tieerease in the fluorescence of Th-

S. This method is fast, simple and inexpensivé, @asoids the use of synthetic peptides.



We have successfully used this method for the ewal of inhibitors of 42 and tau
aggregation. Interestingly, the results obtainethénscreening of pd42 aggregation
inhibitors correlated very well with the resultepiously reported fronm vitro assays
using synthetic peptides, thereby validating thethndology [22].

The inhibitory activity of hybrid®a—d against 42 and tau aggregation was assessed
using this methodology. In general, very similasulés and SAR trends were found for
both activities. At 1QuM, hybrids5a—d exhibited percentages of inhibition in the ranges
52—-77% and 41-69% againsp42 and tau aggregation, respectively (Table 1).
Molecular hybridization led to increase@®42 and tau anti-aggregating activities,
hybrids5a—d being more potent than 6-chlorotacrine (5—7-folnt@potent against
APB42 aggregation and 30-50-fold more potent agassaggregation). The parent
compound4 could not be tested in these assays, but uitro tests it had been found to
be a weak inhibitor of p42 aggregation (15% inhibition at 1) [10], so presumably
hybrids5a—d are also more potent thdn

The length of the linker seemed to have a subtezebn A342 and tau anti-aggregating
activities. These activities slightly increasedhitite tether length so that the longer
homologuebd was 1.5-fold more potent than the shorter couaréa for both

activities. On the other hand, the-® NH bioisosteric replacement had a similar effect
on both activities, the tetrahydrobenzlpl,6]naphthyridine-based hybrktl being
roughly 1.5-fold more potent than the 3,4-dihydié42yrano[3,2€]quinoline-based
hybrid 3 for AB42 and tau aggregation inhibition.

The parallel results obtained for these hybridsredoth A342 and tau aggregation
further support the notion that diseases baseti@pathological aggregation of one or
several amyloidogenic proteins might share commeaohanisms and might be
confronted with common therapeutic interventior3][2

Overall, hybridssa—d can be considered as moderately potent ddPAand tau anti-
aggregating compounds, withsg§values that must lie around or below|id. Because
these anti-aggregating activities have been deteunithout involving the presence of
AChE, the high AChE inhibitory activity of hybrids—d cannot be responsible for
their AB42 and tau anti-aggregating activities, which miggtascribed, instead, to a
direct interaction with 42 and tau. The precise mechanisms through wheseth
hybrids bind A42 and tau and/or exert their anti-aggregating/giets are unknown,
even though it has been reported that the presdrsmveral aromatic moieties with

extendedt-conjugated systems (including biphenyls and phsopkstituted
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benzoheteroaromatic systems, similar to the pheimyddjne moiety present in hybrids
5a—d) may enable binding to2 [24].

The dual A42 and tau anti-aggregating profile is of muchnesé for disease-
modifying anti-Alzheimer agents. However, it mustriecognized that the anti-
aggregating activities of hybrid®s—d are not well balanced relative to their
cholinesterase inhibitory activities, especially#and particularly in the case of its

picomolar inhibitor5a, which represents an important issue in multitacgenpounds.

2.5. Blood—brain barrier permeation assay

Anti-Alzheimer drug candidates, like any other Ctl8g, must be able to efficiently
enter into the brain, which requires a good abtlitgross the blood—brain barrier
(BBB) and a low P-glycoprotein efflux liability [25The large molecular weight of
hybrids5a—d (>500) might compromise their ability to crosslbgical membranes,
including BBB [26]. However, a number of distinetteAlzheimer hybrid compounds
with molecular weights over 500 have shown good arailability and/or brain
permeability in ex vivo and in vivo studies in m{@]. Indeed, the positive results
obtained for the hybridsa—d in the aggregation studieskn coli cells were already
indicative of their ability to cross biological ménanes, but a more accurate
determination of their ability to cross the BBB weaecessary. In this light, the brain
permeability of the hybridSa—d was predicted using an vitro model of passive
transcellular permeation, namely the widely knovAMPA-BBB assay [28]. Thus, the
in vitro permeability Pe) through a lipid extract of porcine brain was det@ed using
a mixture of phosphate-buffered saline (PBS)/Et@8130). Assay validation was made
by comparing the experimental and reported pernigabalues of 14 commercial
drugs (Table S2, Supplementary Material), whichvgted a good linear correlatioRe
(exp) = 1.5010P (lit) — 0.8618 (R = 0.9199). Using this equation and the limits
established by Det al.for BBB permeation [28], the following ranges @frmeability
were establishedP, (10° cm $%) > 5.1 for compounds with high BBB permeation
(CNS+);Pe (10° cm $%) < 2.1 for compounds with low BBB permeation (GN:Sand
5.1 >Pe (10° cm $%) > 2.1 for compounds with uncertain BBB permea(iGiNS+~).
All the tetrahydrobenzo][1,6]naphthyridine—6-chlorotacrine hybridsa—d, were
predicted to be able to cross the BBB. The meadeyedlues forsa—d were found to

slightly increase with the tether length, and hemath lipophilicity, and were clearly
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above the threshold for high BBB permeation (Tdl)ldhereby anticipating their
ability to enter the brain and reach their différ€NS targets.

Of note, the predictenh vitro ability of the novel hybrids to cross the BBB vadso
confirmed through the BBB permeation index obtainsithg a recently reportea

silico multiclassification method (Table 2), which waseleped utilizing a
comprehensive data set containing around 12000sivaompounds [29]. This method
was also used to assess the intestinal absorgdtibe aovel compounds, which was
predicted to be positive in all cases. Finally, pihedicted rat acute toxicity of the
hybrids was clearly lower than that predicted far &nti-Alzheimer AChE inhibitor
tacrine, thereby supporting the safety of thesepmumnds (Table 2).

