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Abstract: A combination of tacrine and tryptophan led to the development of a new family of heterodimers 

as multi-target agents with potential to treat Alzheimer’s disease. Based on the in vitro biological profile, 

compound S-K1035 was found to be the most potent inhibitor of human acetylcholinesterase (hAChE) and 

human butyrylcholinesterase (hBChE), demonstrating balanced IC50 values of 6.3 and 9.1 nM, respectively. 

For all the tacrine-tryptophan heterodimers, favorable inhibitory effect on hAChE as well as on hBChE was 

coined to the optimal spacer length ranging from five to eight carbon atoms between these two 

pharmacophores. S-K1035 also showed good ability to inhibit Aβ42 self-aggregation (58.6 ± 5.1% at 50 µM) 

as well as hAChE-induced Aβ40 aggregation (48.3 ± 6.3% at 100 µM). The X-ray crystallographic analysis 

of TcAChE in complex with S-K1035 pinpointed the utility of the hybridization strategy applied and the 

structures determined with the two K1035 enantiomers in complex with hBChE could explain the higher 

inhibition potency of S-K1035. Other in vitro evaluations predicted the ability of S-K1035 to the cross 

blood-brain barrier and revealed a moderate inhibition potency against neuronal nitric oxide synthase. Based 

on the initial promising biochemical data and a safer in vivo toxicity compared to tacrine, S-K1035 was 

administered to scopolamine-treated rats and it was able to dose-dependently revert amnesia.  

Introduction 

Alzheimer’s disease (AD) is an age-related neurodegenerative disease and the most common cause 

of dementia associated with selective loss of cognitive ability and behavioral disturbances ultimately leading 

to death [1]. The progressive impairment of neurological conditions of patients with AD produces 

devastating problems on the patients themselves and very high economic burden for their families and 

society [2]. Unfortunately, the etiology of AD is still not fully understood. To date, several factors have been 

demonstrated to be responsible for AD development and progression, thus playing an eminent role in the 

pathogenesis of AD [3,4]. These distinct neuropathological hallmarks include depositions of extracellular β-

amyloid (Aβ) into plaques and intracellular neurofibrillary tangles composed of hyper-phosphorylated tau 

protein. Both of them are suspected to be involved in the pathophisology of AD, however, their exact 

mechanism rather remains unclear. The difference between the plaques and tangles lies in their structure and 

effect on the nerve cells in the brain tissues [5]. Besides, the most pronounced hypothesis for AD 

development stems from low levels of acetylcholine (ACh), oxidative stress and bio-metal dyshomeostasis 

[6–8]. Low levels of ACh resulting from neuronal death are associated with cognitive and memory 

deterioration. Based on these observations, enhancement of cholinergic neurotransmission and recovery of 

ACh levels may alleviate AD symptoms [9]. The administration of cholinesterase inhibitors (ChEIs) builds 

upon the cholinergic hypothesis, and represent the most prominent agents exerting beneficial therapeutic 

option in AD therapy [10]. Acetylcholinesterase (AChE, E.C. 3.1.1.7) and butyrylcholinesterase (BChE, 

E.C. 3.1.1.8) represent two types of cholinesterase (ChE) enzymes which are able to hydrolyze ACh. On the 

other hand BChE is also able to hydrolyze bulkier substrates like butyrylcholine (BCh). AChE has a nearly 

20 Å deep and narrow gorge with two major binding sites. At the bottom of the gorge, catalytic anionic site 

(CAS) resides whereas peripheral anionic site (PAS) is located near the cavity entrance. Experimental 
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evidence showed that AChE inhibitors (AChEIs) able to simultaneously bind CAS and PAS may have a 

higher beneficial effect in AD therapy by their indirect anti-aggregating action [11]. Indeed, affinity of 

AChEIs for PAS confers ability against Aβ aggregation by preventing assembly of Aβ monomers into fibrils 

and other highly toxic complexes with Aβ [12,13]. 

Increasing evidence on the role of the two types of ChE in the AD brain pointed out a gradual switch of the 

hydrolyzing activity, from AChE to BChE, along with the disease progression. In fact, AChE levels were 

reported to gradually decrease, while BChE levels remain unaltered or significantly increase in the 

hippocampus and temporal cortex [14,15]. Furthermore, cortical BChE accumulation has been shown to be 

associated with the formation of neuritic plaques and neurofibrillary tangles [16]. Considering all of the 

above mentioned observations, AChE/BChE inhibitors may provide beneficial therapeutic effects in AD 

treatment. 

 In line with the multifactorial nature of this pathology, it is now recognized that several pathological 

features coexist in AD and play a role in a still undefined cause-effect circle. In this scenario, even if several 

factors have been hypothesized to contribute to AD pathogenesis, Aβ dyshomeostasis is one of the most 

studied therapeutic targets. The pathological processes related to AD correlate well with the misfolded Aβ 

peptide, which leads to the formation of amyloid oligomers and aggregates [17]. Aβ of variable length (from 

39 to 43 residues) is generated by a sequential cleavage of the amyloid precursor protein (APP) by the 

subsequent action of β- and γ-secretases. Aβ42 tends to aggregate more rapidly than Aβ40 and displays higher 

neurotoxicity [18,19]. Aβ aggregates trigger a cascade of biochemical processes, which ultimately lead to 

neuronal dysfunction [20]. Many efforts are being made to develop appropriate treatment strategies either to 

decrease the Aβ production or enhance the Aβ clearance [21]. 

 Current therapy of AD is mainly limited to administration of three AChEIs, namely donepezil, 

rivastigmine and galantamine, and one N-methyl-D-aspartate (NMDA) receptor antagonist, memantine. 

Unfortunately, these drugs do not effectively address the multifactorial nature of AD, exerting only a 

palliative effect [22,23]. 

 Tacrine (3, THA, Figure 2) was the first ChEI approved in 1992 by the Food and Drug 

Administration (FDA) for the AD therapy and withdrawn from clinical use in 2003 because of the 

hepatotoxic and gastrointestinal side effects [24,25]. The ongoing research aiming at finding novel and 

presumably more potent THA analogues with suppressed toxicity led to the discovery of 7-methoxytacrine 

(1, 7-MEOTA, Figure 2), a centrally active AChEI endowed with a limited toxicity compared to THA, due 

to a distinct metabolic fate [26]. Furthermore, the THA derivative 6-chlorotacrine (2, 6-Cl-THA, Figure 2) 

showed better AChE inhibitory profile and selectivity than THA [27,28]. Thanks to the easy accessibility 

and the low molecular weight, THA and 6-Cl-THA are still widely used as starting fragments for the 

development of hybrid molecules with additional pharmacological properties beyond ChE inhibition [29]. 
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 Over the last decades, the field of tacrine-based multi-target directed ligands (MTDLs) has grown 

enormously [30–33]. Early encouraging results were obtained when THA dimer bis(7)-tacrine (4, Figure 1), 

was rationally designed to contact both AChE central and peripheral site, thus acting as a dual binding site 

AChEI. Indeed, 4 showed improved AChE inhibition, as well as a large array of anti-AD activities, 

including neuroprotection against glutamate-mediated excitotoxicity [34,35]. The latter is presumably 

associated to 4 inhibition potency of neuronal nitric oxide synthase (nNOS) [36]. Indeed, excessive nitric 

oxide generated by nNOS mediates the downstream signal transduction of the NMDA receptors thus leading 

to excitotoxic neuronal cell death [37]. Thus, 4 has spurred the development of several MTDLs featuring 

either homo- and hetero-dimeric structures and targeting different pathological pathways intertwined to 

oxidative stress, mitochondrial dysfunction, metal dyshomeostasis, amyloid aggregation and tau protein 

hyper-phosphorylation [3,38–40]. 

 

Figure 1. Chemical Structure of bis(7)-tacrine (4), First Dual Binding Site AChEI. 

 

Design of novel tacrine-tryptophan heterodimers 

 As part of our efforts in identifying MTDLs as drug candidates for AD, we became interested in 

hybrids obtained by linking THA and tryptophan (Trp) fragments. Our starting point was the biological 

profile of THA-based [41–45], melatonin-based [46,47] and Trp-based [48–50] hybrids, which are endowed 

with a wide spectrum of potential disease-modifying activities against AD. 

Recently, we have reported on a series of tacrine-naphthoquinone (THA-NQ) hybrids possessing a 

multifunctional character, which included cholinesterase inhibition related to the THA scaffold, anti-

amyloid properties conveyed by the NQ moiety, antioxidant properties, the ability to cross blood-brain 

barrier (BBB) and, more importantly, lower hepatotoxicity if compared to THA. The most prominent THA-

NQ hybrid, in terms of the most balanced and multipotent activity towards all the selected targets, was 5 

(Figure 2) [51]. 

 L-Tryptophan (L-Trp, Figure 2) is an essential amino acid acting as serotonin (5-HT) precursor. 

Studies on patients with AD have shown that an acute reduction of L-Trp intake impairs learning and 

memory [52,53] and that an increased L-Trp intake decreases intraneuronal accumulation of Aβ in the 

hippocampus in a transgenic mice model of AD [54]. Additionally, thanks to the key involvement of Trp 

residues of amyloidogenic proteins in the misfolding process [55], L-Trp possesses strong potential as a 

fragment for the development of targeted anti-amyloid agents [48]. On this basis, Segal’s and Gazit’s groups 
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synthesized and investigated 1,4-naphthoquinon-2-yl-L-tryptophan (6, L-NQ-Trp, Figure 2) as a promising 

inhibitor of Aβ aggregation [56]. 6 was able to inhibit Aβ aggregation, decrease Aβ cytotoxicity, reduce the 

amount of amyloid brain burden in a transgenic Drosophila model for AD, thereby prolonging lifespan and 

completely abolishing the defective locomotion [56]. Studies from the same group also showed that the L-

NQ-Trp analogue, Cl-1,4-naphthoquinone-2-yl-L-tryptophan (7, Cl-L-NQ-Trp, Figure 2), can inhibit tau 

aggregation in vitro and in vivo [49]. Computer simulations investigations have provided further insights 

into Aβ42/L-NQ-Trp interaction mode [57]. Another reason for linking THA with Trp stems from the 

structural similarity of the designed molecules 8 and 9 with the THA-melatonin hybrids developed by 

Rodrigues-Franco et al. as MTDLs against AD. Hybrid 8 showed a multifaceted profile combining 

cholinergic and antioxidant properties together with low toxicity (Figure 2) [46]. In 2009, the same group 

developed 6-Cl-THA-melatonin hybrids [47]. The best-in-class compound 9 (Figure 2) exhibited good 

cholinergic inhibitory activity, antioxidant and anti-amyloid properties and excellent neuroprotective effects 

against Aβ and oxidative stress. Thus, it is feasible that 8 and 9 could similarly span AChE gorge, inhibit 

amyloid self-aggregation and exert similar beneficial properties. 

