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ARTICLE INFO ABSTRACT

Article history Multitarget compounds are increasingly being puilstar the effective treatment afomple>
Received diseases. Herein, we describe the design and sysitbé a novel class of shogabiprine
Received in revised form hybrids, purported to hit several key targets imedlin Alzheimer’'s diseas@he hybrids hav
Accepted been testedn vitro for their inhibitory activity against human acetyitinesterase ai
Available online butyrylcholinesterase and antioxidant activity (ABT DPPH and FolirGiocalteu assays), a

in intactEscherichia colicells for their 842 and tau anti-aggregating activity. Also, tHwmiair
penetration has been assessed (PAMPA-BBB asEagh though the hybrids are not as p«
AChE inhibitors or antioxidant agents as the patamntrine Y and [4]-shogaol, respectively,
they still exhibit very potenanticholinesterase and antioxidant activities ared rauch mor
potent A342 and tau anti-aggregating agents than the pacenpounds. Overall, the shogaol
huprine hybrids emerge as interesting brain perteeahbltitarget anti-Alzheimer leads.
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Tau aggregation inhibitors 2009 Elsevier Ltd. All rights reserved

1. Introduction pathologies and precipitating the pathogenesis of ADhis has

. . . rompted the clinical study of dietary antioxidafds preventing
~ The inexorable trend towards ageing population andy gejaying the progression of AD.Disappointingly, like in the
mcreqsmg]y higher prevalence and mortality astted with  ca5e of A-directed drug candidates the clinical testing of
Alzheimer's disease (AD) makes more urgent than &ver ,nioxidants has met with very limited succkb&ven though a
dgvelopment of effecnve treatments.that addressutiderlying oy bioavailability of antioxidants has been suggds@s a
disease meqhanlsmf.z Overproduction and aggregatiofi- 0 sssible reason of failure in clinical trials, théick of clinical
amyloid peptide (f)," hyperphosphorylation and aggregation efficacy has been also ascribed to the fact thidative stress
of tau proteiri, and oxidative stre$8 have been separately may not be the sole cause of Abas it would be also the case of
reported as the earliest causative factors of ADingivise to Ap and tau pathologiéd.Conversely, all these processes likely
alternativc_a pathological hypotheses and the dersmgle-tg_rget display a similarly important role in a complex Ipaibgical
therapeutic approaches. Indeed, apart from the api®y  neqyork, making their simultaneous modulation nessss.e. a

amyloid cascade hypothesis of AD, which posifsas the main itarget therapeutic intervention, in the putsoi effective
culprit of the diseas¥’ in the past years particular emphasis hasynti-Alzheimer treatments

been placed on oxidative stress as a factor pnegeifl and tau

*1 Corresponding autor. Tel.: +34-934024533.
E-mail addressdmunoztorrero@ub.edu (D. Mufioz-Torrero).
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Figure 1. Structures of the natural antioxidant [6]-shogaad the AChE
inhibitor huprine Y.

In the past years intensive research efforts haea lmade for
developing multitarget anti-Alzheimer hybrid compdarthat hit
several of these processes, prominently @ggregation and
oxidative stress, as well as the cholinergic defesponsible for
the cognitive decline of AD patients through inhiit of
acetylcholinesterase (ACh&)Usually, the starting point for the
design of such compounds is the structure of a kn&@hE
inhibitor, which is linked to an antioxidant pharropboric
moiety;
The resulting hybrid compounds are in some casesvezd with
AP antiaggregating activity, likely due to the preserof flat
aromatic systems in their structures. Of note, fre livith the
increasingly accepted notion that the aggregatiof
amyloidogenic proteins, such aspAand tau, might share
common mechanisms and might be tackled by the saogs'®
we have recently reported that several AChE inhilfliaprine or
tacrine)-based hybrid compounds display a dufl ahd tau
antiaggregating action, hereby broadening their titatjet
profile 20

[6]-Shogaol {, Fig. 1) is one of the major bioactive
constituents of ginger Z{ngiber officinalg, a plant used
worldwide as a spice and also widely used in the Gleine
traditional medicine. It has been recently reportedt [6]-
shogaol exhibits potent antioxidant and anti-inflaatory
activities, its enone moiety being essential fastactivitie$>*
Interestingly, [6]-shogaol enhances antioxidant edsé
mechanisms both in cell cultures and in rfil@nd counteracts
the hydrogen peroxide-induced increase of reactixggen
species (ROS) in HT22 cells, &m vitro model of hippocampal
cholinergic neuron&’

Herein, we describe the design, synthesis,
pharmacological evaluation of a short series oftitanget anti-
Alzheimer hybrid compounds that combine a unit @& tighly
potent AChE inhibitor huprine Y2( Fig. 1) with the 4-hydroxy-
3-methoxyphenylpentenone  moiety of shogaols.
pharmacological characterization of these compoindiides
the evaluation of their inhibitory activities towarluman AChE
and butyrylcholinesterase (BChE) 342 and tau aggregation,
and their antioxidant activity, measured througle ¥hBTS",
DPPH and Folin-Ciocalteu methods. Also, the brain eeaility
of the novel compounds has been assessed by théywisked
parallel artificial membrane permeability assay (FAABBB).

2. Results and discussion

2.1.Binding mode within human AChE: Molecular
modelling studies

an(ij)rientation

Theb

The antioxidant activity of shogaols seems to eegidthea, -
unsaturated ketone, apart from the phenolic rimgspective of
the alkyl chain length® Thus, for the design of the novel
shogaol-huprine hybrids, the selection of the oaltifength of
the tether, which was to link the phenolic ring & 8hogaol unit
and the huprine moiety, was carried out by invettigathe
binding mode of the hybrids within AChE. To this exdcking
calculations were performed using three models ef Htbman
AChE (hAChE), which differ in the orientation of Trp2é the
peripheral anionic site (PAS) (see section 4.3).sTho each
model Trp286 was arranged to reflect one of theethmajor
conformations found upon inspection of the avadaid-ray
crystallographic structures.

A series of hybrids differing in the number of mdéme units
present between the huprine and shogaol units weteedan the
hAChE models. On the basis of docking calculatioas,
preferential binding to the hAChE model in which 286 retains
the orientation found in the AChE—propidium comp{&0B ID
IN5R) in conjunction with a chain of eight carbonnasofor the
tether in the shogaol-huprine hybrids (i.e. compbih in
Scheme 1) was found. This chain length should enéide
simultaneous binding to both the catalytic anicite (CAS) and
PAS of hAChE, which are at the bottom and at the rograf
the enzyme catalytic gorge, separated by a distaote
approximately 14 K’ Thus, the huprine unit was located in the
pocket defined by residues Trp86 and Tyr337 in @AS,

e.g. phenolics and polyphenolics derived fragmentsforming a direct hydrogen-bond contact with the oasth

oxygen of His447. In fact, the binding mode repraguthe main
features of the arrangement found for (—)-huprineh¥, 9-ethyl-
analogue of huprine Y, bound to therpedo californiceAChE

o(PDB entry 1E66)° and for (-)-huprine W, which bears a

hydroxyethyl group at position 9, bound to the hanemzyme
(PDB entry 4BDTY® On the other hand, the phenolic ring
stacked against Trp286 in the PAS (Fig. 2). Nevégtis the
flexibility conferred by the polymethylene linken ihybrid 5
leads to different arrangements of the tether i mhidgorge
region, because the carbonyl group present in #teet is
capable of forming hydrogen bonds with either Tyrb24yr72,
as shown in Fig. 2A.