3. Conclusion

In this work we have further advanced in the hitetad optimization process that,
starting from the 3,4-dihydroF2pyrano[3,2€]quinoline carboxylic estet, had led to
the potent hAChE inhibitor3 [9] and4 [10] by molecular hybridization with 6-
chlorotacrine and by double-© NH bioisosteric replacement, respectively. Herein,
combination of the optimized AChE PAS-binding mgiptesent i}, molecular
hybridization with 6-chlorotacrine, and a MD-driveptimization of the tether length
has led to the discovery of the 1,2,3,4-tetrahyenaiop][1,6]naphthyridine—6-
chlorotacrine hybrida as a picomolar inhibitor of hAChE.

Apart fromb5a, other three longer homologues, bb—d, have been also synthesized
and found to be potent inhibitors of hAAChE, exhitgtlCso values in the low
nanomolar range. Like the parent compounds 6-ctdorime,2, and the
tetrahydrobenzdi[1,6]naphthyridine4, hybridsba—d have been found to be selective
for hAAChEvs.hBChE inhibition, albeit still keeping a potent@BE inhibitory activity.
Very interestingly, these hybrids turned out tavb@derately potent dual inhibitors of
AP42 and tau aggregation in int&etcoli cells, with 1Gg values in the low micromolar
range. Taking into account all the tested actisjtleybridsd, with the most potent
APB42 and tau anti-aggregating activities, is likdlg hiybrid of the series with the most
interesting multitarget profile. Notwithstandingattbetter balanced potencies at their
different targets would have been desirable, thiitarget profile of the novel hybrids,
together with their predicted ability to cross BBB, make them interesting anti-

Alzheimer lead compounds.
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4. Experimental part

4.1. Chemistry. General methods.

Melting points were determined in open capillaryds with a MFB 595010M
Gallenkamp melting point apparatus. Recrystallaasolvents from which the
analytical samples have been obtained are indiatedthe melting points. 400 MHz
'H NMR and 500 MHZH/125.8 MHz**C NMR spectra were recorded on Varian
Gemini 400 and Varian Mercury 500 spectrometespeetively. The chemical shifts
are reported in ppn¥(scale) and coupling constants are reported inzHeiz).
Assignments given for the NMR spectra of the nemgounds have been carried out
by comparison with the NMR data of the precurseerésand the hybrid compourtt
which in turn, were assigned on the basis of DERJSY *H/*H (standard procedures),
and COSYH/*3C (gHSQC or gHMBC sequences) experiments. IR spegére run on
a Perkin-Elmer Spectrum RX | spectrophotometengittie Attenuated Total
Reflectance (ATR) technique. Absorption valuesexgressed as wave-numbers (cm
Y: only significant absorption bands are given.u@oh chromatography was performed
on silica gel 60 AC.C (3570 uM, SDS, ref 2000027). Thin-layer chromatography was
performed with aluminum-backed sheets with silieb@) Fs4 (Merck, ref 1.05554),
and spots were visualized with UV light and 1% agugesolution of KMn@ NMR
spectra of all of the new compounds were perforatatie Centres Cientifics i
Tecnologics of the University of Barcelona (CCiTURBhile elemental analyses and
high resolution mass spectra were carried outeaMicroanalysis Service of the IIQAB
(CSIC, Barcelona, Spain) with a Carlo Erba modé&lGlanalyzer, and at the CCiTUB
with a LC/MSD-TOF Agilent Technologies spectrometespectively. The HPLC
measurements were performed using a HPLC Wateiana# HT apparatus comprising
a pump (Edwards RV12) with degasser, an autosangtiode array detector and a
column as specified below. The reverse phase HRit€mhinations were carried out on
a YMC-Pack ODS-AQ column (50x4.6 mm, D Sur@, 12 nm). Solvent A: water with
0.1% formic acid; Solvent B: acetonitrile with 0.X®&mic acid, or solvent A: water
with NHsHCO;3, 10 mM pH 9.0; Solvent B: acetonitrile. Gradiesfth of B to 100% of

B within 3.5 min. Flux: 1.6 mL/min at 50 °C. Theadytical samples of all of the
compounds that were subjected to pharmacologi@uation were dried at 65 °C / 2
Torr (standard conditions) at least for 2 days poskess a purity®5% as evidenced by

their elemental analyses and HPLC measurementsoi®f as previously reported for
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some tacrine-related dimeric compounds [31], the Ingbrids herein described have
the ability to retain molecules of water, which ganbe removed after drying the
analytical samples under the aforementioned stdnmtarditions. Thus, the elemental
analyses of these compounds showed the preseneeaible amounts of water, which

have been indicated in the corresponding compoamiflas.