 Based on all aforementioned considerations, herein, we describe the synthesis and biological profile 

investigation of a novel multi-target hybrids family combining a Trp moiety with a THA scaffold tethered 

by aliphatic linkers of varying length. The characterization of the biological profile of the synthesized THA-

Trp heterodimers includes an in vitro evaluation of (i) the inhibitory activity against human AChE (hAChE) 

and human BChE (hBChE), (ii) crystallographic analysis of the most promising compound in complex with 

Torpedo californica AChE (TcAChE), (iii) anti-amyloid properties (inhibition of Aβ42 self-aggregation and 

of AChE-induced Aβ40 aggregation), (iv) prediction of BBB penetration using parallel artificial membrane 

permeation assay (PAMPA) , (v) in vitro effect on the cell viability, (vi) inhibitory activity against neuronal 

nitric oxide synthase (nNOS), and (vii) in vivo behavioral studies using a scopolamine-induced cognitive 

deficit rat model. 
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Figure 2. Design Strategy for Novel THA-Trp Hybrids 

Results and discussion  
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Chemistry. The general synthetic procedure for tacrine-tryptophan hybrids S-K1024-K1044 is shown in 

Scheme 1. The starting 9-chlorotacrines 10-12 were prepared according to the previous reports and the 

spectral data were in good agreement with literature reports [58,59]. The treatment of 10-12 with appropriate 

1,ω-diaminalkanes in the presence of phenol yielded the desired intermediates 19-39 (70-90%) [60]. N-

[(tert-Butoxy)carbonyl]-L-tryptophan (16) was prepared in high yield (87%) from commercially available 

L-tryptophan (13) via protection of the amino group using triethylamine (TEA) and di-tert-butyl 

dicarbonate. Spectral data were in good agreement with literature reports [61]. Finally, the intermediates 19-

39 with different linker sizes were coupled with Boc-protected L-tryptophan 16 in the presence of TEA and 

benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP) to afford Boc-protected 

tacrine-tryptophan heterodimers 40-62 in low-to-excellent yields (15-91%). The deprotection and the final 

conversion into dihydrochloride salts took place in one pot to obtain the desired tacrine-tryptophan hybrids 

S-K1024-K1044 in moderate-to-excellent yields (38-99%). Moreover, 6-Cl-THA-containing derivatives 

bearing an R-isomer (R-K1035) and a racemic mixture (rac-K1035) from D-tryptophan and DL-tryptophan, 

respectively, were synthesized for comparative purposes following an analogous procedure. Structural 

determination and signal assignments of the final compounds were accomplished by the application of 

standard NMR experiments (1H, 13C, 1H-1H COSY, 1H-13C HSQC, HMBC, DEPT). The structural 

characterization also involved melting point assessment and liquid chromatography-high-resolution mass 

spectrometry (LC-HRMS). The absolute configuration of S-K1035, as the most promising compound in the 

series, has been validated via electronic circular dichroism (Supporting information). 
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Scheme 1. General Procedure for the Synthesis of Tacrine-Tryptophan Hybrids S-K1024-K1044, R-K1035 

and rac-K1035 

Cholinesterase inhibitory activity 

Three series of THA-Trp conjugates underwent initial biological screening for their inhibitory potential 

against hAChE and hBChE (Table 1). All data for 7-MEOTA-tryptophan hybrids S-K1024-K1030, 6-Cl-

THA-tryptophan heterodimers S-K1031-K1037 and THA-tryptophan derivatives S-K1038-K1044 were 

determined using the spectrophotometric method by Ellman et al., using 7-MEOTA, 6-Cl-THA, and THA as 

reference compounds (Table 1) [62,63]. 

In each series, the pharmacophores were combined via alkyl chains of different length (n = 2-8). The length 

of the chain is considered a crucial factor affecting the inhibitory activity against both ChEs as shown for 

many previously reported THA hybrids previously reported [29,41,42,51,59,60,64–66]. This characteristic 

feature stems from the optimal anchoring of each moiety (THA and Trp) to specific enzyme binding sites, 

which are located in a spatially defined area of ChE. It has been previously shown that AChE shares 54% 

homology of BChE [67]. However, some distinct differences between these two α/β hydrolases are present, 
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such as in the gorge dimension; indeed, the bulkier BChE active gorge grants a lower substrate specificity 

compared to AChE [68]. Hence, it is expected that an optimal chain-length and activity may differ between 

each THA-containing subset for AChE and BChE. In general, the presence of longer methylene tethers was 

associated with a favorable inhibitory effect on hAChE as well as on hBChE, and the optimal length of the 

spacer was found to lie between five to eight carbon atoms for both ChEs in all the families bearing either 

THA, 6-Cl-THA or 7-MEOTA scaffolds. 

All novel hybrids (except for derivative S-K1026) turned out to be potent inhibitors of hAChE with IC50 

values ranging from micromoles to nanomoles. Derivative S-K1035 (IC50 = 6.3 nM) bearing 6-Cl-THA 

moiety and a six-methylene spacer showed single digit nanomolar inhibitory potency against hAChE. S-

K1035 was 1585-, 51- and 3-times a more potent hAChE inhibitor than 7-MEOTA, THA and 6-Cl-THA, 

respectively. Among hybrids bearing the 7-methoxytacrine fragment, the most promising derivative was S-

K1027 (IC50 = 620 nM), which exhibited a 16.2-fold increased inhibitory activity against hAChE with 

respect to the single fragment 7-MEOTA. All hybrids carrying the 6-Cl-THA (except for hybrid S-K1031) 

displayed inhibitory potency towards hAChE in the same order of magnitude of the parent compound 6-Cl-

THA. These findings are congruent with previous report, unveiling that the hydrogen replacement by 

chlorine at position 6 of the THA scaffold leads to an enhancement of the binding affinity towards AChE 

[69]. Similarly to the observations for 6-Cl-THA derivatives, hybrids containing THA (S-K1038-K1043) 

showed inhibitory activities toward hAChE comparable to that of the reference compound THA. The only 

exception to this trend was hybrid S-K1044, which exhibited a 4.2-fold higher inhibitory potency compared 

to that exerted by THA. 

Concerning the inhibition of hBChE, all 23 hybrids were potent inhibitors with IC50 values ranging from the 

micromoles to nanomoles. All hybrids carrying the 7-methoxytacrine template were better hBChE inhibitors 

than 7-MEOTA with inhibitory activities in the sub-micromolar range. All 6-Cl-THA heterodimers 

displayed higher inhibitory potency towards hBChE than the parent compound 6-Cl-THA. Among hybrids 

from the THA family, the most potent derivative was S-K1042 (IC50 = 3.9 nM), which exhibited a 20.3-fold 

increased inhibitory activity compared to THA. Considering all series, the most pronounced inhibitors were 

the heterodimers bearing a six-methylene linker, namely S-K1035 (bearing a 6-Cl-THA fragment) and S-

K1042 (bearing a THA fragment), which were endowed with nanomolar BChE inhibitory potency (IC50 = 

9.1 and 3.9 nM, respectively). 

Table 1. In vitro anticholinesterase activity, inhibition of Aβ42 self-aggregation and prediction of BBB 

crossing for THA-Trp derivatives and reference compounds  

Cmpd n R1 R2 R3 

hAChE IC50 ± 

SEM (nM)a 

hBChE IC50 ± 

SEM (nM)a 

SI for 

hAChEb 

Inhibition 

Aβ42 self-

aggregation 

% ± SDc 

BBB 

assaye 
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S-K1024 2 H OCH3 H 5700 ± 370 480 ± 15 0.08 54.7 ± 0.7 CNS- 