As the introduction of aromatic rings in the linkef dual
binding site AChE inhibitors has been studied with tfain aims
of imposing rigidity°® and providing additional interactions with
aromatic midgorge residues, thereby increasing itiindbitory
potency?’ we also explored the potential effect of introdgcin
benzene ring conjugated with theB-unsaturated ketone (i.e.
compound9 in Scheme 2). This structural change did not alter
the ability of the compound to stack against Trp8@ Trp286 in
the CAS and PAS, respectively (Fig. 2B). In contrast5,
however, most of the docked poses clustered intangles
characterized by a hydrogen bond ofcdréonyl unit
and Tyr72. Overall, the introduction of the benzeneg
conjugated with the enone does not appear to bergetal for
the binding mode of the compound within AChE, whilenight
e valuable to improve the pharmacological profie the
shogoal-huprine hybrids by targeting the amyloifi42 and tau)
aggregation besides cholinesterase and radical esgang
activities.

2.2.Synthesis of the shogaol-huprine hybrids

First, we envisioned the synthesis of hybdScheme 1),
bearing the 1-(4-hydroxy-3-methoxyphenyl)-4-alkensg
moiety of shogaols, with the aliphatic chain attathe the
exocyclic amino group of huprine Y.
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Figure 2. Structural detail of the binding mode of the stalghuprine
hybrids5 (A) and9 (B) to hAChE.
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Scheme 2Synthesis of the shogaol-huprine hybi@dsnd10.
OH

OMe For the synthesis of hybriél we used as starting material the
nitrile 6,° which was quantitatively reduced with DIBAL-H to
the corresponding aldehydé(Scheme 2). Next, we carried out a
Mannich-type condensation of aldehydeavith zingerone 8, at
80 °C in a closed vessel, promoted by dimethylamuomon
dimethyl carbamate (DIMCARB) through formation offiet
iminium cation intermediat&. After three consecutive silica gel
column chromatography purifications of the resgtireaction
crude, the desired hybri@ was obtained in 13% isolated yield.
Of note, byproduct 10, bearing a dimethylaminomethyl
substituent at position 3 of the phenolic ring, v isolated in
15% vyield. The structure df0 was unambiguously assigned on
the basis of bidimensional NMR experiments (COS*H and
COSY 'H/**C (gHSQC or gHMBC sequences)) and HRMS.

The structural similarity of compountd with hybrid 9 and
the fact that the presence of an aliphatic aminmugrin 10,
protonatable at physiological pH, might enhanceitieraction
Scheme 1Synthesis of the shogaol-huprine hyl&id of the phenolic moiety with the AChE PAS aromatic dasis
(mainly Trp286) prompted us to subject also compgolf to
biological evaluation.

y
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The synthesis of hybri® involved the initial alkylation of

racemic huprine Y with 5-bromo-1-pentene, which prdeeein 2.3. Acetylcholinesterase inhibitory activity
30% vyield (Scheme 1). Subsequent cross metatheaistion
between the alkenylhuprin8 and the known enond ([4]-
shogaol§® using the Hoveyda-Grubbs second generation cataly:
in the presence of-benzoquinone, afforded hybrisl in 15%
yield, after two consecutive tedious silica gel ootu
chromatography purifications. The observation ia tH NMR
spectrum ob of a coupling constant of 15.6 Hz in the signals of
the two enone olefin protons was clearly indicatifetlee E
configuration of its carbon-carbon double bond.

The inhibitory activity of the racemic shogaol-hmerhybrids
& 9, and 10 against recombinant hAChE was evaluated by the
method of Ellmaret al,** and compared with that of the parent
racemic huprine Y2, and [4]-shogaol4, under the same assay
conditions.



Table 1

Inhibitory activities of shogaol-huprine hybridsdareference compounds against AChE, BChgg2and tau aggregation,

antioxidant capacity, and BBB predicted permeabdit

Compd hAChE hBChE ABTS"” DPPH Total AP42 aggregation  Tau aggregation Pe(10° cm s%)¢
henolics
ICso (NM)? ICso(NM)*  (trolox (trolox P (% inhib. at 1uM)¢ (% inhib. at 1QuM)¢  (Prediction)
equiv. equiv.f (mg gallic
acid equiv /
g samplé)
5 6.7+0.1 982 + 190 7.6+0.6 6.6 +0.5 29.8+2.639.3+£2.8 35.2+23 11.7 + 0.4 (CNS+)
9 18.3+2.0 742 £ 74 105+06 8.8zx0.7 50.0+2.470.6+4.3 51.0+1.9 6.5+ 0.8 (CNS+)
1C 21.1+19 181 £ 27 11.8+05 28+0.1 68.8+4.353.9+4.4 40.1+2.4 8.4 + 1.3 (CNS+)
2 0.7 £0.03 175+ 6 26+0.2 1.0+0.01 10.2+1.3 89113 7.64 3. 21.9+1.2 (CNS+)
4 f 9 26.2+0.2 12.2+0.2 384 + 25 10.5+0.8 9.2&0. 14.7 £ 0.5 (CNS+)
Gallic 18.6+0.1 10.3+0.04 1033 + 25
acid

#1Csp inhibitory concentration (nM) of human recombin&@hE and human
serum BChE. Ig values are expressed as mean * standard erttoe af¢an
(SEM) of at least four experiments, each performedliplicate.

P Antioxidant capacity measured through ABTBPPH, or total
polyphenols. Values are expressed as mean + SEMes experiments.

¢ % Inhibition of A342 and tau protein aggregation at,d\ in intactE. coli
cells. Values are expressed as mean + SEM of fal@pendent experiments.

4 Permeability values from the PAMPA-BBB assay. \éslare expressed as
the mean + SD of three independent experiments.

¢ Data from ref. 34.
f28% inhibition at 1QM.
96% inhibition at 1QuM.

The shogaol-huprine hybrids are very potent inbibitof

bearing the benzene ring conjugated with the shogaohe
moiety were the most potent, and, in this caseptbsence of the
amino group at the phenolic ring had a significaufiluence on
this activity, hybrid10 being 5- and 4-fold more potent hBChE
inhibitor than5, and9, respectively, and equipotent to huprine Y.

2.5. Antioxidant activity

To evaluate the putative beneficial effects of Hiegaol—
huprine hybrids against oxidative stress, theiricaidant
capacity (AC) and that of the parent huprine Y ardsfibgaol
was assessed using an ABT&dical decolorization assay and
the DPPH assay. For many years the Folin-CiocalteD) (&ssay
has been used as a measure of total phenolicsifTRatural
products. However, because the basic mechanism is an
oxidation/reduction reaction, it can be consideaxrdther method
for the assessment of A€ Consequently, the shogaol-huprine

hAChE, with IG, values in the low nanomolar range (7-21 nM), hybrids were also subjected to this assay. Gallid, acinaturally

being much more potent than the parent [4]-shog28%

inhibition at 10uM) but less potent than huprine Y (Table 1).

The most potent hybrid was compoubdwhich is indeed the
most genuine shogaol-huprine hybrid, as it formedisults from
merging the structure of [4]-shogaol and huprineHybrid 5 is
however only 3-fold more potent than analog®sand 10,
bearing a benzene ring conjugated with the shogamie group.
The presence of an additional basic nitrogen attheaphenolic
ring in hybrid 10 has no influence on the hAChE inhibitory
activity, this compound being equipotent to hyt&ifTable 1).