4.1.1. N-{3-[(6-chloro-1,2,3,4-tetrahydroacridiny@amino]propyl}-5-(4-
chlorophenyl)-1,2,3,4-tetrahydrobenzo[h][1,6]napitidine-9-carboxamid®&a

A solution of esteb (4.79 g, 10.2 mmol) and KOH pellets (85% purityg42g, 30.9
mmol) in MeOH (260 mL) was stirred under reflux @t h. The resulting mixture was
cooled to room temperature and evaporated to dsydé® solid residue was treated
with an E3O solution of HCI (1.2 N, 171 mL, 205 mmol) for 80in and the resulting
suspension was evaporated at reduced pressutiggtthg corresponding
tetrahydrobenzdi[1,6]naphthyridinecarboxylic acid, in the form it hydrochloride
salt (6.54 g), which was directly used in the reggp without further purification: IR
(ATR) v 3500-2500 (max at 3316, 2966, O-N-H, C—H st), 1679, 1584, 1574 (C=0,
Ar—C—C, Ar—C—N st) cit; 'H NMR (400 MHz, CRSO)4 1.28 [s, 9H, NCOO-
C(CHg)3], 1.76 (m, 2H, 3-H), 2.66 (t,J= 5.6 Hz, 2H, 4-H), 3.41 (m, 2H, 2-k), 7.49 (d,
J=8.4 H, 2H), 7.64 (d)=8.4 H, 2H) [2(6)-H and 3(5)-H 4-chlorophenyl], 8.{d,J=8.8
Hz, 1H, 7-H), 8.17 (br d}=8.8 Hz, 1H, 8-H), 8.34 (br s, 1H, 10-H); HRMS (ESJalcd
for [CaaH23>>CIN,O4 + H'] 439.1419, found 439.1410.

To a solution of crude tetrahydrobenzip],6]naphthyridinecarboxylic acid (298 mg) in
EtOAc / DMF 10:1 (21 mL), BN (0.19 mL, 138 mg, 1.36 mmol), EDC (146 mg, 0.94
mmol), and HOBt (128 mg, 0.94 mmol) were added, thednixture was stirred at
room temperature for 5 min. To the resulting migtiuaminera (200 mg, 0.69 mmol)
was added and the reaction mixture was stirredahrtemperature for 18 h and
concentrated at reduced pressure, to give a sedissidue (1.18 g), which was
purified by column chromatography (35-® silica gel, CHCI,/MeOH/50% aq.
NH4OH mixtures, gradient elution). On elution with gH,/MeOH/50% aqg. NHOH
99.5:0.5:0.2 to 99.2:0.8:0.R-Boc-protected amide (141 mg, 43% overall yieldrfro
6) and the final amid&a (111 mg, 39% overall yield fro) were successively isolated
as yellowish solids.

A solution of theN*-Boc-protected amide (141 mg, 0.20 mmol) in 4 M H@ioxane
(2.41 mL, 9.64 mmol) was stirred thoroughly at rommperature for 18 h, and was
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evaporated at reduced pressure. The resulting edidue was diluted with4@ (3

mL) and alkalinized with 10% aqueous &s (2 mL). The alkaline solution was
extracted with CHGI/ MeOH 9:1 (425 mL) and the combined organic extracts were
dried over anhydrous N80, and evaporated at reduced pressure to give aaifElS
mg, 41% overall yield frond, 80% total overall yield 05a) as a yellowish solid®

0.65 (CHCI,/MeOH/50% aqg. NHOH 9:1:0.05).

A solution of amidésa (95 mg, 0.16 mmol) in MeOH (5 mL) was filtered thgh a
0.45um PTFE filter and treated with a methanolic solutod HCI (0.53 N, 2.6 mL,
1.38 mmol). The resulting solution was evaporateg@@uced pressure and the solid
was washed with pentane to give, after drying ustiardard condition®a- 2HCI (95
mg) as a yellowish solid: mp 295-297 °C (MeOH){MAR) v 3500-2500 (max at
3315, 3231, 3084, 3034, 2941, 2865, 2772, NN4+H, C—H st), 1643, 1632, 1578,
1553, 1514 (C=0, Ar-C—C, Ar—C—N st) thTH NMR (500 MHz, CROD) 6 1.94—
2.02 (complex signal, 4H, 2"H3"-H,), superimposed in part 2.00 (J'~ 6.0 Hz,
2H, 3-H,), 2,20 (tt,JxJ'~6.5 Hz, 2H, 2’-H), 2.76 (1,J=6.0 Hz, 2H, 4-H), superimposed
in part 2.78 (m, 2H, 1"-B), 2,99 (1,J=6.5 Hz, 2H, 4"-H), 3.61 (1,J=6.5 Hz, 2H, 1'-H),
3.73 (1,J=6.0 Hz, 2H, 2-H), 4.13 (t,J=6.5 Hz, 2H, 3'-H), 4.85 (s, NH;NH), 7.47 (dd,
J=9.0 Hz,J’=2.0 Hz, 1H, 7"-H), 7.64 (dJ=2.0 Hz, 1H, 5"-H), 7.65 (dm}~9.0 Hz, 2H)
and 7.68 (dmJ=9.0 Hz, 2H) [2(6)-H and 3(5)-H 4-chlorophenyl]83.(d,J=8.5 Hz,

1H, 7-H), 8.20 (ddJ=8.5 Hz,J’=1.5 Hz, 1H, 8-H), 8.41 (d~9.0 Hz, 1H, 8"-H), 8.96
(d,J=1.5 Hz, 1H, 10-H)**C NMR (125.8 MHz, CBOD) ¢ 20.0 (CH, C3), 21.7 (CH,
C3"), 22.9 (CH, C2"), 24.9 (CH, C1"), 25.0 (CH, C4), 29.4 (CH, C4"), 31.1 (CH,
C2), 37.9 (CH, C1’), 43.0 (CH, C2), 46.3 (CH, C3"), 110.0 (C, C4a), 113.7 (C,
C9a”), 115.5 (C, C8a”), 116.1 (C, C10a) 119.0 (€1}), 121.0 (CH, C7), 123.8 (CH,
C10), 126.7 (CH, C7"), 128.7 (CH, C8"), 130.5 (2C&#d 131.8 (2CH) [C2(6) and
C3(5) 4-chlorophenyl], 132.3 (C, C1 4-chlorophen$82.5 (CH, C8), 132.8 (C, C9),
138.3 (C, C4 4-chlorophenyl), 139.9 (C, C6"), 14(C3 C6a), 140.4 (C, C10a"), 151.6
(C, C5), 152.3 (C, C4a"), 155.8 (C, C10b), 158.2@9"), 168.2 (C, CONH); HRMS
(ESI), calcd for [GsHz3"ClLNsO + H'] 610.2135, found 610.2129; Anal.
CssH33CINsO- 2HCI- 1.5HO (C, H, N).