S-K1025 3 H OCH3 H 1300 ± 50 1800 ± 70 1.40 51.6 ± 1.5 CNS- 

S-K1026 4 H OCH3 H 12000 ± 770 520 ± 22 0.04 47.0 ± 7.0 CNS- 

S-K1027 5 H OCH3 H 620 ± 21 190 ± 6.7 0.3 51.9 ± 1.4 CNS- 

S-K1028 6 H OCH3 H 940 ± 61 55 ± 1.2 0.06 58.0 ± 5.7 CNS± 

S-K1029 7 H OCH3 H 980 ± 47 78 ± 2.7 0.08 57.9 ± 2.3 CNS± 

S-K1030 8 H OCH3 H 1300 ± 80 130 ± 4 0.10 54.5 ± 6.2 CNS+ 

S-K1031 2 Cl H H 160 ± 8 340 ± 17 2.09 18.7 ± 7.0 CNS± 

S-K1032 3 Cl H H 70 ± 4 140 ± 6.2 1.99 19.9 ± 2.1 CNS± 

S-K1033 4 Cl H H 62 ± 2.2 120 ± 3.9 1.95 28.9 ± 1.4 CNS± 

S-K1034 5 Cl H H 76 ± 1.8 74 ± 1 0.97 50.6 ± 6.6 CNS± 

S-K1035 6 Cl H H 6.3 ± 0.2 9.1 ± 0.3 1.43 58.6 ± 5.1 CNS+ 

R-K1035 6 Cl H H 6.9 ± 0.3 140 ± 5 19.7 60.7 ± 2.5 CNS+ 

rac-K1035 6 Cl H H 7.4 ± 0.4 13 ± 0.6 1.77 57.2 ± 1.5 CNS+ 

S-K1036 7 Cl H H 19 ± 0.5 52 ± 1.1 2.76 59.0 ± 3.8 CNS+ 

S-K1037 8 Cl H H 50 ± 1.3 140 ± 2.8 2.89 59.4 ± 6.2 CNS+ 

S-K1038 2 H H H 730 ± 32 56 ± 2.1 0.08 44.0 ± 5.3 CNS- 

S-K1039 3 H H H 580 ± 33 40 ± 1.0 0.07 46.4 ± 6.2 CNS- 

S-K1040 4 H H H 1300 ± 93 123 ± 2.4 0.10 59.1 ± 2.6 CNS+ 

S-K1041 5 H H H 320 ± 16 23 ± 0.7 0.07 54.3 ± 5.5 CNS- 

S-K1042 6 H H H 120 ± 3.8 3.9 ± 0.1 0.03 55.5 ± 5.2 CNS- 

S-K1043 7 H H H 120 ± 3.5 25 ± 1.0 0.22 60.9 ± 4.4 CNS- 

S-K1044 8 H H H 76 ± 1.1 64 ± 1.7 0.84 63.6 ± 2.1 CNS± 

1 
 

H OCH3 H 10000 ± 97 18000 ± 80 1.76 <5 CNS+ 

2 
 

Cl H H 20 ± 1.0 1800 ± 97 89 <5 CNS+ 

3 
 

H H H 320 ± 13 80 ± 1.0 0.25 <5 CNS+ 

5 (tacrine- 

naphthoquinone)[51] 
2 Cl H H 0.72 ± 0.06 540 ± 16 752.7 37.5 ± 4.9d nd 

8 (tacrine-

melatonine)[46] 
6 Cl H Cl 

0.008 ± 

0.0004 
7.8 ± 0.4 975 nd nd 

9 (tacrine-

melatonine)[47] 
5 Cl H H 0.730 ± 0.03 180 ± 5 241 nd CNS+ 

D,L-NQ-TRP - - - - nd nd nd 25.4 ± 3.2 nd 

6 - - - - nd nd nd 28.5 ± 3.6 nd 
a Results are expressed as the mean of at least three experiments; b Selectivity for hAChE is determined as a 

ratio of hBChE IC50/hAChE IC50; 
c % Inhibition of Aβ42 self-aggregation at [I] = 50 µM. The [Aβ42]/[I] ratio 

was equal to 1/1. Values are the mean from two to four independent experiments each performed in 

duplicate ± SD; d  Inhibition of Aβ42 self-aggregation at [I] = 10 µM ePrediction of BBB penetration by the 

PAMPA-BBB assay. “nd” stands for not determined, CNS stands for central nervous. 
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The selectivity index (SI) was calculated for all compounds within the study by comparing the IC50 value for 

hBChE inhibition with that achieved for hAChE inhibition. Most 7-MEOTA and THA hybrids were 

hBChE-selective (SI ˂ 1.0) or non-selective (SI ≅ 1.0) ChE inhibitors, while 6-Cl-THA hybrids showed a 

weak preference for AChE. This is in agreement with the selectivity profile of the implemented tacrine core. 

Hence, whereas all the tacrine hybrids were BChE selective in agreement with the higher affinity for BChE 

of THA, higher preference for hAChE was exhibited by hybrids bearing the 6-Cl-THA fragment. However, 

if compared with the selectivity profile of 6-Cl-THA (SI = 100.7), all 6-Cl-THA hybrids showed a much 

smaller SI with values ranging from 0.97 (non-selective) to 2.90 (slightly selective for hAChE). 

Due to the increasing interest for dual AChE/BChE inhibition [70], this finding makes these hybrids 

particularly appealing. Indeed, it has been observed that levels of BChE in the brain increase with aging, 

while those of AChE decrease. This points out the importance of BChE inhibition in moderate to severe 

stages of AD [71]. The correctness of this idea has already been proved with the development of 

bisnorcymserine, a BChE-selective inhibitor, which is currently under evaluation in a Phase 1 clinical trial 

(ClinicalTrials.gov identifier: NCT01747213). 

On the basis of anticholinesterase activity results, the best ChE inhibitor S-K1035 was chosen as a prototype 

for investigating of the importance of the stereochemistry in ChE inhibition. For this purpose, the R-isomer 

(R-K1035) and the racemic mixture (rac-K1035) were synthesized. In this regard, we have preserved the 6-

Cl-THA scaffold and six-methylene tether and used either D-Trp to yield the R-isomer R-K1035, or the 

racemic Trp to afford the optically inactive rac-K1035. The stereochemistry of the Trp fragment does not 

seem to have any significant influence on the inhibition of hAChE as demonstrated by similar inhibitory 

activities of R-K1035, rac-K1035 and S-K1035. However, and very surprisingly, a stereoselective 

interaction was highlighted for hBChE, with S-enantiomer being 15-fold more potent than the R-isomer (9.1 

nM vs. 140 nM). 

In comparison with the previously reported THA-NQ and THA-melatonin derivatives, the THA-Trp hybrids 

reported herein retained excellent hAChE inhibitory potency and showed increased activity towards hBChE. 

This makes them balanced dual AChE/BChE inhibitors, with potentially greater clinical efficacy and fewer 

side-effects.  

 

Propidium displacement studies 

The presence of a 6-methylene-tether chain in S-K1035 makes this hybrid in principle able to span the gorge 

and likely reach the enzyme’s PAS. Hence, to confirm this hypothesis and get deeper understanding of the 

mechanism of inhibition and to investigate the ability of S-K1035 to interact with PAS, displacement studies 

using propidium were carried out [72,73]. Propidium, chemically 3,8-diamino-5-{3-

[diethyl(methyl)ammonio]propyl}-6-phenylphenanthridinium diiodide, selectively associates with the PAS 

of AChE exhibiting an eight-fold enhancement of fluorescence [72,74]. Back-titration experiments with an 
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increasing concentration of S-K1035 showed a concentration-dependent decrease in the fluorescence 

intensity associated with the propidium–AChE complex. Following the method of Taylor and Lappi [73] a 

dissociation constant of 4.82 µM (Figure 3, SI) was calculated. This value shows that the interaction of 

S-K1035 with PAS is about 6.9-fold weaker than that of propidium [74]. 
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Figure 3: Determination of KD value at the PAS for the most active derivative S-K1035 by displacement 

studies. KD value is calculated from the antilog of the Y-intercept value. P stands for propidium iodide and I 

stands for the tested inhibitor; Fe is the initial fluorescence intensity when enzyme sites are saturated with P, 

FP is the fluorescence intensity when propidium is completely displaced from the enzyme, and F denotes the 

fluorescence intensity after adding a determined amount of the displacing agent during the titration 

experiment. 

X-ray Crystallography of TcAChE – S-K1035 Complex 

In order to gain insights into the molecular determinants responsible for the high AChE inhibitory activity of 

S-K1035, the crystal structure of the inhibitor-bound TcAChE (Figure 4) was determined by X-ray 

crystallography at a 2.50 Å resolution (summary of Crystallographic Data of the TcAChE − S-K1035 

complex in Supporting Information, Table S2).  

The position and orientation of S-K1035 with respect to the key residues in the TcAChE active-site gorge 

confirmed the critical role of the 6-Cl-THA fragment, which binds at the CAS.  

The conformation of Phe330 in the TcAChE − S-K1035 complex (χ1 = 145.4°, χ2 = 63.1°) was found to be 

significantly different than those observed in the apo TcAChE structure [75] – PDB ID 1EA5 (χ1 = -126.6°, 

χ2 = -48.9°), in the TcAChE− tacrine-benzofuran hybrid complex [76] – PDB ID 4W63 (χ1 = 92.6°, χ2 = 

110.3°), and in either of the two alternative conformations observed in the TcAChE − NF595 [(N-(1,2,3,4-

tetrahydroacridin-9-yl)-8-[(1,2,3,4-tetrahydroacridin-9-yl)thio]octan-1-amine)] [77] − PDB ID 2CEK 

complex (χ1 = 76.1°, χ2 = 83.1°; χ1 = 96.9°, χ2 = 80.4°)  

In the TcAChE− S-K1035 complex, the swinging gate residue Phe330 closely matches the conformations 

observed in the TcAChE – tacrine [78] – PDB ID 1ACJ (χ1 = 157.1°, χ2 = 61.8°), TcAChE − bis(5)-tacrine 

[79] – PDB ID 2CMF (χ1 = 160.6°, χ2 = 67.1°) and TcAChE – 4,[79] – PDB ID 2CKM (χ1 = 143.9°, χ2 = 

66.1°) and TcAChE – 5,[51] – PDB ID 4TVK (χ1 = 141.5°, χ2 = 62.5°) complexes, respectively. 
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The 6-chloroquinoline substructure of S-K1035 is embedded in a pocket lined with several aromatic 

residues (Trp233, Phe288, Phe330, Phe331, and Trp84). The central aromatic ring of the 6-Cl-THA is facing 

Trp84 while the lateral aromatic ring is facing Phe330. 

The endocyclic nitrogen is hydrogen bonded to the main-chain carbonyl oxygen of the catalytic residue 

His440 (2.89 Å). It can be inferred, from this distance and from the pKa = 9.8 of tacrine [80], that the 

6-chloroquinoline moiety of S-K1035 is protonated.  

The contribution of the electron withdrawing effect by the chlorine atom to the AChE inhibitory activity of 

S-K1035 (hAChE IC50 = 6.3 nM) with respect to the un-substituted ligand S-K1042 (hAChE IC50 = 120 

nM) may stem from non-specific close spatial contacts with neighboring amino acid residues. Indeed, the 

chlorine atom of S-K1035 is nested in a hydrophobic pocket delimited by Phe330, Trp432, Met436, Ile439, 

and Tyr442.  

The chlorine atom exhibits the strongest interaction with Trp432 (min. and max. distances of 3.4 Å and 4.3 

Å, respectively). Hence, it is plausible that short-range dispersion forces are responsible for the optimal fit of 

the 6-chloroquinoline fragment in the binding pocket. In principle, the observed increase in affinity 

conferred by the chlorine atom may be due either to direct interactions with neighboring amino acids, or the 

modulation of the π−π stacking interaction of the tetrahydroacridine rings of S-K1035. 

Conversely, the presence of the electron donating methoxy group at position 7 of the quinoline fragment in 

S-K1028, very significantly reduce the inhibitory activity toward AChE (IC50 = 940 nM) with respect to the 

un-substituted ligand S-K1042 (IC50 = 120 nM). The observed significant drop of the AChE inhibitory 

activity can likely be attributed to a steric hindrance effect occurring between the methoxy group of S-

K1042 and (1) and the hydroxyl group of Tyr334. This segment includes TcAChE Asp72, an important 

residue in the catalytic pathway that is positioned near a constriction, at the boundary between the peripheral 

and anionic binding sites, and that is primarily engaged in hydrogen bonding with Tyr334 [81]. 