2.4.Butyrylcholinesterase inhibitory activity

Like AChE, BChE hydrolyzes the
acetylcholine in brain. This role of BChE is espdlgiimportant

occurring phenolic acid, and trolox, a water-solubt&logue of
vitamin E, with well-established antioxidant actiggiwere also
evaluated as positive standards. The results wdoalaged as
trolox equivalents (umol trolox / pmol tested compad) for the
ABTS™ and DPPH assays and as mg of gallic acid equivalents
(GAE)/g sample for the F-C assay.

The shogaol-huprine hybrids exhibited a potentoaitant
activity in the ABTS and DPPH assays (3-12 trolox equiv.,
Table 1), as well as in the TP assay. The ordemtibxidant
potencies wad0 > 9 > 5, with the sole exception of the DPPH
assay, where hybrid0 was surprisingly less potent than their
analogues, albeit still being 3-fold more poterdrttrolox. As

neurotransmitter compared with the reference compounds, the hybride Vess

potent antioxidant agents than the parent [4]-sblbgg and

when the amount of AChE in CNS decreases in the aédanc gajlic acid, but more potent than huprine2ythe latter strikingly

stages of AD. For this reason, inhibition of BChE as
increasingly pursued activity in the search fori-&ftheimer
agents® In this light, the BChE inhibitory activity of the
shogaol-huprine hybrids against human serum BCHEI(E)
was evaluated by the method of Ellmetral.*®

The parent huprine Y exhibits a potent hBChE inbityit
activity, even though it is much more potent againAChE
(250-fold). Conversely, the parent [4]-shogaol issentially
inactive for hBChE inhibition (6% inhibition at 10M). Like
huprine Y, the shogaol-huprine hybrids turned oubeopotent
inhibitors of hBChE (submicromolar igvalues) and selective
towards hAChE (selectivity factors of 9-147) (Table The
structural features leading to higher hBChE inbityit activity
were just the opposite as for hAChE inhibition, tlee hybrids

displaying a remarkable potency, especially in ABTS™ and
DPPH assays (1-2.6 trolox equiv.). The antioxidartiviag
found in this work for huprine Y might account foreth
neuroprotective effect recently found in anothasslof huprine-
based heterodimeric compounds against the hydrpgeoxide
insult in neuroblastoma SHSY5Y ceffs.

Thus, even though the shogaol phenolic ring andetiene
group and, to a minor extent, the huprine moietthese hybrids
must impart antioxidant activity, the presenceha linker of the
benzene ring conjugated with the shogaol enone gasupell as
the dimethylaminomethyl group at the shogaol phernahg of
10 seemed to be beneficial for antioxidant activity.

Overall, the potent antioxidant activity of the shol-huprine
hybrids constitutes a very valuable complementhiirtpotent



anticholinesterase inhibitory activities in the ta of a
multitarget anti-Alzheimer treatment.

2.6.Ap42 and tau anti-aggregating activity

Together with oxidative stress and cholinergic dgsfion,
amyloid and tau pathologies are regarded as piyagtiiogenic
factors in AD, and therefore, of prime importancetagets of
multifunctional drugs.

Some classes of AChE inhibitors, especially duatlinig site
inhibitors, are often endowed with BA anti-aggregating
properties® which arise either from blockade of the AChE
peripheral anionic site (PAS) (blockade of AChE-ineicA3
aggregationf ** or from a direct interaction with fA(blockade
of spontaneous [\ aggregation), in the latter case likely due to
the presence of aromatic planar moieties in thivitdrs.

Overexpression of amyloid-prone proteins in bactasaally
leads to the formation of insoluble inclusion bad{Bs), which
display the main amyloid-like features. Taking auege of the
fact that amyloid aggregation can be followedivo in bacteria,
we have recently developed a methodology that alldwsfast,
easy, and inexpensive screening of inhibitors efdpontaneous
aggregation of potentially any amyloidogenic protdiat can be
overexpressed ifEscherichia colicells®® When these proteins
aggregate insidE. coli they usually form IBs that can be stained
with Thioflavin-S (Th-S). The extent of aggregatiofn those
proteins can be monitored measuring the variatiohsthe
fluorescence of Th-S. In brief, overexpression efombinant
amyloid-prone proteins entails an increase of Tiu8rescence
compared to bacteria that do not express the protaihen
bacteria overexpressing recombinant amyloid-prom¢ems are
grown in the presence of amyloid aggregation inbisithe Th-S
fluorescence is clearly reduced. Because the TheBescence is
directly proportional to the amyloid amount in @, the anti-
aggregating capacity of each inhibitor can be gatgtermined.
The Th-S binding to IBs can be assessed eithetdndg-state
fluorescence or by visualization of IBs using ogtimicroscopy
under UV-light. In the latter case, the fluoresceiscdetermined
using image processing programs. Of note, we haverstthat
the results obtained in the screening of inhibitofs Ap42
aggregation correlate well with theBAanti-aggregating activity
values foundn vitro using synthetic p422" this methodology
thus emerging as a economic surrogate of the ckdni vitro
tests.

The AB42 and tau anti-aggregating activity of the novel
shogaol-huprine  hybrids were determined using
methodology (Table 1 and Figs. 3 and 4). In linehvgtevious
findings with other structural families, similar paties for each

Figure 3. Optical fluorescence microscopy images under Ukt laf
bacterial cells overexpressing42 peptide stained with Th-S. A) Induced
control; B) not induced control; and in the preseof anti-aggregating
compounds: C) huprine Y; D) hybréd E) Hybrid 10; F) Hybrid5. Scale bar
corresponds to 5 pm.

A

Figure 4. Optical fluorescence microscopy images under Ukt laf
bacterial cells overexpressing tau protein staimigdl Th-S. A) Induced
control; B) not induced control; and in the presentanti-aggregating
compounds: C) huprine Y; D) hybréd E) Hybrid 10; F) Hybrid5.. Scale bar
corresponds to 5 pm.

this

The AB42 and tau anti-aggregating potencies of the hgbrid

hybrid against #42 and tau aggregation and the same order of€€m to be independent from their AChE inhibitorivét@®s.

potencies for both activities among the three tdgowere found,
which supports the existence of common mechanismintheéhe

aggregation of different amyloidogenic proteins aride

likelihood of common treatments against differemtyboidogenic

disease$? In this particular class of compounds, thp4& and

tau anti-aggregating activities were in the rang8s73% and
35-51%, respectively, using a LM concentration of the
hybrids, they being clearly more potent than theepghuprine Y
and [4]-shogaol (around 10% inhibition at 10M, Table 1).

The order of potencies among the hybrids for batfivities

was 9 > 10 > 5. As expected, the presence of the additional

benzene ring in the linker of hybri@sand10 relative to5 led to

One the one hand, the anti-aggregating potencig¢seohybrids
and the parent huprine Y do not correlate with ths@hE

inhibitory potencies. On the other hand, thg42 and tau anti-
aggregating potencies are determined in the absehéeChE.

Even though the precise mechanisms involved inAtpé2 and
tau anti-aggregating activity of the shogaol-huprhybrids are
not known, as previously mentioned and in agreemséittt the

beneficial effect of the additional benzene rinchybrids9 and

10, the presence of several aromatic moeties withneeten-

conjugated systems seems to play an important7ole.