4.1.2. N-{4-[(6-chloro-1,2,3,4-tetrahydroacridiny@)amino]butyl}-5-(4-chlorophenyl)-
1,2,3,4-tetrahydrobenzo[h][1,6]naphthyridine-9-casamidesb

15



It was prepared as described $ar Starting from crude
tetrahydrobenzdi[1,6]naphthyridinecarboxylic acid (570 mg) and aeirb (401 mg,
1.32 mmol), a semisolid residue (2.54 g) was okthiand purified by column
chromatography (35—-7@m silica gel, CHCI,/MeOH/50% aq. NEHOH mixtures,
gradient elution). On elution with GBIl,/MeOH/50% aq. NHOH 99:1:0.2N*-Boc-
protected amide (307 mg, 48% overall yield fréyrand a 1:1 mixture of this amide
with starting amin@b (*H NMR) (234 mg, 18% overall yield of the protectenide
from 6; 66% total overall yield of protected amide fr@nwere successively isolated.
Treatment of th&*-Boc-protected amide (272 mg, 0.38 mmol) with 4 KglItAdioxane
(2.51 mL, 10.0 mmol) as described &ar afforded amidé&b (237 mg, 66% overall
yield from6) as a yellowish solidx 0.67 (CHCIl,/MeOH/50% aqg. NEFOH 9:1:0.05).
A solution of amidéb (237 mg, 0.38 mmol) in C}l, (10 mL) was filtered through a
0.45um PTFE filter and treated with a methanolic solutod HCI (0.53 N, 6.3 mL,
3.34 mmol). The resulting solution was evaporatae@duced pressure and the solid
was washed with pentane to give, after drying ustiendard condition&p- 2HCI (285
mg) as a yellowish solid: mp 276-279 °C (CH/MeOH 5:3); IR (ATR)v 3500-2500
(max. at 3226, 3062, 3028, 2937, 2871, 2803, NN4H, C—H st), 1651, 1632, 1586,
1573, 1538 (C=0, Ar—C—C, Ar—C—N st) chh'*H NMR (500 MHz, CROD) ¢ 1.84 (tt,
J=J'=7,0 Hz, 2H, 2’-H), 1,92-2,03 (complex signal, 8H, 3:;+8’-H,, 2"-H, and 3"-
H,), 2,71 (t,J=6.0 Hz, 2H, 1"-H), 2.76 (t,J=6.0 Hz, 2H, 4-H), 2.98 (t,J=6.0 Hz, 2H,
4"-Hj), 3,52 (t,J=7.0 Hz, 2H, 1'-H), 3.72 (1,J=6.0 Hz, 2H, 2-H), 4.05 (t,J=7.0 Hz,
2H, 4'-H,), 4.85 (s, NH/NH), 7.50 (dd,J=9.5 Hz,J’=2.5 Hz, 1H, 7"-H), 7.66—7.70
[complex signal, 5H, 2(6)-H and 3(5)-H 4-chloropiemand 5"-H], 7.84 (d,=9.0 Hz,
1H, 7-H), 8.22 (ddJ=9.0 Hz,J’=2.0 Hz, 1H, 8-H), 8.40 (d)=9.5 Hz, 1H, 8"-H), 8.98
(d, J=2.0 Hz, 1H, 10-H)**C NMR (125.8 MHz, CROD) § 20.0 (CH, C3), 21.7 (CH,
C3"), 22.9 (CH, C2"), 24.7 (CH, C1"), 25.0 (CH, C4), 27.3 (CH) and 28.7 (CH)

C2, C3’), 29.3 (CH, C4"), 40.7 (CH, C1"), 43.0 (CH, C2), 48.8 (CH, C4"), 109.9 (C,
C4a), 113.6 (C, C9a"), 115.5 (C, C8a"), 116.2 (€P\), 119.0 (CH, C5"), 120.9 (CH,
C7), 123.7 (CH, C10), 126.8 (CH, C7"), 128.9 (CH";130.4 (2CH) and 131.8
(2CH) [C2(6) and C3(5) 4-chlorophenyl], 132.3 (Q, &chlorophenyl), 132.5 (CH,
C8), 133.2 (C, C9), 138.3 (C, C4 4-chlorophenyi0.D (C, C6”), 140.3 (C, C6a),
140.5 (C, C10a"), 151.6 (C, C5), 152.1 (C, C4ah5x (C, C10b), 157.9 (C, C9"),
167.9 (C, CONH); HRMS (ESI), calcd for §§35>"Clo,NsO + H*] 624.2291, found
624.2274; Anal. ggH3sCIoNsO-2HCI-1.5HO (C, H, N).
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4.1.3. N-{5-[(6-chloro-1,2,3,4-tetrahydroacridiny@amino]pentyl}-5-(4-
chlorophenyl)-1,2,3,4-tetrahydrobenzo[h][1,6]napitidine-9-carboxamidé&c

It was prepared as described $ar Starting from crude
tetrahydrobenzdi][1,6]naphthyridinecarboxylic acid (190 mg) and amrc (141 mg,
0.44 mmol), a semisolid residue (1.34 g) was obkthiend purified by column
chromatography (35-7@m silica gel, CHCI,/MeOH/50% aq. NEHOH mixtures,
gradient elution). On elution with GBl,/MeOH/50% ag. NEFOH 99.2:0.8:0.2 to
99:1:0.2, impuréN'-Boc-protected amide (51 mg) and deprotected aBud65 mg,
34% overall yield fron6) were successively isolated as yellowish solRi€).71
(CH.Cly/MeOH/50% aq. NHOH 9:1:0.05).