 

Interestingly, in the TcAChE−S-K1035 complex, the NH2 group of S-K1035 is not involved in hydrogen 

bonding with otherwise structurally conserved water molecules belonging to the active site water network. 

The orientation of the L-Trp moiety is stabilized by a weak hydrogen bonding interaction of 4.4 Å between 

the indole NH of the L-tryptophan moiety and the CO of Asn280. The likely protonated NH2 moiety of the 

L-tryptophan fragment (pKa = 9.4) is, in turn, engaged in a cation-π interaction with Trp279 (distances 

ranging between 3.2 Å and 4.3 Å) and in a weak hydrogen bonding interaction (4.1 Å) with the OH of 

Tyr70. 

 

In addition, the positions of the backbone atoms of Trp279 do not significantly differ from their native 

positions (PDB ID 1EA5), the Cα atom being departed by 0.2 Å. 

Likewise, in the structure of the TcAChE−S-K1035 complex the side chain of Trp279 adopts a close 

orientation (χ1 = -64.5°, χ2 = 87.8°) with respect to that observed in the native TcAChE structure (PDB ID 

1EA5) (χ1 = -62.3°, χ2 = 96.7°). Conversely, a dramatic re-orientation of the Trp279 side chain was 
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observed in the crystal structures of TcAChE−tacrine (PDB ID 1 ACJ) (χ1 = -53.6°, χ2 = 31.2°), 

TcAChE−NF595 (PDB ID 2CEK) (χ1 = -118.2°, χ2 = -131.9°), TcAChE−bis(5)-tacrine (PDB ID 2CFM) (χ1 

= -76.3°, χ2 = 95.2°), TcAChE−4 (PDB ID 2CKM) (χ1 = -121.4°, χ2 = -132.8°), TcAChE−tacrine-benzofuran 

hybrid (PDB ID 4W63) (χ1 = 51.3°, χ2 = -82.0°), and TcAChE−5 (PDB ID 4TVK) (χ1 = -71.4°, χ2 = 100.7°), 

respectively. 

Figure 4. Close-up view of the active site of TcAChE in complex with S-K1035. The final 2Fo - Fc σA-

weighted electron density map, carved around S-K1035, is contoured at 1.0σ. The S-K1035 inhibitor is 

rendered as a stick model with carbon, oxygen, and nitrogen atoms colored yellow-orange, red, and blue, 

respectively. Selected key protein residues (with carbon atoms colored in green) in the vicinity of S-K1035 

are rendered in stick format and labeled appropriately. The figure was created using PyMOL 

(http://www.pymol.org). 

 

X-ray Crystallography of hBChE – S-K1035 and hBChE – R-K1035 complexes 

Positions of both S- and R-K1035 are almost similar in human BChE, mainly stabilized by hydrophobic 

interactions (Figure 5 and S4). The chlorotacrine moiety of S- and R-K1035 interacts through π-π 

interactions with Trp82, their centroids being respectively at 3.7 Å and 3.8 Å distances. This interaction is 

similar to that observed in the structure of human BChE in complex with THA (PDB entry 4BDS). Their 
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endocyclic nitrogen of THA scaffold is hydrogen bonded to the backbone carbonyl oxygen of His438, 

respectively at 2.8 Å and 2.9 Å distances, for S- and R-K1035. The chlorine atom is accommodated in a 

pocket formed by residues Ala328, Trp430, Met434, Met437 and Tyr440. Surprisingly and contrarily to 

TcAChE, the tryptophan moiety of both S- and R-K1035 folds back toward the chlorotacrine moiety in 

human BChE. This behavior can be explained by the larger active site gorge of BChE compared to AChE 

(500 vs 300 Å3) and the lack of aromatic residues able to stabilize the indole moiety at the gorge entrance. 

For example, Trp279 in TcAChE which interacts with the indole moiety (see above) is replaced by the 

aliphatic residue Ala277 in human BChE. The primary amine of S-K1035 forms a hydrogen-bond with the 

backbone carbonyl oxygen of Ser287 (2.9 Å), while for the R- enantiomer it forms a similar hydrogen-bond 

with the backbone carbonyl oxygen of Pro285 (2.4 Å). Additionally, the amide nitrogen of S-K1035 forms a 

hydrogen bond with the backbone carbonyl oxygen of Pro285 (2.7 Å). More interestingly, the orientation of 

the indole rings of the tryptophan moiety is the most significant difference between S- and R-K1035 hBChE 

structures. In the R- conformation, the indole group does not make any specific interaction apart from 

hydrophobic ones with the surrounding residues. On the contrary, in the S- conformation, in addition to 

similar hydrophobic interactions, the nitrogen atom of the indole group is engaged in a hydrogen bond with 

a water molecule of the structural water network (3.4 Å), the latter being bridged to Oγ of Thr120 (2.5 Å) 

and a second water molecule (3.0 Å). These differences and additional interactions specific to the S- 

enantiomer plausibly account for the lower IC50 measured compared to the R- enantiomer. 
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Figure 5. Comparative binding of the different enantiomers of K1035 in human BChE. Cartoon 

representations of human BChE in complex with S-K1035 (top, PDB entry 6I0B) or R-K1035 (bottom, 

PDB entry 6I0C). Key residues are represented as sticks with carbon atoms in grey. Ligands are represented 

as stick models with carbon atoms represented in orange for S-K1035 or beige for R-K1035. Nitrogen, 

oxygen and chlorine atoms are represented in blue, red and green, respectively. The pocket accommodating 

the chlorine atom is represented as a grey surface. Water molecules are shown as red spheres. The specific 

interactions such as hydrogen bonds or π-π interactions are represented as yellow dashed lines. The dark 

grey meshes represent omit polder maps of each K1035 ligand contoured at 5 sigmas. The figure was 

created using PyMOL (http://www.pymol.org). 

 

 

Inhibition of A ββββ aggregation  
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Despite the ongoing debate about the role of Aβ in the onset and progression of AD, new lines of evidence 

support the concept that accumulation of Aβ and its oligomerization may act as a triggering factor in AD. 

Therefore, there is a high interest in understanding and inhibiting this process. Amyloid is a nucleation-

dependent phenomenon which, is triggered by peptide conformational change [82]. Aromatic residues, 

including tryptophan, seem to play a role in the self-aggregation process by favoring the stabilization of 

amyloid structures through the formation of π-stacking interactions [83–86]. Based on this observation, 

inhibitors bearing aromatic residues capable to target these aromatic recognition residues might reduce 

amyloid aggregation and act as disease modifying agents. In 2009, the D-tryptophan-α-aminoisobutyric acid 

dipeptide was shown to be able to interact with low-molecular-weight soluble Aβ oligomers and inhibit their 

toxicity [87]. Furthermore, D. Segal and E. Gazit research groups have recently shown that 6 was able to 

strongly reduce both amyloid oligomerization and amyloid fibril formation [56]. 

Based on these findings, in order to define the structural elements important for amyloid inhibition, all 

tacrine-tryptophan hybrids were assayed (at an inhibitor/Aβ ratio of 1/1) for their ability to inhibit the 

spontaneous aggregation of the most amyloidogenic isoform of Aβ, namely Aβ42, by using a ThT-based 

fluorescence assay, which allows the monitoring of amyloid fibril formation [88,89]. Since amyloid 

aggregation is a very delicate process during which several different oligomeric isoforms are in equilibrium 

and the in vitro inhibitory activity may be strongly influenced by the assay conditions, 6 and its racemate 

1,4-naphthoquinon-2-yl-DL-tryptophan (D,L-NQ-Trp) were synthesized and assayed for comparative 

reasons as reference compounds under the same assay conditions. To the best of our knowledge, the effect 

of chirality of Trp heterodimers on amyloid recognition has never been studied before. 

An analysis of the results listed in Table 1 reveals that all hybrids were able to significantly inhibit 

Aβ42-self-aggregation and that most of them, excluding S-K1031, S-K1032 and S-K1033, were endowed 

with inhibitory potencies in a narrow range, i.e. from 44.0% (S-K1038) to 63.6% (S-K1044). The presence 

of higher molecular complexity given by the presence of the Trp moiety and the spacer chain seems to be 

important for the inhibitory activity, since THA and its analogues 7-MEOTA and 6-Cl-THA were not able 

to significantly inhibit amyloid aggregation. 

The length of the spacer chain plays a different role for the three series of hybrids. Indeed, the similar 

inhibition percentage provided by all of the 7-MEOTA and THA hybrids points to the conclusion that the 

length of the spacer is not relevant for the inhibitory activity towards Aβ42 self-aggregation. Conversely, it 

seems to influence the inhibitory activity in the case of the 6-Cl-THA derivatives, since an increase in 

potency was observed when the length between the 6-Cl-THA and Trp fragments was increased from two to 

six methylene units (from 18.7 to 58.6%). The inhibitory potency remained almost unchanged for a further 

increase of the spacer length from six (S-K1035) to eight methylene units (S-K1037). Thus, for the 6-Cl-

THA-Trp hybrids six/eight methylenes represent the optimal spacer length. This behavior may suggest a 

possible different mode of interaction for the 6-Cl-THA hybrids compared to the other two series of hybrids 
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and may be beneficial to further investigation. Comparing the inhibitory potencies of hybrids from the three 

series bearing a space chain with six/eight methylenes, only slight differences can be observed. In the case 

that the chain length is optimal, the maximum inhibitory activity can be achieved independently from the 

type of the THA fragment. It might also be further reasoned that the methoxy substituent in position 7 and 

the chlorine in position 6 do not significantly influence the inhibitory activity towards amyloid self-

aggregation. Finally, the stereocenter of the Trp fragment does not play any critical role (compare inhibition 

by S-K1035, R-K1035 and rac-K1035). 

Weaker inhibition was observed for 6 and its racemate assayed under the same experimental conditions with 

inhibition percentages (25.4% and 28.5%, respectively) considerably lower than those expected on the basis 

of the published data (IC50 = 50 nM) [56]. This difference might be ascribed to the different peptide used for 

the assay (Aβ42 in our study and Aβ40 in the study of Scherzer-Attali et al. [56]). Alternatively, since 

quenching phenomena were excluded and concentration dependence was confirmed, inhibition by 6 might 

be strongly affected by the type of oligomeric species and kinetics of their formation, which are different 

under different assay conditions. In the assay conditions used in this work, the newly synthesized 

tryptophan-tacrine hybrids performed significantly better than 6 and its racemate. 