Overall, hybrids9 and10 emerge as moderately poteri4®
and tau anti-aggregating agents, withyl@alues that must be in

higher AB42 and tau anti-aggregating activities. On the othefhe low micromolar range.

hand, the presence of the dimethylaminomethyl groughe
phenolic ring ofLO was rather detrimental for these activities.



2.7.Brain penetration

A good permeation through the blood—brain barrid8BBis a
necessary condition for CNS drugs. Previous resitsn in

sulphate anions and addition of missing hydrogemat Three
disulfide bridges were defined between Cys residi&s-272,
409-529, and 69-96, respectively. The enzyme watehed in
its physiological active form with neutral His447 and

vitro, ex vivqg andin vivo studies have shown that huprine Y and deprotonated Glu334, which together with Ser203 foha t

several classes of huprine-based hybrid compouadsreadily
cross the BBB, leading to central effettd***** Conversely,
phenolic antioxidants usually have low bioavaildl@ and
inherent difficulties to cross the BBB;" thereby making it
imperative the assessment of the ability of thegabb-huprine
hybrids to enter the brain.

Brain permeation of these hybrids was determinealutjit an
in vitro test that uses an artificial membrane model, npartied
well-established PAMPA-BBB methdd. The in Vvitro

catalytic triad. The ionization state for the redt ionizable
residues was assessed with PROPRARAccordingly, the
standard ionization state at neutral pH was congidere for
residues Glu285, Glu450 and Glu452, which were protdnate
Since Trp286 can adopt three main conformationstha
peripheral binding site, three models were built oy re-
orienting the side chain of Trp286 as found in tkeay
structures of the AChE complexes with propidiuig(7)-tacrine
and synTZ2PA6 (PDB ID: 1N5R, 2CKM and 1Q83,

permeability P) of the shogaol-huprine hybrids, the parentrespectivelyf’ These models were energy minimized using the

compounds huprine Y and [4]-shogaol, and 14 comrakdcugs,
the later used for assay validation (Table 2, Expental),
through a lipid extract of porcine brain was detemui
Comparison of the experimental and reported peritiggalalues
of commercial drugs provided a good linear coriefatP, (exp)

= 1.5605P, (lit) — 1.0507 (R = 0.9308). Using this equation and
the limits established by Dt al. for BBB permeatiori® it was
established that compounds wih (10° cm s%) > 5.2 would
have high BBB permeation (CNS+) and compounds Ritf10°
cm s%) < 2.1 would have low BBB permeation (CNS

The three shogaol-huprine hybrids, like the pahemrine Y
and [4]-shogaol, were predicted to be able to ctoesBBB, as

AMBER force field>*

Docking of AChE inhibitors was performed using the cko
program>> A cavity of radius 17 A, centered on the structura o
superligand containing huprine X, donepezil and jgiom (as
found in the X-ray structures 1E66, 1EVE and 1N5R) wused
to define the docking volume. Since huprine X amapium are
bound to the catalytic and the peripheral bindinigss and
donepezil is aligned along the gorge, this defimitguarantees
the exploration of the binding mode along the whetdume
accessible for binding. Conformational flexibilityaround
rotatable bonds of the ligand was allowed. Dockinigwtations
were performed separately for the three hAChE mo(sde

their P, values were above the threshold for high BBBabove). Conformational adjustments of other residire the

permeation (Table 1), which should enable them szhretheir
multiple CNS targets. Notwithstanding the apparengirbr
permeability of the shogaol-huprine hybrids, it wbutmain to
be determined whether other pharmacokinetic pregerdie so
favourable, especially taking into account the knopirase I
metabolic liability of polyphenolic compounds®®

3. Conclusion

We have synthesized the shogaol-huprine hyti@sand10
through two-step synthetic sequences starting frioen known
huprine Y or itsN-(4-cyanobenzyl) derivativé, which involve

as the key step a cross metathesis or a Manniceh-tydlvI

condensation reaction. In agreement with the desigategy,
these hybrids turned out to be potent inhibitors hofman
cholinesterases (both hAChE and hBChE) and potdithéatent
agents, even though this hybridization strategy tedslightly
decreased hAChE inhibitory activity relative to thparent
huprine Y, as we have found in other classes ofihagrased
multitarget agent®***° or to decreased antioxidant activity
relative to the parent [4]-shogaol.

The presence of the additional aromatic ring i lihker of
hybrids9 and 10, which leads to increased antioxidant activity,
seemingly enhances their interaction witp4® and tau protein,
leading to potent B42 and tau anti-aggregating activities.

Shogaol-huprine hybrids emerge as interesting léadbe
pursuit of effective treatments of AD, insofar asytmeight be
able to readily cross the BBB and modulate sevewy
pathological targets or events of AD such as oxidastress,
cholinergic dysfunction andfand tau pathologies.

4. Experimental
4.1.Molecular modelling

Molecular modelling was performed using the X-ray
crystallographic structure of hAChE (PDB ID: 4BD¥)The
structure was refined by removal lgfacetyl-D-glucosamine and

binding site were accounted for indirectly by reswal(by a

factor of 0.9) the van der Waals volume of atomsdifidnally, a

pharmacophoric restraint between the protonatedggtr in the
huprine moiety of the inhibitor and the carbonylygen of

His447 in the CAS of the enzyme was applied. Each coimgb

was subjected to 100 docking runs and the poses seeted

according to its docking score. The top 50 bestestposes were
clustered and further analysed by visual inspection

4.2.Chemistry

Melting points were determined in open capillaryesibith a
FB 595010M Gallenkamp melting point apparatus. 349z
H, 400 MHz'H / 100.6 MHZz"*C and 500 MHZH / 125.8 MHz
BC NMR spectra were recorded on Varian Gemini 300, Varian
Mercury 400, and Varian Inova 500 spectrometerqesively,
at the Centres Cientifics i Tecnologics of the Ursitg of
Barcelona (CCiTUB). The chemical shifts are repoitedpm ¢
scale) and coupling constants are reported in Héz).
Assignments given for the NMR spectra of hyktlilhave been
carried out on the basis of DEPT, COSW/'H (standard
procedures), and COSH/*C (gHSQC or gHMBC sequences)
experiments. IR spectra were run on a Perkin-Elnpac8um
RX | spectrophotometer, using KBr pellets or the Atigted
Total Reflectance (ATR) technique. Absorption valuase
expressed as wave-numbers {Omonly significant absorption
bands are given. Column chromatography was perforored
silica gel 60 AC.C (3570 uM, SDS, ref 2000027). Thin-layer
chromatography was performed with aluminum-backecdetshe
with silica gel 60 b, (Merck, ref 1.05554), and spots were
visualized with UV light and 1% aqueous solution of K®j.
High resolution mass spectra of all of the new compsuwere
performed at the CCiTUB with a LC/MSD-TOF Agilent
Technologies spectrometer. The analytical sampliesl of the
compounds that were subjected to pharmacologicdluatan
were dried at 65 °C / 2 Torr at least for 2 daysn@ard
conditions).