A solution of amidéc (65 mg, 0.10 mmol) in C¥Cl, (10 mL) was filtered through a
0.45um PTFE filter and treated with a methanolic solutod HCI (0.53 N, 1.6 mL,
0.85 mmol). The resulting solution was evaporataeéduced pressure and the solid
was washed with pentane to give, after drying ustianrdard conditiongc- 2HCI (32
mg) as a yellowish solid: mp 207-208 °C (€CH/MeOH 20:3); IR (ATR)» 3500-2500
(max. at 3376, 3062, 2927, 2860, N-N-H, C—H st), 1625, 1614, 1587, 1541, 1519
(C=0, Ar—C—C, Ar—C—N st) ci; *H NMR (500 MHz, CROD) ¢ 1.30 (m, 2H, 3'-H),
1.58 (tt,J= J’~6.5 Hz, 2H, 2’-H), 1.77 (m, 2H, 4’-H), 1.90-2.02 (complex signal, 4H,
2"-H,, 3"-Hy), superimposed in part 1.99 @J'~5.0 Hz, 2H, 3-H), 2.69 (m, 2H, 1"-
H,), 2.76 (1,J=6.0 Hz, 2H, 4-H), 2.98 (m, 2H, 4"-H), 3.49 (td J=7.0 Hz,J’=6.5 Hz,
2H, 1’-Hp), 3.72 (t,J=5.0 Hz, 2H, 2-H), 3.98 (t,J=7.0 Hz, 2H, 5’-H), 4.84 (s, NH,
*NH), 7.50 (br d,J9.0 Hz, 1H, 7"-H), 7.66—7.72 [complex signal, 4H62H and 3(5)-
H 4-chlorophenyl], 7.73 (dl=1.5 Hz, 1H, 5"-H), 7.86 (d]=9.0 Hz, 1H, 7-H), 8.24 (d,
J=9.0 Hz, 1H, 8-H), 8.39 (d=9.0 Hz, 1H, 8"-H), 8.66 (m, 1H, CONH), 9.02 (brls{,
10-H); **C NMR (125.8 MHz, CBOD) § 20.0 (CH, C3), 21.7 (CH, C3"), 22.9 (CH,
C2"), 24.9 (CH, C1"), 25.0 (CH, C4), 25.6 (CH, C3’), 29.4 (CH, C4"), 29.9 (CH)
and 30.9 (CH) (C2’, C4’), 40.8 (CH, C1"), 43.0 (CH, C2), 49.0 (CH, C5’), 109.8 (C,
C4a), 113.4 (C, C9a"), 115.5 (C, C8a”"), 116.1 (€P\), 119.0 (CH, C5"), 120.9 (CH,
C7), 123.6 (CH, C10), 126.8 (CH, C7"), 128.7 (CH";130.4 (2CH) and 131.9
(2CH) [C2(6) and C3(5) 4-chlorophenyl], 132.3 (Q, &chlorophenyl), 132.7 (CH,
C8), 133.3 (C, C9), 138.3 (C, C4 4-chlorophenyi0.D (C, C6”), 140.2 (C, C6a),
140.4 (C, C10a"), 151.5 (C, C5), 152.2 (C, C4any5x (C, C10b), 157.8 (C, C9"),
167.9 (C, CONH), an extra peak at 40.1 ppm wasrgbdeHRMS (ESI), calcd for
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[Ca7H37°CloNsO + H'] 638.2448, found 638.2435; AnalsfEl3:Clo;NsO- 2HCI- 3HO
(C, H, N).

4.1.4. N-{8-[(6-chloro-1,2,3,4-tetrahydroacridiny@}amino]octyl}-5-(4-chlorophenyl)-
1,2,3,4-tetrahydrobenzo[h][1,6]naphthyridine-9-carkamidesd

It was prepared as described %ar Starting from crude
tetrahydrobenzdi[1,6]naphthyridinecarboxylic acid (480 mg) and aeird (400 mg,
1.11 mmol), a semisolid residue (2.45 g) was olethend purified by column
chromatography (35—-7@m silica gel, CHCI,/MeOH/50% aq. NEHOH mixtures,
gradient elution). On elution with GBIl,/MeOH/50% aqg. NHOH 100:0:1 N*-Boc-
protected amide (370 mg, 63% overall yield frépwas isolated as a yellowish solid.
Treatment of th&*-Boc-protected amide (370 mg, 0.47 mmol) with 4 KaItAdioxane
(3.20 mL, 12.4 mmol) as described &@r afforded amidéd (359 mg, 63% overall
yield from6) as a yellowish solid® 0.78 (CHCIl,/MeOH/50% aqg. NEFOH 9:1:0.05).