Besides self-aggregation, Aβ aggregation can be also triggered by molecular chaperones. AChE is listed 

among the „Aβ pathological chaperones“ due to its ability to promote the conformational changes in 

amyloid monomers and to trigger Aβ oligomerization [13,90]. Furthermore, in vitro study showed that 

AChE was able to form stable complexes with Aβ that were more toxic than Aβ aggregates alone [91]. Due 

to this non-classical role, AChE has gained much attention in the last decades. The chaperone activity of 

AChE towards Aβ is thought to be mediated by the PAS, through electrostatic interactions with the cationic 

area of Aβ [92]. 

Therefore, as S-K1035 is able to interact with the AChE PAS (shown by X-ray studies on the S-K1035-

AChE complex), we assayed the inhibitory activity of S-K1035, in comparison with that of R-K1035 and 

rac-K1035, using a previously developed and validated protocol to verify whether the ability of S-K1035 to 

interact with PAS translates into an inhibition of the molecular chaperone activity of AChE towards Aβ [90] 

Because of high costs of the assay, only the most promising derivative and its enantiomer were evaluated. 

The results were compared with those of the known AChEIs THA, donepezil, galantamine, rivastigmine, 

which were previously tested using the same experimental conditions [90,93]. The achieved data are listed 

in Table 2. THA was re-assayed as a negative control. It is well known that THA, galantamine, and 

rivastigmine are not able to significantly inhibit AChE-induced Aβ aggregation, while donepezil acts as a 

quite weak inhibitor [90] Due to structural similarity and known activity towards AChE-induced amyloid 

aggregation, 4 was selected as a positive reference compound. Inhibition percentage concurs with previous 

data [94]. 
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The inhibitory activity of novel compounds at the screening concentration was weaker than that of 4 but 

significantly higher than reference drugs and 6. The weaker activity, compared to 4, is in agreement with 

results from the crystal structure analysis [79]. The more and the less energetically favored π−π “sandwich” 

and “T shaped” stacking configurations between either the outer THA moiety of 4 or the indole ring of S-

K1035 and the Trp279 indole ring have been observed in the TcAChE- 4 (PDB ID 2CKM) and TcAChE- S-

K1035 complexes, respectively. The average distances and the tilting angles between the planes of the 

above-mentioned rings are of 4.0 Å and 1.0 ° in the TcAChE- 4 complex and of 4.9 Å and -49.2 ° in the 

TcAChE- S-K1035 complex. These represent key molecular determinants that nicely support the observed 

lower percentage of in vitro inhibition of hAChE-induced Aβ40 aggregation of 48 ± 6.3% by S-K1035 vs. 

66.7 ± 4.3% by 4 (Table 2). 

Interestingly, the stereochemistry seems to play a role, although to a very limited extent. Indeed, the 

compounds bearing the L-Trp unit, i.e. S-K1035 and 6, are slightly more active than those bearing the D-Trp 

(48.3% vs. 36.7% for the S- and R-enantiomer of the 6-Cl-THA derivative, respectively). 

This inhibitory activity toward AChE-induced amyloid aggregation, together with the direct action on 

amyloid self-aggregation, may have a synergic role in the reduction of the neurotoxic effects of amyloid 

aggregates in the brain of AD patients.  

Table 2. In vitro inhibition of Aβ40 aggregation induced by hAChE 

Cmpd Inhibition hAChE-induced Aβ40 aggregation (% ± SEM)a 

S-K1035 48.3 ± 6.3 

R-K1035 36.7 ± 4.7 

rac-K1035 45.3 ± 4.0 

D,L-NQ-Trp 34.2 ± 3.4 

6 29.4 ± 0.6 

THA 8.1 ± 2.1 

4 66.7 ± 4.3 

Donepezil 22b 

Galantamine 17.9 ± 0.1c 

Rivastigmine <5c 
a % inhibition of hAChE-induced Aβ40 aggregation at [I] = 100 µM. The Aβ40/hAChE ratio was equal to 
100/1. Values are the mean of two experiments each performed in duplicate ± SEM. b Data from 
reference[90] c Data from reference[93]  

In vitro blood-brain barrier permeation assay 

Penetration across the blood-brain barrier (BBB) is an essential property for compounds targeting the central 

nervous system (CNS). The brain permeability via passive diffusion of the novel THA-Trp hybrids has been 

predicted through a parallel artificial membrane permeation assay of the BBB (PAMPA-BBB) described by 
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Di et al. [95,96]. The analysis allowed us to obtain preliminary data prior to the administration of the 

compounds to animals. The permeability is expressed as Pe (Pe × 10-6 cm.s-1) with the following limits: Pe > 

4.0 for compounds with high prediction of BBB permeation (CNS +), Pe < 2.0 for compounds with low 

BBB permeation (CNS -), and 4.0 > Pe > 2.0 for compounds with uncertain BBB permeation (CNS ±). 

Based on the results (Table 1), seven tested THA-Trp hybrids exhibited the potential to cross the BBB via 

passive diffusion. Two basic patterns for BBB permeation can be found. In detail, i) BBB permeability is 

inferred by tacrine scaffolds with more to less permeable hybrids as follows 6-Cl-THA > 7-MEOTA > 

THA; ii) chain elongation leads to increased BBB permeability with the exception of the THA subset. It is 

generally accepted that LogP as well as logD are important factors for the prediction of passive diffusion. 

However, it has been reported that donor/acceptor systems better predict the permeability than LogP and 

logD values as other factors, such as ionization state, hydrogen bonding, and molecular size influence the 

permeability. This might explain why analogues with longer alkyl chain, i.e. with higher lipophilicity 

represented by higher Log D value showed lower penetration potential than their analogues having shorter 

alkyl chain in THA subset [97]. 

In vitro cell viability 

Safety of novel tacrine-tryptophan derivatives and their parent compounds (THA, 7-MEOTA, 6-Cl-THA, L-

Trp) was assessed on the Chinese hamster ovary (CHO-K1) and human liver carcinoma (HepG2) cell lines 

using the standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell viability assay 

[98]. HepG2 cell line were purposely selected to investigate the preliminary hepatotoxicity profile. Indeed, it 

is well-known that hepatotoxicity is a critical issue that needs to be addressed when dealing with THA 

derivatives. In this regard, while all derivatives were assayed for cytotoxicity on CHO-K1 cells, the hybrids 

tested on HepG2 cells were selected on the basis of the anticholinesterase inhibitory activities. Eight 

hybrids, i.e. S-K1028, S-K1029, S-K1035, S-K1036, S-K1042, S-K1044, R-K1035, rac-K1035 (two 

hybrids from each family), were inspected and the results are summarized in Table 3. Using CHO-K1 cell 

line, THA ranked as the compound with the lowest cytotoxic effect. Only one compound from the novel 

series, S-K1043 also showed similar cytotoxicity in the same order of magnitude as THA towards the CHO-

K1 cell line. However, these data reflect only the direct effect on isolated cell lines omitting the drug 

metabolism. Accordingly, it has been shown that the metabolism of 3 plays a crucial role on its 

hepatotoxicity [99]. In a similar way, 7-MEOTA can be considered as a relatively non-hepatotoxic tacrine 

derivative because of a different metabolic pathway, which further ensures its straight elimination from the 

organism [26]. 

Concerning each subset of tacrine-Trp hybrids, some conclusions can be drawn based on the obtained data. 

The order of toxicity is as follows: THA derivatives < 7-MEOTA analogues < 6-Cl-THA derivatives. 6-Cl-

THA hybrids are presumably the most toxic because of the highest lipophilicity and thus easiest cell 

permeation disturbing cell viability. Furthermore, increasing the number of methylene units in the linker 
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chain exacerbates the cytotoxicity. This feature also correlates well with compound lipophilicity [65]. 

Reference compounds 7-MEOTA, and 6-Cl-THA were found the least toxic on HepG2 cells, while all novel 

hybrids were more hepatotoxic than Trp, THA, 7-MEOTA and 6-Cl-THA with the Trp precursor being the 

least toxic. Interestingly, R-K1035 and rac-K1035 showed IC50 values comparable to that of S-K1035 that 

allowed us to conclude that chirality is not the key factor for hepatotoxicity. 

Table 3. Cell viability evaluation of tacrine-tryptophan hybrids and reference compounds 

Cmpd 
CHO-K1 cytotoxicity 

IC50 (µM) ± SEMa 

HepG2 cytotoxicity 

IC50 (µM) ± SEMa 

S-K1024 131 ± 3 nd 

S-K1025 95 ± 11 nd 

S-K1026 73 ± 18 nd 

S-K1027 46 ± 3 nd 

S-K1028 23 ± 3 16 ± 0.5 

S-K1029 14 ± 1 5.6 ± 0.5 

S-K1030 43 ± 12 nd 

S-K1031 26 ± 6 nd 

S-K1032 29 ± 5 nd 

S-K1033 16 ± 1 nd 

S-K1034 21 ± 3 nd 

S-K1035 21 ± 2 4.9 ± 0.4 

S-K1036 24 ± 5 6.0 ± 0.5 

S-K1037 65 ± 10 nd 

S-K1038 200 ± 20 nd 

S-K1039 116 ± 4 nd 

S-K1040 34 ± 3 nd 

S-K1041 83 ± 1 nd 

S-K1042 90 ± 4 26 ± 1.1 

S-K1043 248 ± 6 nd 

S-K1044 47 ± 3 9.3 ± 1.2 

R-K1035 15 ± 2 4.2 ± 0.6 

rac-K1035 21 ± 3 5.1 ± 0.3 

1 63 ± 4 120 ± 3 

2 71 ± 2 71 ± 1.1 

3 248 ± 11 190 ± 7.5 

13 nd 17000 ± 900 
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a Values are the mean ± SEM of three independent measurements. “nd” stands for not determined. 