4.2.1.3-Chloro-6,7,10,11-tetrahydro-9-methyl-12-
(4-pentenyl)-7,11-methanocycloocta[b]quinoline
(3)

A suspension of racemic huprine %(1.50 g, 5.27 mmol) and
finely powdered NaOH (420 mg, 10.5 mmol), and 4 A mdhecu
sieves in anhydrous DMSO (15 mL) was stirred, heatingry
10 min approximately with a heat gun for 1 h andrtabne
additional hour, and then treated dropwise with S¥iwrdl-
pentene (0.69 mL, 868 mg, 5.82 mmol). The reactiorture
was stirred at rt overnight, diluted with 5N NaOH (250)rahd
extracted with EtOAc (8300 mL). The combined organic
extracts were washed with ,8 (3x200 mL), dried over

6.8 Hz,J” 1.6 Hz, 2H, 6-H), 2.54 (dmJ 16.4 Hz, 1H, 10"-H,),
2.74 (m, 1H, 7"-H), 2.78-2.89 (complex signal, 4H, 1-B+H,),
3.01 (br d,J 17.6 Hz, 1H, 6"-H,), 3.15 (dd,J 17.6 Hz,J’ 5.2
Hz, 1H, 6"-H.,, 3.29 (m, 1H, 11"-H), 3.46 (m, 2H, 8,H 3.86
(s, 3H, 3-OCH), 5.54 (br d,) 4.4 Hz, 1H, 8’-H), 6.11 (dt) 15.6
Hz,J 1.6 Hz, 1H, 4-H), 6.67 (dd,8.0 Hz,J’ 2.0 Hz, 1H, 6'-H),
6.70 (d,J 2.0 Hz, 1H, 2"-H), 6.80 (dtJ 15.6 Hz,J’ 6.8 Hz, 1H,
5-H), 6.82 (d,J 8.0 Hz, 1H, 5'-H), 7.27 (dd] 8.8 Hz,J’ 2.0 Hz,
1H, 2"-H), 7.87 (d,J 8.8 Hz, 1H, 1™-H), 7.89 (dJ 2.0 Hz, 1H,
4"-H); *C NMR (100.6 MHz, CBOD) 6 23.6 (CH), 28.4 (CH),
29.5 (CH), 30.1 (CH), 30.7 (CH), 30.8 (CH), 31.0 (CH), 38.0
(CH,), 40.4 (CH), 42.8 (CH), 50.1 (CH), 56.4 (CH), 113.2

anhydrous Nz80,, and evaporated at reduced pressure to give €CH), 116.1 (CH), 119.9 (C), 121.7 (CH), 122.2 (C)512(CH),

yellow oil (1.03 g), which was purified by column
chromatography (35-70 um silica gel, £4/50% ag. NHOH
100:0.2 mixture). The alker (562 mg, 30% yield) and starting
2 (338 mg) were consecutively isolatedRy; 0.63
(CH.CI,/MeOH/50% aq. NFOH 9:1:0.05).

A solution of3 (106 mg, 0.30 mmol) in C}&€l, (10 mL) was
filtered through a 0.2um PTFE filter and treated with a 0.75 N
methanolic solution of HCI (1.2 mL, 0.90 mmol). Thesulting
solution was evaporated at reduced pressure andolite was
washed with pentane X2 mL) to give, after drying under
standard conditions3-HCI (110 mg) as a yellowish solid: mp
128-129 °C (CHCIl, / MeOH 89:11); IR (KBr)v 3500-2500
(max at 3226, 3111, 3049, 3004, 2925, 2854, 271H,NN-H,
C-H st), 1717, 1699, 1684, 1669, 1629, 1582, 156680 (Ar—
C—C and Ar—C-N st) crft '*H NMR (400 MHz, CROD) ¢ 1.57
(s, 3H, 9-CH), 1.91-2.02 (complex signal, 4H, 13;H 10-H.ngo
and 2'-H,), 2.08 (dmJ 12.8 Hz, 1H, 13-k}), 2.10 (dtJ, J’ 7.2
Hz, 3'-H,), 2.56 (ddJ 17.6 Hz,J’ 4.8 Hz, 1H, 10-H,), 2.76 (m,
1H, 7-H), 2.89 (dJ 17.6 Hz, 1H, 6-khq), 3.21 (ddJ 17.6 Hz,J’
5.2 Hz, 1H, 6-K, 3.48 (m, 1H, 11-H), 3.99 (df, J’ 6.8 Hz,
2H, 1'-H,), 4.86 (s, NH andNH), 5.00 (ddtJ 10.4 Hz,J’, J" 1.6
Hz, 1H, 5'-H), 5.04 (ddtJ 17.2 Hz,J', J” 1.6 Hz, 1H, 5'-H),
5.57 (br d,J 4.8 Hz, 1H, 8-H), 5.86 (ddf 17.2 Hz,J' 10.4,J"
6.8 Hz, 1H, 4'-H), 7.52 (d) 9.6 Hz,1H, 2-H), 7.80 (s, 1H, 4-H),
8.36 (d,J 9.6 Hz, 1H, 1-H);*C NMR (100.6 MHz, CROD) ¢
23.5 (CH, 9-CHy), 27.2 (CH, C11), 27.8 (CH, C7), 29.3 (gH
C13), 30.5 (CH), 31.9 (CH) (C2’' and C3’), 36.0 (CH C6),
36.2 (CH, C10), 50.9 (CH C1’), 115.6 (C, C12a), 116.3 (GH
C5’), 117.9 (C, Ci11la), 119.1 (CH, C4), 125.1 (CH, ,CB®)6.6
(CH, C2), 129.4 (CH, C1), 134.5 (C, C9), 138.4 (CH))C®0.1
(C, C3), 140.9 (C, C4a), 151.3 (C, C5ha), 156.9Q€2); HRMS
(ESI), calcd for [GH,s"CIN, + H'] 353.1779, found 353.1777.

4.2.2.8-[(3-Chloro-6,7,10,11-tetrahydro-9-methyl-
7,11-methanocycloocta[b]quinolin-12-yl)amino]-1-
(4-hydroxy-3-methoxyphenyl)oct-4-en-3-one (5)

A mixture of a solution of alkeng (725 mg, 2.05 mmol) in
anhydrous CECl, (28 mL), enonet (765 mg, 3.08 mmol)p-

benzoquinone (21 mg, 0.19 mmol) and Hoveyda-Grublis 2n

generation catalyst (65 mg, 0.10 mmol) was stirnredeu reflux
for 3 days. The resulting mixture was directly piedf through
two consecutive column chromatographies (35-70 [icagiel,
CH,CI,/MeOH/50% ag. NEHOH and hexane/EtOAc mixtures,
gradient elution), to afford hybri8 (158 mg, 15% vyield). The

126.1 (CH), 126.6 (CH), 127.4 (CH), 131.5 (C), 131CHY,
133.6 (C), 133.9 (C), 135.7 (C), 145.8 (C), 1483, 148.9
(C), 152.8 (C), 159.4 (C), 202.4 (C); HRMS (ESI))cdafor
[C32H3s CIN,O5 + H*] 531.2409, found 531.2405.