A solution of amidésd (359 mg, 0.53 mmol) in C€l, (10 mL) was filtered through a
0.45um PTFE filter and treated with a methanolic solutod HCI (0.53 N, 8.73 mL,
4.63 mmol). The resulting solution was evaporatagduced pressure and the solid
was washed with pentane to give, after drying ustkendard condition&d- 2HCI (283
mg) as a yellowish solid: mp 203-204 °C (ChH/MeOH 5:4); IR (ATR)v 3500-2500
(max. at 3228, 3039, 2929, 2860, N=N-H, C—H st), 1731, 1631, 1573 (C=0, Ar—C—
C, Ar—C—N st) crm’; *H NMR (500 MHz, CRQOD) § 1.38-1.50 (complex signal, 8H,
3'-Hy, 4’-H,, 5’-Hy, 6'-Hy), 1.69 (tt,J=J'=7.5 Hz, 2H, 2’-H), 1.85 (it,J=J’'=7.5 Hz, 2H,
7'-H3), 1.92—-2.00 (complex signal, 6H, 3;12"-H,, 3"-H,), 2.68 (t,J=6.0 Hz, 2H, 1"-
H,), 2.75 (t,J=6.5 Hz, 2H, 4-H), 3.01 (t,J=6.0 Hz, 2H, 4"-H), 3.43 (t,J=7.5 Hz, 2H,
1'-Hy), 3.71 (t,J=6.0 Hz, 2H, 2-H), 3.95 (t,J=7.5 Hz, 2H, 8'-H), 4.85 (s, NH/NH),
7.55 (dd,J=9.5 Hz,J’=2.0 Hz, 1H, 77-H), 7.67 [complex signal, 4H, 2(d)and 3(5)-H
4-chlorophenyl], 7.78 (d}=2.0 Hz, 1H, 5"-H), 7.87 (d}=9.0 Hz, 1H, 7-H), 8.25 (dd,
J=9.0 Hz,J’=2.0 Hz, 1H, 8-H), 8.38 (dI=9.5 Hz, 1H, 8"-H), 8.99 (d]=2.0 Hz, 1H, 10-
H); *C NMR (125.8 MHz, CBOD) 6 20.0 (CH, C3), 21.8 (CH, C3"), 22.9 (CH,

C2"), 24.8 (CH, C1"), 25.0 (CH, C4), 27.6 (CH, C6’), 28.0 (CH, C3’), 29.3 (CH,
C4"), 30.1 (CH) and 30.2 (Ch) (C4’, C5"), 30.4 (CH, C2), 31.3 (CH, C7"), 41.3
(CH,, C1%), 43.0 (CH, C2), 49.2 (CH, C8’), 109.8 (C, C4a), 113.3 (C, C9a"), 115.4 (C,
C8a”), 116.1 (C, C10a), 119.1 (CH, C5"), 120.9 (@), 123.6 (CH, C10), 126.7 (CH,
C7"), 128.8 (CH, C8"), 130.4 (2CH) and 131.9 (2gB2(6) and C3(5) 4-
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chlorophenyl], 132.2 (C, C1 4-chlorophenyl), 13@#1, C8), 133.5 (C, C9), 138.3 (C,
C4 4-chlorophenyl), 140.1 (C, C6"), 140.2 (C, Caa0.5 (C, C10a”), 151.4 (C, CbH),
152.1 (C, C4a”"), 155.7 (C, C10b), 157.8 (C, C997D (C, CONH); HRMS (ESI),
calcd for [GoHas"ClLNsO + H*] 680.2917, found 680.2900; Anal.
Ca0H43CINsO- 2HCI- 2.5HO (C, H, N).

4.2. Biological assays

4.2.1. Determination of AChE and BChE inhibitoryiaties

The inhibitory activities against human recombin@@hE (Sigma-Aldrich) and human
serum BChE (Sigma-Aldrich) were evaluated speciotghetrically by the method of
Ellmanet al.[15]. The reactions took place in a final volunie&060 uL of 0.1 M
phosphate-buffered solution pH 8.0, containing hEQD.02 u/mL) or hBChE (0.02
u/mL) and 333uM 5,5'-dithiobis(2-nitrobenzoic) acid (DTNB; Signaderich) solution
used to produce the yellow anion of 5-thio-2-nigpboic acid. Inhibition curves were
performed in duplicates using at least 10 incrgasoncentrations of inhibitors and
preincubated for 20 min at 37 °C before addingstitestrate [32]. One duplicate sample
without inhibitor was always present to yield 100#AChE or BChE activities. Then
substrates, acetylthiocholine iodide (484@; Sigma-Aldrich) or butyrylthiocholine
iodide (300uM; Sigma-Aldrich), were added and the reaction dexgeloped for 5 min
at 37 °C. The colour production was measured atidising a labsystems Multiskan
spectrophotometer.

Data from concentratiefinhibition experiments of the inhibitors were cdited by
non-linear regression analysis, using the Grapl#&tn program package (GraphPad
Software; San Diego, USA), which gave estimateth@fGso (concentration of drug
producing 50% of enzyme activity inhibition). Resuhre expressed as meas.E.M.

of at least 4 experiments performed in duplicate.

4.2.2. Determination of 12 and tau aggregation inhibitory activities inact
Escherichia coli cells

Cloning and overexpression of42 peptideEscherichia colcompetent cells BL21
(DE3) were transformed with the pET28a vector (Ny@rg Inc., Madison, WI, USA)
carrying the DNA sequence of3A2. Because of the addition of the initiation codon

ATG in front of both genes, the overexpressed peptontains an additional
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methionine residue at its N terminus. For overn@hture preparation, 10 mL of
lysogeny broth (LB) medium containing §6- mL™ of kanamycin were inoculated
with a colony of BL21 (DES3) bearing the plasmido®expressed at 37 °C. After
overnight growth, the OD600 was usually 2—-2.5. &agression of f42 peptide, 2@L

of overnight culture were transferred into eppehtidres of 1.5 mL containing 960

of LB medium with 5Qug- mL™* of kanamycin, 1 mM of isopropy! 1-thip-D-
galactopyranoside (IPTG), 1@ of a 10uM solution of each hybri@ or reference
compound in DMSO, and 1. of a 25uM solution of Th-S in water. The samples
were grown for 24 h at 37 °C and 1400 rpm usindgnerihomixer (Eppendorf,
Hamburg, Germany). In the negative control (withdutg) the same amount of DMSO
was added in the sample.