 

In vitro effects of compounds on the activity on neuronal nitric oxide synthase 

NMDA receptors are associated with particular NOS isoforms through a postsynaptic density protein. The 

excessive stimulation of the receptors activates synthesis of nitric oxide (NO) especially via nNOS isoform - 

NO pathway is involved in the neuropathology of many neurodegenerative diseases, including AD [100]. In 

addition to NMDA receptor antagonists, such as memantine, the reduction of excessive NO generation by 

inhibiting the activity of nNOS could be the viable therapeutic approach for AD [101]. Particular attention in 

this field has been turned to dimeric compound 4 (Figure 1) acting synergistically via the blockade of 

NMDA receptors and inhibition of nNOS. Besides 4, other well-known nNOS inhibitors with potential 

implication in AD treatment, such as NG-monomethyl-L-arginine (L-NMMA) and 7-nitroindazole (7-NI) 

(Figure 5) showed inhibition potency in the same order of magnitude with IC50 values in the micromolar 

concentration [102]. In the in vitro experiment, we evaluated all THA-Trp hybrids S-K1024-K1044, R-

K1035 and rac-K1035 showing moderate inhibition ability against nNOS with IC50 values in the range of 

18-45 µM (Table 4). Note that all of the reference compound, i.e. THA, 6-Cl-THA, 7-MEOTA and 13 were 

ineffective proposing that nNOS inhibition potency is an unique feature delivered by a combination of 

different tacrine scaffolds with L-Trp. Our data indicates that the length of aliphatic linkers or chirality 

(comparison of effects of S-K1035, R-K1035 and rac-K1035) do not play a significant role in the nNOS 

inhibition. To conclude, all of the new heterodimers resulted to be only slightly less effective inhibitors of 

nNOS in comparison with bis(7)tacrine, L-NMMA. 

  

Figure 5. Structures of NOS inhibitors NG-monomethyl-L-arginine (L-NMMA) and 7-nitroindazole (7-NI). 

Table 4. Effect of the compounds on the nNOS activity 

Cmpd 
nNOS IC50 (µM) ± 

SEM)a 

S-K1024 19 ± 1 

S-K1025 30 ± 7 

S-K1026 27 ± 3 

S-K1027 26 ± 9 

S-K1028 27 ± 7 

S-K1029 26 ± 9 
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S-K1030 45 ± 10 

S-K1031 39 ± 10 

S-K1032 31 ± 12 

S-K1033 26 ± 8 

S-K1034 27 ± 10 

S-K1035 26 ± 11 

S-K1036 27 ± 4 

S-K1037 43 ± 11 

S-K1038 33 ± 4 

S-K1039 32 ± 10 

S-K1040 18 ± 1 

S-K1041 26 ± 12 

S-K1042 33 ± 2 

S-K1043 32 ± 8 

S-K1044 37 ± 8 

R-K1035 26 ± 4 

rac-K1035 33 ± 9 

4b 2.9 ± 0.21 

L-NMMA b 4.1 ± 0.17 

7-NI b 0.7 ± 0.19 
a Values are the mean ± SEM of three independent measurements. b Data from reference[102].  

In vivo toxicity and behavioral studies 

In order to predict the in vivo toxic effect of S-K1035, the assessment of acute toxicity upon intraperitoneal 

(i.p.) administration (fixed dose procedure) was performed in adult Wistar rats. The maximum tolerated dose 

(MTD) of S-K1035 was determined to be 70 mg.kg-1. At this dose, only mild to moderate signs of 

intoxication occurred, including partial piloerection, persistent oculonasal discharge, intermittent abnormal 

breathing pattern, intermittent tremors and prostration, diminishing spontaneously within approximately 2 h. 

No weight loss was observed in rats administered with the dose corresponding to MTD within 24 and 48 h. 

For comparative purposes but using intramuscular (i.m.) administration, THA revealed a toxicity expressed 

at the MTD of 34 mg.kg-1 [103]. 

Knowing the tolerated dose, the therapeutic efficacy of tested drugs was assessed in the animal models of 

the disease. Namely, the effect of S-K1035 in scopolamine-induced model of cognitive deficit in adult 

Wistar rats was investigated. Scopolamine, a competitive muscarinic ACh receptor antagonist, causes 

deficits in multiple cognitive domains and it is considered as an appropriate model for assessing the efficacy 
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of various procognitive compounds [104]. Different AChEIs including THA [105], donepezil [104] and 

phenserine [106], were found to have therapeutic effect in modifications of scopolamine model in rats.  

The effect of S-K1035 on cognition was tested in the Morris water maze (MWM; long-term memory 

version), which represents one of the most common tests of spatial cognition of laboratory rodents. The 

MWM task designed by Jackson and Soliman was modified and used [105]. The rats underwent 3 days of 

intact training and on the 4th day before MWM, drugs were applied. The effect of drugs was assessed by 

comparing the performance of the group on MWM day 3 (group baseline, without drugs) with the 

performance of the same group on day 4 (with drugs). S-K1035 was applied intracerebroventricularly (i.c.v.; 

at two concentrations:10 nM and 100 nM), scopolamine (SCOP) was applied intraperitoneally (i.p.; 5 mg.kg-

1), saline (SAL) was applied i.c.v and i.p.. There were five treatment groups: (1) SAL i.c.v. + SAL i.p.; (2) 

SAL i.c.v. + SCOP i.p.; (3) S-K1035 100 nM i.c.v. + SAL i.p.; (4) S-K1035 10 nM i.c.v. + SCOP i.p.; (5) S-

K1035 100 nM i.c.v. + SCOP i.p. (Figure 6).  

In our experiment, S-K1035 was applied i.c.v. and its effect was observed in modified MWM. The MWM 

design containing only one application of the tested drug and scopolamine was chosen, because it is suitable 

for the i.c.v. application (in comparison with repeated i.c.v. applications, which can represent an increased 

risk of the head implant damage by repeated manipulations). This MWM design involving the application of 

scopolamine after intact training in MWM requires a relatively high dose of scopolamine (5 mg.kg-1, used in 

our study and in the work of Jackson and Soliman [105]). 

It should be also mentioned that the lower concentration of S-K1035 administered (10 nM) mimics the 

administration of S-K1035 at a concentration close to its IC50 values towards cholinesterase enzyme, i.e. 

6.3 nM for hAChE. The higher dose of S-K1035 administered (100 nM) is more than ten-times higher. The 

need of this high dose is related to the rather high dose of scopolamine used in the experimental set up (as 

mentioned above). Indeed, it is worth mentioning that in the study of Jackson and Soliman who studied the 

effect of THA upon scopolamine-induced cognitive impairment in a similar modification of MWM 

(application of 5 mg.kg-1 of scopolamine preceded by intact training in MWM), also a high dose of THA (8 

mg.kg-1) was used to overcome the effect of this dose of scopolamine. 

The results showed that there was no significant difference between groups on day 3 (baseline, before the 

treatment) in any of the four studied parameters (distance moved, escape latency, average distance from 

platform, time in target sector). In saline-treated animals (SAL i.c.v. + SAL i.p.), no significant difference 

between day 3 and day 4 performance in any of parameters measured was found, showing that the 

manipulations during the injections alone had no effect on rat performance.  

Administration of scopolamine (SAL i.c.v. + SCOP i.p.) caused a significant increase of distance moved (p 

= 0.0043), escape latency (p = 0.0194), average distance from platform (p = 0.0152), and a considerable 
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decrease in time spent in the target sector (p = 0.0411). These findings indicate cognitive deficit and 

therefore confirm the validity of the modification of the model used. 

In control group of S-K1035 (higher dose) treated animals (S-K1035 100 nM i.c.v. + SAL i.p.) only, no 

significant change in any of parameters measured was found. The i.c.v. application of S-K1035 alone thus 

did not have any detrimental effect on rat performance. In addition, in the S-K1035 treated animals, we did 

not observe any evident cholinergic effects like salivation or tremors. 

In the group treated with the lower dose of S-K1035 and with scopolamine (S-K1035 10 nM i.c.v. + SCOP 

i.p.), there was a significant increase between the distance moved on day 3 and day 4 (p= 0.0411), showing 

that the lower dose of S-K1035 was not sufficient to alleviate the increase of distance moved caused by 

scopolamine. On the other hand, concerning escape latency, average distance from platform, time in target 

sector, there were no differences between day 3 and day 4, indicating S-K1035 was able to ameliorate these 

parameters even at a lower dose. Therefore, the therapeutic effect of the lower dose of S-K1035 was only 

partial. Most importantly, in the S-K1035 (higher dose) and scopolamine-treated rats (S-K1035 100 nM 

i.c.v. + SCOP i.p.), we did not find any significant difference between day 3 and day 4 performance in any 

parameter studied, demonstrating the beneficial effect of S-K1035 in the scopolamine-induced cognitive 

deficit rat model.  

In summary, we proved a dose-dependent beneficial effect of S-K1035 in scopolamine-induced cognitive 

deficit rat model. This favorable result is consistent with the AChE inhibiting action of S-K1035, as some 

other AChEIs were found to be effective in modifications of the scopolamine model in MWM in rats. THA 

was effective in a similar modification of MWM, in which it completely alleviated escape latency 

impairment caused by scopolamine. Similar effect on cognitive improvement was observed for THA, 

however, direct comparison of their action is impossible since THA was administered i.p. [105]. 

Additionally, we are also displaying other beneficial properties of S-K1035, that are not conveyed to the 

action of THA, like inhibition of Aβ-self/AChE-induced aggregation and inhibition of nNOS as shown in 

vitro. From a long-term view point of view of AD therapy, S-K1035 may deliver much appreciable effect 

not only to reduce the symptoms of AD but also to mitigate pathological signs of the disease. 
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Figure 6. Effects of S-K1035 in the scopolamine-induced model of cognitive deficit in Morris water maze 

comparing group performance on days 3 and 4. A - distance moved to reach the platform, B – escape 

latency, C – average distance from the platform, and D – time in the target sector. 