4.2.3.4-{[(3-Chloro-6,7,10,11-tetrahydro-9-
methyl-7,11-methanocycloocta[b]quinolin-12-
yl)amino]lmethyl}benzaldehyde (7)

A solution of nitrile 6 (337 mg, 0.84 mmol) in anhydrous
toluene (14 mL) was cooled to 0 °C and treated drepwiith
DIBAL-H (1.2 M solution in toluene, 1.05 mL, 1.26mol). The
reaction mixture was stirred at 0 °C overnight, drehted
successively with 2 N HCI (5 mL) and 10 N NaOH (30 mLD at
°C. The resulting mixture was extracted with CH (3x50 mL)
and the combined organic extracts were washed withr \{2¢80
mL), dried over anhydrous B&O, and evaporated at reduced
pressure to give crude aldehyd€354 mg, quantitative), which
was used in the next step without further purificatig; 0.27
(CH,Cl,/MeOH 99:1);'"H NMR (300 MHz, CDC}) § 1.50 (s, 3H,
9'-CH,), 1.72 (br dJ 17.4 Hz, 1H, 10™-H,4), 1.85 (dm,J 12.6
Hz, 1H, 13-H,,), 1.98 (dmJ 12.6 Hz, 1H, 13-H,,), 2.46 (dm,
J 17.4 Hz, 1H, 10-H,, 2.73 (m, 1H, 7'-H), 3.02 (ddd] 17.7
Hz, J’, J” 2.1 Hz, 1H, 6"-Hyq), 3.16 (dd,J 17.7 Hz,J’ 5.7 Hz,
1H, 6’-He,J), superimposed 3.14-3.20 (m, 1H, 11'-H), 4.23](t,
6.9 Hz, 1H, NH-CH,-Ph), 4.68 (dJ 6.9 Hz, 2H, NH-CEi-Ph),
5.53 (m, 1H, 8'-H), 7.15-7.30 (complex signal), 76 J 8.1
Hz), and 7.80-8.00 (complex signal) [7H, 2(6)-H, 3(B)1’-H,
2'-H, 4’-H], 10.05 (s, 1H, Ph-BO); HRMS (ESI), calcd for
[CosH5°CIN,O + H'] 403.1571, found 403.1578.

4.2.4.1-{4-{|[(3-Chloro-6,7,10,11-tetrahydro-9-
methyl-7,11-methanocycloocta[b]quinolin-12-
yl)amino]methyl}phenyl}-5-(4-hydroxy-3-
methoxyphenyl)pent-1-en-3-one (9) and 1-{4-{[(3-
chloro-6,7,10,11-tetrahydro-9-methyl-7,11-
methanocycloocta[b]quinolin-12-
yl)amino]methyl}phenyl}-5-[3-
(dimethylamino)methyl-4-hydroxy-5-
methoxyphenyl]pent-1-en-3-one (10)

A mixture of a solution of keton8 (86 mg, 0.44 mmol) in
dimethylammonium dimethyl carbamate (DIMCARB, 29, 30
mg, 0.23 mmol) and a solution of aldehyde(178 mg, 0.44
mmol) in CHCI, (1.2 mL) was heated in a closed vessel at 80 °C
overnight and the mixture was evaporated at redycedsure.
After three consecutive purifications by column chedography

analytical sample 05 (30 mg) was obtained by preparative thin (35—70um silica gel, two with CHCIl,/MeOH/50% aq. NEOH

layer chromatography of an aliquot amount of thedpct (100
mg), followed by washing with pentanex@ mL); R 0.71
(CH.CI,/MeOH/50% ag. NEHOH 9:1:0.15); mp 69-71 °C; IR

100:0:0.2 t0 99.9:0.1:0.2 and one with EtOAc as therdk), the
desired hybridd (32 mg, 13% vyield) and the byprodubd (43
mg, 15% isolated yield) were isolatedR;g 0.73

(ATR) v 3352 (O-H, N-H st), 1666, 1660, 1632, 1603, 1572(CH.Cl/MeOH/50% ag. NHOH 90:10:0.15); Ry 0.68

1556, 1514 (C=0, Ar-C—C, Ar—C—N st) ¢m'H NMR (400
MHz, CDCk) 6 1.51 (s, 3H, 9"-CH), 1.78 (br dJ 16.4 Hz, 1H,
10"-Hengd, 1.86 (tt,Jd, J' 6.8 Hz, 2H, 7-H), 1.92 (dmJ 12.0 Hz,
1H, 13"-H,,), 2.05 (dmJ 12.0 Hz, 1H, 13"-H,), 2.33 (dtdJ, I

(CH,CI,/MeOH/50% ag. NEHOH 90:10:0.15).

The analytical samples 8fHCI (5 mg) andLO- 2HCI (27 mg)
were obtained by treatment of the free bases with58 0Ol
methanolic solution of HCI (0.25 mL, 0.13 mmol &r0.45 mL,



0.24 mmol for 10), evaporation, recrystallization from

spectrophotometrically by the method of Ellmen al.** The

MeOH/EtOAc/hexane 1:2:0.5 (1.75 mL), and washing withreactions took place in a final volume of 3pQ of 0.1 M

pentane (83 mL).

9-HCIl: mp 140-142 °C (MeOH/EtOAc/hexane 1:2:0.5); IR

(ATR) v 3500-2500 (max. at 3215, 2923, O—H, N=Ny-H, C—

H st), 1631, 1600, 1582, 1563, 1513 (C=0, Ar-C-C, ANGY
-1

cm-.

9 (free base)'H NMR (400 MHz, CDCJ) § 1.48 (s, 3H, 9"-
CH,), 1.70 (br d.J 16.8 Hz, 1H, 10"-Hq), 1.83 (dm,J 12.4 Hz,
1H, 13™-H,), 1.97 (dmJ 12.4 Hz, 1H, 13"-H,), 2.43 (br ddJ
16.8 Hz,J' 3.6 Hz, 1H, 10™-H,J, 2.72 (br s, 1H, 7"-H), 2.92—
3.01 (complex signal, 4H, 4-H5-H,), 3.02 (br dJ 17.2 Hz, 1H,
6"-Hengd, 3.148 (dd,J 17.2 Hz, J' 5.2 Hz, 1H, 6"-H,),
superimposed 3.154 (m, 1H, 11"-H), 3.87 (s, 3H, 3'-QCH.23
(br signal, 2H, OH, NH), 4.63 (br s, 2H, NHHGPh), 5.52 (br d,
J 4.4 Hz, 1H, 8"-H), 6.72 (dd) 8.0 Hz,J' 2.0 Hz, 1H, 6'-H),
6.74 (d,J 16.4 Hz, 1H, 2-H), 6.75 (dl 2.0 Hz, 1H, 2’-H), 6.84
(d,J 8.0 Hz, 1H, 5’-H), 7.27 (dd] 8.8 Hz,J' 2.0 Hz, 1H, 2"-H),
7.38 (dm,J 8.0 Hz, 2H,p-phenylene-He), 7.54 (d,J 8.0 Hz,
2H, p-phenylene-B.o), 7.55 (d,J 16.4 Hz, 1H, 1-H), 7.92 (d]
8.8 Hz, 1H, 1"-H), 7.93 (d] 2.0 Hz, 1H, 4"-H);"*C NMR (100.6
MHz, CDCJ) significant signals 23.3 (CH), 27.5 (CH), 28.1
(CH), 28.9 (CH), 29.7 (CH), 37.1 (CH), 39.9 (CH), 42.9
(CH,), 54.0 (CH), 55.9 (CH), 111.2 (CH), 114.4 (CH), 119.1
(C), 120.8 (CH), 122.5 (C), 124.8 (CH), 125.0 (CH)>B2(CH),
126.4 (CH), 127.7 (CH), 128.0 (2CH), 128.8 (2CH), 147,
141.9 (CH), 144.0 (C), 146.4 (C), 148.4 (C), 149}, (158.9
(C), 199.4 (C); HRMS (ESI), calcd for jHss CIN,O3 + H ']
579.2409, found 579.2406.