Cloning and overexpression of tau proteih:coliBL21 (DE3) competent cells were
transformed with pTARA containing the RNA-polymezagen of T7 phage (T7RP)
under the control of the promoter pBAB. coliBL21 (DE3) with pTARA competent
cells were transformed with pRKT42 vector encodog repeats of tau protein in two
inserts. For overnight culture preparation, 10 hiM& medium containing 0.5% of
glucose, 5qug-mL™ of ampicillin and 12.5:g- mL™ of chloramphenicol were
inoculated with a colony of BL21 (DE3) bearing tilasmids to be expressed at 37 °C.
After overnight growth, the OD600 was usually 2—-Z8&r expression of tau protein, 20
uL of overnight culture were transferred into eppamdubes of 1.5 mL containing 970
uL of M9 medium containing 0.25% of arabinose, 0&2¢lucose, 5Qg- mL™ of
ampicillin and 12.5:g- mL™ of chloramphenicol, 1QL of a 10uM solution of each
hybrid 5 or reference compound in DMSO, andl0of a 25uM solution of Th-S in
water. The samples were grown for 24 h at 37 °Clad rpm using a Thermomixer
(Eppendorf, Hamburg, Germany). In the negative rabifivithout drug) the same
amount of DMSO was added in the sample.

Th-S steady-state fluorescence: Th-S (T1892) aner @hemical reagents were
purchased from Sigma (St. Louis, MO). Th-S stodktsan (2.5 mM) was prepared in
double-distilled water purified through a Milli-Qstem (Millipore, USA). Fluorescent
spectral scans of Th-S were analyzed using an Amfdmwvman Series 2 luminescence
spectrophotometer (Aminco-Bowman AB2, SLM Aminca@cRester, NY, USA).
Excitation and emission slit widths of 4 nm weredisFinally, the fluorescence
emission at 455 nm, when exciting at 375 nm, wasrted. In order to normalize the

Th-S fluorescence as a function of the bacterinteatration, Okyowas obtained
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using a Shimadzu UV-2401 PC UV-Vis spectrophotom@kimadzu, Japan). The
final fluorescence data were obtained considermtja®% the Th-S fluorescence of the
bacterial cells expressing the peptide or proteithe absence of drug and 0% the Th-S
fluorescence of the bacterial cells non-expresiegeptide or protein. Final data are

the average of ten independent experiments.

4.2.3. PAMPA-BBB assay

To evaluate the brain penetration of hybfida parallel artificial membrane permeation
assay for blood—brain barrier was used, followimg ihethod described by Bi al.

[28]. Thein vitro permeability Pg) of fourteen commercial drugs through lipid extrac
of porcine brain membrane together with the testmaunds was determined.
Commercial drugs and the synthesized compoundstested using a mixture
PBS:EtOH 70:30. Assay validation was made by comgahe experimental
permeability of the different compounds with thpaded bibliography values of the
commercial drugs, which showed a good correlatfarfexp) = 1.5010 (lit) — 0.8618
(R?=0.9199). From this equation and taking into actdhe limits established by Bi
al. for BBB permeation, we established the rangesahpability as compounds of
high BBB permeation (CNS+P. (10° cm $%) > 5.1; compounds of low BBB
permeation (CNS): P (10° cm s%) < 2.1, and compounds of uncertain BBB
permeation (CNS+): 5.1 >P, (10°cm %) > 2.1

4.3. Molecular modelling

4.3.1. Setup of the systelholecular modelling was performed using the X-ray
crystallographic structure of hAChE in complex withprine W (PDB ID: 4BDT [15]).
The structure was refined by removaNshcetyl-D-glucosamine and sulphate anions
and addition of missing hydrogen atoms. The enzymae modelled in its physiological
active form with neutral His447 and deprotonated33#4, which together with Ser203
form the catalytic triad. The ionization state floe rest of ionizable residues was
assessed from PROPKAZ3 [33] calculations. Accordintle standard ionization state at
neutral pH was considered but for residues GluZB8450 and Glu452, which were
protonated. Finally, three disulfide bridges weeéirted between Cys residues 257-272,
529-409, and 69-96, respectively.

4.3.2. Molecular dynamics simulatiori$ie binding mode of hybrifia to hAChE was

explored by means of MD simulations. Starting fritvat proposed initial pose, a 100
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ns MD simulation was performed using the PMEMD medf AMBER12 [34]
software package, the parm99SB [35] force fieldtter protein and the GAFF-derived
parameters [36] for the ligand, whose geometrieshmeters were optimized at the
B3LYP/6-31G(d) level [37] and its charge distrilmutiwas described by using
electrostatic potential charges with the RESP moe[38]. N cations were added to
neutralize the negative charge of the system wghdLEAP module of AMBER12.
The system was immersed in an octahedral box dH [B9] water molecules,
preserving the crystallographic waters inside tineibg cavity. The final system
contained around 52000 atoms.