The performance of the group on MWM day 3 (group baseline, without drugs) was compared with the 

performance of the same group on day 4 (with drugs). In scopolamine treated rats (SAL i.c.v. + SCOP i.p.) 

the distance moved (Figure 6 A) was increased (p = 0.0043). In rats treated with scopolamine and 10 nM S-

K1035 (S-K1035 10 nM i.c.v. + SCOP i.p.), the distance was also increased (p = 0.0411), whereas there was 

no significant change in the distance moved for rats treated with scopolamine and 100 nM S-K1035 (S-

K1035 100 nM i.c.v.+SCOP i.p.). This indicate the therapeutic effect of the higher dose of S-K1035 in this 

parameter. Scopolamine (SAL i.c.v. + SCOP i.p.) caused a significant impairment of rat performance in 

parameters of escape latency (Figure 6 B, p = 0.0194), average distance from the platform (Figure 6 C, p = 

0.0152) and time in the target sector (Figure 6 D, p = 0.0411). Both the lower (S-K1035 10 nM i.c.v. + 
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SCOP i.p.) and higher (S-K1035 100 nM i.c.v. + SCOP i.p.) doses of S-K1035 were able to alleviate the 

effect of scopolamine in all considered parameters (significant differences between day 3 and day 4 were not 

found). Saline (SAL i.c.v.+SAL i.p.) or the higher dose of S-K1035 alone (S-K1035 100 nM i.c.v.+SAL 

i.p.) did not have any detrimental effect on any parameter of the rat performance in MWM. All values 

represent mean ± SEM, * p < 0.05, ** p < 0.01.  

Conclusions 

This study describes the design, synthesis, in vitro and in vivo evaluation of new tacrine-tryptophan 

heterodimers. The synthesis of both enantiomers of R-K1035 and rac-K1035 has allowed to assess 

differences in potency with respect to the multiple tested biological activities. S-K1035 was found to 

demonstrate the highest levels of hAChE and hBChE inhibition if compared to reference standards THA, 7-

MEOTA and 6-Cl-THA. Moreover, the crystal structure confirmed the ability of S-K1035 to target both the 

CAS and PAS of AChE. All the new hybrids also significantly inhibited Aβ42 self-aggregation and the 

hAChE-induced Aβ40 aggregation. Most of them were predicted to cross BBB via passive diffusion and 

exhibited moderate inhibitory activity against nNOS. S-K1035 as distinctive hAChE/hBChE inhibitor was 

selected in order to determinate its toxic profile. S-K1035 showed higher HepG2 and CHO-K1 cytotoxicity 

than tacrine-based analogues, however, these data displayed only the direct effect on isolated cell lines 

omitting the drug metabolism and behavior under in vivo conditions. Assessment of the acute toxicity of S-

K1035 was performed on rats. In agreement with a more complex fate of a drug in a whole body compared 

to isolated cells, the safety behavior of S-K1035, compared to THA, was reversed. Indeed, the MTD of S-

K1035 was found to be 70 mg.kg-1, a value which is two times higher than that found for THA, meaning S-

K1035 can be considered safer than THA when administered to rats. Based on these results, the therapeutic 

effect of S-K1035 in a scopolamine-induced cognitive deficit rat model was investigated using Morris water 

maze that confirmed pro-cognitive potential. 

All of these results suggested that the newly developed tacrine-tryptophan derivatives represent a novel 

promising MTDLs that deserve further investigation for their potential use against AD. 

Experimental section 

Chemistry. General Methods. All reagents were reagent grade quality and obtained from Sigma-Aldrich 

(Prague, Czech Republic). Solvents for synthesis of tacrine-tryptophan hybrids were obtained from Penta 

Chemicals Co. (Czech Republic). All experiments were carried out under nitrogen atmosphere. Thin layer 

chromatography (TLC) was performed on aluminium sheets precoated with silica gel 60 F254 (Merck, 

Prague, Czech Republic) and then visualized by UV 254. Column chromatography was performed at normal 

pressure on silica gel 100 (particle size of 0.063-0.200 mm, 70-230 mesh ASTM, Fluka, Prague, Czech 

Republic). Mass spectra were recorded using a combination of high performance liquid chromatography and 

mass spectrometry. The analytical system Dionex Ultimate 3000 LC-MS was connected with a Orbitrap Q 
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Exactive Plus hybrid spectrometer (Thermo Fisher Scientific, Bremen, Germany). 1H-NMR and 13C-NMR 

spectra were recorded with a Varian Mercury VX BB 300 (operating at 300 MHz for 1H and 75 MHz for 
13C) or on a Varian S500 spectrometer (operating at 500 MHz for 1H and 126 MHz for 13C; Varian Comp., 

Palo Alto, CA). Chemical shifts are reported in parts per million (ppm, δ) relative to tetramethylsilane 

(TMS). The assignment of chemical shifts is based on standard NMR experiments (1H, 13C, 1H-1H COSY, 
1H-13C HSQC, HMBC, DEPT). All of the final compounds showed ≥95% purity by analytical UHPLC 

(uncalibrated compound purity was determined at the wavelength of 254 nm as a percent ratio between the 

peak area of the compound and the total area of all peaks in the chromatogram; see Supporting information). 

Electronic circular dichroism (ECD), a chiroptical method, was used to determine the absolute configuration 

of the newly prepared hybrids. Our assumption that the hybrids adopt the same configuration corresponding 

with L-tryptophan has been confirmed. For more information, see Supporting information. Melting points 

were measured on a microheating stage PHMK 05 (VEB Kombinant Nagema, Radebeul, Germany) and are 

presented as uncorrected.  

Pan assay interference compounds (PAINS) analysis. We have analyzed S-K1024-K1044, R-K1035 and 

rac-K1035 for known classes of assay interference compounds [107]. These compounds were not 

recognized as PAINS according to the Free ADME-Tox Filtering Tool (FAF-Drugs4) program 

(http://fafdrugs4.mti.univ-paris-diderot.fr/) or as aggregators according to the software “Aggregator 

Advisor” (http://advisor.bkslab.org/). 

General Procedure for Synthesis of N-[(tert-butoxy)carbonyl]-L-tryptophan (16). 

The reaction mixture of L-tryptophan (13, 4.89 mmol), triethylamine (9.79 mmol) and di-tert-butyl 

dicarbonate (Boc2O, 6.36 mmol) was stirred in methanol (10 mL) under the nitrogen at room temperature for 

24 hours. After the evaporation of methanol under the pressure, the final product was isolated in 87% yield.  

General Procedure for Synthesis of N-[(tert-butoxy)carbonyl]-D-tryptophan (17). 

The reaction mixture of D-tryptophan (14, 4.89 mmol), triethylamine (9.79 mmol) and di-tert-butyl 

dicarbonate (Boc2O, 6.36 mmol) was stirred in methanol (10 mL) under the nitrogen at room temperature for 

24 hours. After the evaporation of methanol under the pressure, the final product was isolated in 86% yield.  

General Procedure for Synthesis of N-[(tert-butoxy)carbonyl]-DL-tryptophan (18). 

The reaction mixture of DL-tryptophan (15, 4.89 mmol), triethylamine (9.79 mmol) and di-tert-butyl 

dicarbonate (Boc2O, 6.36 mmol) was stirred in methanol (10 mL) under the nitrogen at room temperature for 

24 hours. After the evaporation of methanol under the pressure, the final product was isolated in 88% yield.  

General Procedure for Synthesis of N-(7-methoxy-1,2,3,4-tetrahydroacridin-9-yl)alkane-1,ω-diamines (19-

25), N-(6-chloro-1,2,3,4-tetrahydroacridin-9-yl)alkane-1,ω-diamines (26-32) and N-(1,2,3,4-

tetrahydroacridin-9-yl)alkane-1,ω-diamines (33-39). 
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The reaction mixture of phenol (18 mmol) and appropriate 9-chlorotacrine (10-12, 2.01 mmol) was heated at 

90 °C to form a liquid. To this mixture was added appropriate diamine (12 mmol) and refluxed at 130 °C for 

4 hours. Then, the mixture was cooled to the room temperature and 20% aqueous solution of sodium 

hydroxide was added. The solution was extracted with dichloromethane. The organic layer was washed with 

brine and water and dried with sodium sulphate. The appropriate intermediate was purified by column 

chromatography using mobile phase ethylacetate/methanol/triethylamine (8:1:0.2). Yield: 70-90%. 

General Procedure for Synthesis of Tacrine-Tryptophan Hybrids (S-K1024-K1044).  

N-[(tert-Butoxy)carbonyl]-L-tryptophan (16, 0.89 g, 2.95 mmol) was dissolved in dimethylformamide (10 

mL) and stirred with triethylamine (1.22 mL, 8.85 mmol) at room temperature under nitrogen. Benzotriazol-

1-yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP, 1.30 g, 2.95 mmol) was added to the 

reaction mixture after 30 minutes. Then, appropriate N-(1,2,3,4-tetrahydroacridin-9-yl)alkane-1,ω-diamine 

(19-39, 0.8 g, 2.95 mmol) was added to the mixture 1 hour later. This mixture was stirred at room 

temperature for 24 hours. The solution was extracted with ethylacetate/water (1:1) (3 × 100 mL:100 mL) 

and organic layer was dried over Na2SO4 and then evaporated under the pressure. The crude product was 

purified by column chromatography using mobile phase chloroform/methanol (50:1). Finally, an 

intermediate tert-butyl 1-(2-(N-(1,2,3,4-tetrahydroacridin-9-ylamino)ethylcarbamoyl)-2-(1H-indole-3-yl) 

ethylcarbamate (40-62) was dissolved in methanol (20 mL). 4 M HCl (20 mL) was added to the mixture. 

This reaction mixture was stirred at room temperature for 24 hours. Then, all the solvents were evaporated 

under the pressure to obtain required dihydrochloride. 

Tert-butyl 1-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)ethylcarbamoyl)-2-(1H-indole-3-yl) 

ethylcarbamate (40). Yield 44%. 1H NMR (500 MHz, DMSO-d6) δ 10.77 (m, 1H), 8.08 (t, J = 5.7 Hz, 1H), 

7.64 (d, J = 9.1 Hz, 1H), 7.53 (d, J = 7.9 Hz, 1H), 7.40 (d, J = 2.7 Hz, 1H), 7.29 (d, J = 8.0 Hz, 1H), 7.22 

(dd, J = 9.1, 2.7 Hz, 1H), 7.09 (d, J = 2.4 Hz, 1H), 6.98 (m, 2H), 6.73 (d, J = 8.1 Hz, 1H), 4.13 (m, 1H), 3.88 

(s, 3H), 3.29 (m, 2H), 2.98 (m, 1H), 2.87 (m, 3H), 2.71 (m, 2H), 2.49 (m, 2H), 1.98 (m, 2H), 1.80 (m, 2H), 

1.28 (s, 9H). 13C NMR (126 MHz, DMSO-d6) δ 172.82, 170.52, 155.75, 155.34, 155.17, 149.94, 136.20, 

129.10, 127.49, 123.75, 120.97, 120.88, 120.55, 118.60, 118.29, 116.73, 111.40, 110.33, 101.83, 78.16, 

59.94, 55.62, 55.41, 47.50, 32.89, 29.17, 28.29, 27.95, 25.23, 22.88, 22.49, 20.94. HRMS [M + H]+: 

558.3078 (calculated for [C32H40N5O4]
+: 558.3075). 