10-2HCI: mp 163-167 °C (MeOH/EtOAc/hexane 1:2:0.5); |

(ATR) v 3500-2500 (max. at 3215, 3039, 2922, 2702, O—-H, N

H, "N—H, C—H st), 1630, 1600, 1582, 1566, 1504 (C=0, Ar—C—
Ar—C-N st) cm’; 'H NMR (500 MHz, CQOD) ¢ 1.61 (s, 3H,
9"-CH,), superimposed 1.95-2.00 (m, 1H, 133 1.98 (br dJ
17.0 Hz, 1H, 10™-K,¢9, 2.10 (dmJ 11.0 Hz, 1H, 13"-H,), 2.56
(dm, J 17.0 Hz, 1H, 10™-K, 2.80 (m, 1H, 7-H), 2.84 [s, 6H,
3'-CH,-N(CHy),], 2.91 (d,J 18.0 Hz, 1H, 6™-H.qJ, 2.93 (t,J 7.0
Hz, 2H, 5-H), 3.07 (t,J 7.0 Hz, 2H, 4-H), 3.25 (dd,J 18.0 Hz,
J' 5.5 Hz, 1H, 6™-H,9, 3.51 (m, 1H, 11"-H), 3.89 (s, 3H, 5™
OCH,), 4.27 [s, 2H, 3-EI,-N(CHy),], 4.85 (s, OH, NH, and
*NH), 5.23 (s, 2H, NH-E,-Ph), 5.61 (dm)) 4.5 Hz, 1H, 8"-H),
6.82 (s, 1H, 2"-H), 6.88 (d] 16.0 Hz, 1H, 2-H), 6.99 (s, 1H, 6'-
H), 7.39 (dd,J 9.0 Hz,J’ 2.0 Hz, 1H, 2"-H), 7.48 (br d] 8.0 Hz,
2H, p-phenylene-He), 7.65 (d,J 16.0 Hz, 1H, 1-H), 7.71 (br d,
J 8.0 Hz, 2H,p-phenylene-H.), 7.77 (d,J 2.0 Hz, 1H, 4"-H),
8.20 (d,J 9.0 Hz, 1H, 1"-H);"*C NMR (125.8 MHz, CBOD) ¢
23.5 (CH, 9"-CH;), 27.6 (CH, C11”), 27.9 (CH, C7”), 29.3
(CH,, C13"), 30.7 (CH, C5), 36.1 (CH, C6"), 36.3 (CH, C10"),
43.2 (CH, C4), 43.3 [2CH, 3-CH,-N(CHa),], 52.1 (CH, NH-
CH,-Ph), 56.6 (CH 5-OCHs), 57.9 [CH, 3'-CH,-N(CH),,
114.7 (CH, C6’), 115.7 (C, C12a”), 117.1 (C, C3'1814 (C,
Clia”), 119.3 (CH, C4"), 124.3 (CH, C2’), 125.2 (CH8"};
126.8 (CH, C2"), 127.6 (CH, C2), 128.4 (2CH-phenylene-
Cretd, 129.2 (CH, C1”), 130.3 (2CHy-phenylene-G,o), 134.3
(C, C1’), 134.7 (C, C9"), 135.8 (®-phenylene-¢,), 140.4 (C,
C3"), 140.9 (C, C4a"), 141.4 (x-phenylene-G,,), 143.7 (CH,
C1), 145.4 (C, C4"), 149.1 (C, C5'), 152.0 (C, Cpal'’57.4 (C,
C12"), 202.0 (C, C3); HRMS (ESI), calcd for {4, "CIN;O; +
H*] 636.2987, found 636.2975.

4.3.Biological profiling

4.3.1.AChE and BChE inhibitory activities

Human
serum BChE (Sigma-Aldrich) inhibitory activities wezealuated

recombinant AChE (Sigma-Aldrich) and human

phosphate-buffered solution pH 8.0, containing hAChE
hBChE (0.02 u/mL) and 338M 5,5'-dithiobis(2-nitrobenzoic)
acid (DTNB; Sigma-Aldrich) solution used to produce jtellow
anion of 5-thio-2-nitrobenzoic acid. Inhibition ®es were
performed in duplicate using at least 10 increasgcentrations
of inhibitors and preincubated for 20 min at 37®&ore adding
the substrat®’> One duplicate sample without inhibitor was
always present to yield 100% of AChE or BChE actgtiThen
substrates, acetylthiocholine iodide (4#8l; Sigma-Aldrich) or
butyrylthiocholine iodide (30uM; Sigma-Aldrich), were added
and the reaction was developed for 5 min at 37 °GloW®
production was measured at 414 nm using a labsystems
Multiskan spectrophotometer.

Data from concentration—inhibition experiments ofe th
inhibitors were calculated by non-linear regressmmalysis,
using the GraphPad Prism program package (GraphPad
Software; San Diego, USA), which gave estimates of Gig |
(concentration of drug producing 50% of enzyme vitgti
inhibition). Results are expressed as megE.M. of at least 4
experiments performed in duplicate.

4.3.2. Antioxidant activity
4.3.2.1.Standards and reagents

Folin-Ciocalteu (F-C) reagent, sodium carbonate, S8BT
(2,2’azino-bis(3-ethylbenzothiazoline-6-sulfonic idj¢ trolox
((2)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carfax acid),
caffeic acid, chlorogenic acid, gallic acid, queirte ascorbic
acid, and manganese dioxide were purchased fromaSiddrich

R(Madrid, Spain), and DPPH (2,2-diphenyl-1-picrylhyzi from

“Extrasynthese (Genay, France). MeOH and EtOH werenautai

Cfrom Scharlau (Barcelona, Spain), HOAc from Panreac
(Barcelona, Spain), anhydrous sodium acetate (Zom Merck
(Darmstadt, Germany), and ultrapure water (Milli-Q) nfro
Millipore (Bedford, USA).

4.3.2.2.Sample pretreatment

Samples (1 mg) were weighed and homogenized with EtOH
(2 mL). The homogenate was sonicated for 5 min altetrefd
through a 0.45 pm polytetrafluoroethylene (PTFHEgefifrom
Waters (Milford, USA) into a vial.

4.3.2.3.Antioxidant capacity: ABTS" assay

The antioxidant capacity (AC) was first measured gisn
ABTS” radical decolorization assay.l mM Trolox (standard
antioxidant) was prepared in MeOH. Working standasdse
obtained by diluting 1 mM trolox with MeOH. Solutiorsf
known trolox concentration were used for calibratian. ABTS”
radical cation was prepared by passing a 5 mM agustack
solution of ABTS (in MeOH) through manganese dioxide
powder. Excess manganese dioxide was filtered threug5
um PTFE filter. Then, 245 pL of ABTSsolution were added to
5 uL of trolox or to samples and the solutions watieed for 30
s. The homogenate was shaken vigorously and kegarkness
for 1 h. Absorption of the samples was measured alV&/IS
Thermo Multiskan Spectrum spectrophotometer at @i34and
MeOH blanks were run in each assay. Results were &sguteas
trolox equivalents (umol trolox / pmol tested compd).
Analyses were carried out in triplicate.