The geometry of the system was minimized in foapst First, water molecules and
counterions were refined through 7000 steps ofugate gradient and 3000 steps of
steepest descent algorithm. Then, the positiorydfdgen atoms was optimized using
4500 steps of conjugate gradient and 500 stepeepsst descent algorithm. At the
third stage, hydrogen atoms, water molecules andteaons were further optimized
using 11500 steps of conjugate gradient and 25§k sif steepest descent algorithm.
Thermalization of the system was performed in teps of 25 ps, increasing the
temperature from 50 to 298 K. Concomitantly, tredees that define the binding site
were restrained during thermalization using a \deiaestraining force. Thus, a force
constant of 25 kcal mofA— was used in the first stage of the thermalizatiod was
subsequently decreased by increments of 5 kcal /Aot in the next stages. Then, an
additional step of 250 ps was performed in ordexquilibrate the system density at
constant pressure (1 bar) and temperature (29BiKally, a 100 ns trajectory was run
using a time step of 2 fs. SHAKE was used for tHmmeds containing hydrogen atoms
in conjunction with periodic boundary conditionscanstant volume and temperature,
particle mesh Ewald for the treatment of long etestatic interactions, and a cutoff of
10 A for nonbonded interactions. Moreover, in thiéial 20 ns of the simulation the
distance between the protonated nitrogen in thiel@-atacrine moiety of the inhibitor
and the carbonyl oxygen of His447 was constraineal/bid artefactual rearrangements
in the CAS of the enzyme.

The structural analysis was performed using in-bB@aadtware and standard codes of
AMBER12. The solvent interaction energies (SIEhteque developed by Purisima
and co-workers [19] was used to estimate the iotemrafree energies for the AChE
inhibitor. Calculations were performed for a seR060 snapshots taken along the last 40

ns of the MD trajectory.
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Table, Figures, and Scheme L egends

Table 1. Inhibitory activities of 1,2,3,4-tetrahydrobenifpl,6]naphthyridine—6-
chlorotacrine hybrids and reference compounds aga@hE, BChE, 42 and tau

aggregation, and BBB predicted permeabilities.

Table 2. In silico prediction of ADMET properties for hybrid&—d and the reference

compound tacrine.

Fig. 1. Rational design of the tetrahydroben®il,6]naphthyridine—6-chlorotacrine
hybrid 5a.

Fig. 2. Superimposition of the MD-predicted binding made
tetrahydrobenzdi[1,6]naphthyridine4 in AChE with the X-ray structure of the
complexTorpedo californicBAChE—tacrine.

Fig. 3. Representation of the binding mode of the
tetrahydrobenzdi[1,6]naphthyridine—6-chlorotacrine hybri (magenta) in the
average structure obtained from the snapshots sanpthe last 5 ns of the trajectory.

The residues involved in interactions are showgrasn-coloured sticks.

Scheme 1. Synthesis of the target tetrahydrobem#{d],6]naphthyridine—6-chlorotacrine
hybrids.
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Table 1. Inhibitory activities of 1,2,3,4-tetrahydrobenifpl,6]naphthyridine—6-
chlorotacrine hybrids and reference compounds aga@hE, BChE, 42 and tau

aggregation, and BBB predicted permeabilities.

Compd hAChE hBChE  Ap42 Tau protein Pe(10°cm s°°
ICs0 (NM)* ICs0(NM)? aggregation aggregation (Prediction)

in E. coli in E. coli

(% inhib. (% inhib.

at 10pM)®  at 10pM)®°
5a 0.006 £+ 0.002 120+13 525204 40.7+0.5 10 A(CNS+)
5b 142 +1.7 205+ 16 55.8+0.7 589+0.4 13.84(@NS+)
5¢c 142 +1.9 337 £ 30 54.3+0.7 57.7x+0.5 14.3F(CNS+)
5d 2.06 £0.3 286 + 35 77.5+0.9 68.7 £ 0.5 19.23(CNS+)
1 nd nd 41.8+04 27.9+1.2  9.9+1.4(CNS+)
2 5.9 +0.6 114+4  11.0+06 1.4+0.7 19.8 + NGB+
3 19.3+14 223 £ 35 54.6 £0.5 37.8+£0.5 13.9&(@NS+)
4 65.0+ 3.0 920+3H nd ncP 22.9 + 0.8 (CNSH)

2 1Csg inhibitory concentration (nM) of human recombin&@hE and human serum

BChE. 1G values are expressed as mean * standard ertog af¢an (SEM) of at least

four experiments (n = 4), each performed in dupdica
® 9% Inhibition of A342 and tau protein aggregation atd in intactE. colicells.
Values are expressed as mean + SEM of four indeperkperiments (n = 4).

¢ Permeability values from the PAMPA-BBB assay. \éalare expressed as the mean +

SD of three independent experiments (n = 3).

9 Not active.
® Data from [9].
" Data from [10].

9 Not determined.
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Table 2. In silico prediction of ADMET properties for hybridg—d and the reference

compound tacrine.

Compd Blood-brain Rat acute toxicity
barrier absorption LDso (Mmg/kQ)
permeation

5a + 566

5b + 449

5¢c + 803

5d + 493
Tacrine + 75 (70

& Taken from ref. 30.
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Cl

6-chlorotacrine, 2

1,X=0

ICso (WAChE) > 10 pM
ICs (NBChE) > 10 pM

optimization of PAS-binding moiety

molecular hybridization

molecular hybridization

4, X=NH

N
)

ICso (hAChE) = 65 nM optimization of tether length

ICso (hBChE) = 920 nM

Cl

Cl

3,X=0;n=8
ICso (hAChE) = 19 nM
ICso (hBChE) = 223 nM

optimization of PAS-binding moiety
optimization of tether length

5a, X=NH;n=3

33



34



Hisd47

35



1) a) KOH, MeOH; b) HCI, Et,0
2) a) HOB, EDC, Et;N, EtOAC/DMF

Cl

N
|
HzN/Hn\H N

7a-d

3) 4 M HCI / dioxane

a,n=3;b,n=4;c,n=5;d,n=8
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