4.3.2.4.Antioxidant capacity: DPPH assay

The antioxidant capacity (AC) was also determinedugh
the evaluation of the free radical-scavenging éftecthe DPPH



radical® Solutions of known trolox concentration were used f control (without drug) the same amount of DMSO was ddde
calibration. 5 pL of samples or trolox were mixedha@50 puL of  the sample.

methanolic DPPH (0.025 g1. The homogenate was shaken
vigorously and kept in darkness for 30 min. Absanptdf the

samples was measured on the spectrophotometer anrbl5 Th-S (T1892) and other chemical reagents were psetha
Results were expressed as trolox equivalents (umwiokt/ umol  from Sigma (St. Louis, MO). Th-S stock solution (2051) was
tested compound). Analyses were carried out inicef#. prepared in double-distilled water purified throughMilli-Q

4.3.2.5.Analysis of total polyphenols system (Millipore, USA). Fluorescent spectral scasTh-S

were analyzed using an Aminco Bowman Series 2 luménesc

For the TP assay, each sample was analyzed thres;tBi  spectrophotometer (Aminco-Bowman AB2, SLM Aminco,
pL of the samples were mixed with 188 of Milli-Q water ina  Rochester, NY, USA). Excitation and emission slit widtf 4
thermo microtiter 96-well plate (nuW: Roskilde, Denmark), nm were used. Finally, the fluorescence emissiod5& nm,
and 12pL of F-C reagent and 3(L of sodium carbonate (200 when exciting at 375 nm, was recorded. In order tonatize the
g/L) were added following a described procedtifehe mixtures  Th-S fluorescence as a function of the bacteriaiceatration,
were incubated for 1 h at room temperature in thik. dfter the ~ ODgoq Was obtained using a Shimadzu UV-2401 PC UV/Vis
reaction period, 5QuL of Milli-Q water was added and the spectrophotometer (Shimadzu, Japan). The finalrégmence
absorbance was measured at 765 nm in a UV/Vis Thermdata were obtained considering as 100% the Th-3effeence of
Multiskan Spectrum spectrophotometer (Vantaa, Fijlan the bacterial cells expressing the peptide or pratethe absence
Results were expressed as mg of gallic acid equitel&SAE)/g  of drug and 0% the Th-S fluorescence of the baadteglls non-
sample. expressing the peptide or protein. Final data heeaverage of
ten independent experiments.

4.3.3.3.Th-S steady-state fluorescence

4.3.3.Ap42 and tau antiaggregating activities in

Escherichia colicells 4.3.3.4.0ptical fluorescence microscopy
4.3.3.1.Cloning and overexpression of pd42 . . . .
peptide Bacterial cells overexpressingBA2 peptide and tau protein

were incubated for 1 h in the presence of A{R6Th-S. Th-S was

E. coli BL21 (DE3) competent cells were transformed withremoved by centrifugation and the cells were re-sodpd in
the pET28a vector (Novagen, Inc., Madison, WI, USarying  PBS and placed on a microscope slide. Th-S fluerese was
the DNA sequence of f42. Because of the addition of the detected under UV light using a GFP filter with an ieton
initiation codon ATG in front of both genes, the exgressed filter BP480/40 and an emission filter BP527/30ngsk Leitz
peptide contains an additional methionine residteita N DMIRB microscope. The fluorescence enhancement as a
terminus. For overnight culture preparation, lysogbroth (LB)  consequence of Th-S binding to IBs has been detedniising
medium (10 mL) containing kanamycin (5@y-mL") were  Quantity One 1-D Analysis Software Version 4.6.9 (Bio-Rad
inoculated with a colony of BL21 (DE3) bearing thaghid to  Hercules, CA, USA) as image processing program.
be expressed at 37 °C. After overnight growth, the;g@®as
usually 2—-2.5. For expression op#2 peptide, overnight culture
(20 pL) was transferred into Eppendorf tubes of 1.5 mL
containing LB medium (96@L) with kanamycin (50ug-mL™),
isopropyl 1-thiop-D-galactopyranoside (IPTG, 1 mM), 1M
solution of each hybrid or reference compound in @ME0
pL), and 25uM solution of Th-S in water (10L). The samples
were grown for 24 h at 37 °C and 1400 rpm using
Thermomixer (Eppendorf, Hamburg, Germany). In theatigg
control (without drug) the same amount of DMSO was ddde

4.3.4.Determination of brain permeability:
PAMPA-BBB assay

The in vitro permeability P, of the novel hybrids and
fourteen known drugs through lipid extract of poecibrain
membrane was determined by using a parallel a#ifici
membrane permeation assaysing a mixture PBS:EtOH 70:30.
f\ssay validation was made by comparison of the expialP,
values of the known drugs with their reported valughich
showed a good correlatioR, (exp) = 1.5605°, (lit) — 1.0507
(R?=0.9308). From this equation and the limits esshleld by Di

th le. . o
€ sample et al. for BBB permeatiori; three ranges of permeability were
4.3.3.2.Cloning and overexpression of tau established: compounds of high BBB permeation (ON®&¢
protein (10° cm $%) > 5.19; compounds of low BBB permeation (CNS—

_ ) P, (10° cm s%) < 2.07; and compounds of uncertain BBB
E. coli BL21 (DE3) competent cells were transformed with : . 6 1

pTARA containing the RNA-polymerase gene of T7 phagepermeanon (CNS+/-): 5,198, (107 em s7) > 2.07
(T7RP) under the control of the promoter pBABR. coli BL21  Table 2
(DE3) with pTARA competent cells were transformed with Reported and experimental permeability valuesl(® cm s
pRKT42 vector encoding four repeats of tau proteintwo ') of 14 commercial drugs used for the PAMPA-BBBagss
inserts. For overnight culture preparation, M9 roedi(10 mL)  validation
containing glucose (0.5%), ampicillin (5Qg-mL™), and ~Compound Literature valfie Experimental valde
chloramphenicol (12.;ig-mL™") were inoculated with a colony

of BL21 (DE3) bearing the plasmids to be expresde87a°C. Cimetidine 0.0 0-70£0.03
After overnight growth, the Ofg, was usually 2—-2.5. For Lomefloxacin 11 0.75 £0.02
expression of tau protein, overnight culture (20Q) was  Norfloxacin 0.1 0.90 + 0.02
transferred into Eppendorf tubes of 1.5 mL contaniM9 )
medium (970ul) with arabinose (0.25%), glucose (0.5%), ©foxacin 08 0.98 +0.02
ampicillin (50pg-mL™) and chloramphenicol (125-mL™"), 10  Hydrocortisone 1.9 1.40 £0.05
uM solution of each hybrid or reference compoun®MSO (10 pjoxicam 25 1.83+0.19
pL), and 25uM solution of Th-S in water (1QL). The samples o

Clonidine 5.3 6.50 +0.05

were grown for 24 h at 37 °C and 1400 rpm using a
Thermomixer (Eppendorf, Hamburg, Germany). In theatigg  Corticosterone 5.1 6.70 +0.10



Imipramine 13 12.3+£0.10

Promazine 8.8 13.8+0.30
Progesterone 9.3 16.8 +0.30
Desipramine 12 17.8+0.10
Testosterone 17 24.3+0.46
Verapamil 16 25.2+1.07

2Taken from ref. 46.

P Values are expressed as the mean * SD of threpéndient experiments.
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