Tert-butyl 1-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)propylcarbamoyl)-2-(1H-indole-3-yl) 

ethylcarbamate (41). Yield 15%; mp 83.3-87.6 °C. 1H NMR (500 MHz, Methanol-d4) δ 7.66 (d, J = 9.2 Hz, 

1H), 7.53 (d, J = 7.9 Hz, 1H), 7.47 (m, 1H), 7.30 (m, 1H), 7.26 (d, J = 8.1 Hz, 1H), 7.07 (s, 1H), 6.98 (m, 

2H), 4.27 (m, 1H), 3.90 (s, 3H), 3.42 (m, 2H), 3.30 (m, 3H), 3.19 (m, 3H), 2.95 (m, 2H), 2.73 (m, 2H), 1.89 

(m, 2H), 1.67 (m, 2H), 1.34 (s, 9H). 13C NMR (126 MHz, Methanol-d4) δ 176.36, 175.37, 158.12, 157.55, 

154.47, 154.05, 137.97, 128.76, 126.34, 124.55, 123.41, 122.38, 121.08, 119.73, 119.37, 112.23, 111.38, 
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110.96, 103.27, 80.64, 61.53, 57.33, 56.35, 45.44, 37.36, 31.75, 29.20, 28.61, 26.22, 23.76, 22.11, 22.07, 

20.86. HRMS [M + H]+: 572.3225 (calculated for [C33H42N5O4]
+: 572.3232). 

Tert-butyl 1-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)butylcarbamoyl)-2-(1H-indole-3-yl) 

ethylcarbamate (42). Yield 79%. 1H NMR (500 MHz, Methanol-d4) δ 7.66 (d, J = 9.2 Hz, 1H), 7.53 (d, J = 

7.7 Hz, 1H), 7.34 (d, J = 2.7 Hz, 1H), 7.27 (d, J = 8.1 Hz, 1H), 7.23 (dd, J = 9.2, 2.7 Hz, 1H), 7.05 (s, 1H), 

7.02 (m, 1H), 6.96 (m, 1H), 4.25 (t, J = 7.1 Hz, 1H), 3.88 (s, 3H), 3.38 (m, 2H), 3.13 (m, 2H), 3.00 (m, 2H), 

2.92 (t, J = 6.1 Hz, 2H), 2.70 (t, J = 6.0 Hz, 2H), 1.93 (s, 9H), 1.87 (m, 4H), 1.45 (m, 2H), 1.18 (m, 2H). 13C 

NMR (126 MHz, Methanol-d4) δ 176.34, 174.69, 172.96, 157.68, 156.20, 152.70, 142.54, 137.97, 128.69, 

124.55, 123.26, 121.30, 119.57, 117.66, 112.19, 110.98, 102.99, 80.59, 61.51, 57.18, 56.13, 48.48, 39.97, 

33.40, 29.37, 28.62, 27.63, 26.17, 24.00, 23.53, 22.06, 20.85. HRMS [M + H]+: 586.3380 (calculated for 

[C34H44N5O4]
+: 586.3388). 

Tert-butyl 1-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)pentylcarbamoyl)-2-(1H-indole-3-yl) 

ethylcarbamate (43) Yield 28%; 72.7-75.4 °C. 1H NMR (500 MHz, DMSO-d6) δ 10.77 (m, 1H), 7.83 (t, J = 

5.7 Hz, 1H), 7.63 (d, J = 9.1 Hz, 1H), 7.55 (d, J = 7.9 Hz, 1H), 7.40 (d, J = 2.7 Hz, 1H), 7.30 (d, J = 8.1 Hz, 

1H), 7.18 (dd, J = 9.1, 2.7 Hz, 1H), 6.99 (m, 2H), 6.66 (d, J = 8.4 Hz, 2H), 4.12 (m, 1H), 3.85 (s, 3H), 3.00 

(m, 2H), 2.86 (t, J = 6.4 Hz, 3H), 2.71 (t, J = 6.2 Hz, 2H), 2.50 (m, 3H), 1.80 (m, 2H), 1.75 (m, 4H), 1.49 

(m, 2H), 1.40 (m, 2H), 1.28 (s, 9H). 13C NMR (126 MHz, DMSO-d6) δ 171.68, 170.53, 155.74, 155.60, 

149.61, 142.76, 136.21, 129.93, 127.54, 123.75, 121.39, 120.96, 120.10, 118.67, 118.28, 117.22, 111.40, 

110.44, 101.72, 78.10, 59.95, 55.58, 55.36, 47.44, 38.35, 33.37, 28.31, 28.14, 26.76, 25.46, 23.00, 22.71, 

22.69, 22.28, 20.95. HRMS [M + H]+: 600.3546 (calculated for [C35H46N5O4]
+: 600.3545). 

Tert-butyl 1-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)hexylcarbamoyl)-2-(1H-indole-3-yl) 

ethylcarbamate (44) Yield 74%. 1H NMR (500 MHz, DMSO-d6) δ 10.79 (m, 1H), 7.78 (t, J = 5.7 Hz, 1H), 

7.63 (d, J = 9.1 Hz, 1H), 7.55 (d, J = 7.9 Hz, 1H), 7.41 (d, J = 2.8 Hz, 1H), 7.30 (d, J = 8.0 Hz, 1H), 7.18 

(dd, J = 9.1, 2.7 Hz, 1H), 7.10 (d, J = 2.0 Hz, 1H), 6.98 (m, 2H), 6.69 (d, J = 8.3 Hz, 1H), 4.12 (m, 1H), 3.85 

(s, 3H), 3.31 (m, 6H), 3.01 (m, 3H), 2.87 (m, 3H), 2.71 (m, 2H), 2.49 (m, 2H), 1.78 (m, 6H), 1.28 (s, 9H). 
13C NMR (126 MHz, DMSO-d6) δ 171.87, 155.76, 155.56, 149.61, 142.86, 136.19, 130.02, 127.52, 126.11, 

124.37, 123.73, 121.47, 120.94, 118.64, 117.27, 111.38, 110.42, 101.68, 78.05, 59.93, 55.53, 47.70, 38.57, 

33.42, 32.46, 30.81, 30.78, 29.18, 28.29, 26.36, 25.50, 25.11, 23.00, 22.75, 20.93. HRMS [M + H]+: 

614.3692 (calculated for [C36H48N5O4]
+: 614.3701). 

Tert-butyl 1-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)heptylcarbamoyl)-2-(1H-indole-3-yl) 

ethylcarbamate (45) Yield 86%. 1H NMR (500 MHz, DMSO-d6) δ 10.79 (s, 1H), 7.77 (t, J = 5.7 Hz, 1H), 

7.63 (dd, J = 9.1, 1.6 Hz, 1H), 7.56 (d, J = 7.9 Hz, 1H), 7.41 (d, J = 2.6 Hz, 1H), 7.30 (d, J = 8.0 Hz, 1H), 

7.18 (m, 1H), 7.10 (d, J = 2.2 Hz, 1H), 6.99 (m, 2H), 6.68 (d, J = 8.3 Hz, 1H), 4.13 (m, 1H), 3.85 (s, 3H), 

3.31 (m, 8H), 3.00 (m, 4H), 2.87 (m, 2H), 2.71 (m, 2H), 2.49 (m, 2H), 1.79 (m, 6H), 1.29 (s, 9H). 13C NMR 

(126 MHz, DMSO-d6) δ 171.83, 170.50, 155.70, 149.69, 142.77, 136.19, 129.94, 127.53, 123.72, 121.40, 
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121.37, 120.93, 120.06, 118.64, 118.26, 117.19, 111.38, 110.42, 101.73, 78.05, 59.93, 55.53, 55.34, 47.73, 

38.62, 33.37, 30.81, 29.07, 28.76, 28.30, 28.10, 26.57, 26.42, 25.46, 22.98, 22.73, 20.94. HRMS [M + H]+: 

628.3846 (calculated for [C37H50N5O4]
+: 628.3858). 

Tert-butyl 1-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)octylcarbamoyl)-2-(1H-indole-3-yl) 

ethylcarbamate (46) Yield 40%. 1H NMR (500 MHz, Methanol-d4) δ 7.65 (dd, J = 9.2, 1.1 Hz, 1H), 7.60 (d, 

J = 2.5 Hz, 1H), 7.52 (d, J = 7.9 Hz, 1H), 7.48 (m, 1H), 7.28 (d, J = 8.2 Hz, 1H), 7.04 (s, 1H), 7.01 (d, J = 

7.7 Hz, 1H), 6.94 (t, J = 7.5 Hz, 1H), 4.25 (m, 1H), 3.93 (s, 3H), 3.87 (m, 2H), 3.14 (m, 2H), 2.98 (m, 2H), 

2.68 (m, 2H), 1.93 (s, 16H), 1.78 (m, 2H), 1.35 (s, 9H). 13C NMR (126 MHz, Methanol-d4) δ 176.37, 

174.61, 158.47, 157.15, 150.50, 137.94, 134.50, 128.72, 125.38, 124.51, 122.31, 121.70, 119.68, 119.32, 

118.51, 112.87, 112.22, 110.94, 104.96, 80.62, 57.16, 56.47, 49.28, 48.74, 40.80, 40.26, 31.80, 30.06, 30.00, 

29.39, 29.14, 28.60, 27.55, 27.23, 25.28, 23.04, 22.06, 21.79. HRMS [M + H]+: 642.4010 (calculated for 

[C38H52N5O4]
+: 642.4014). 

Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)ethylcarbamoyl)-2-(1H-indole-3-yl) 

ethylcarbamate (47) Yield 91%. 1H NMR (500 MHz, Methanol-d4) δ 8.13 (d, J = 9.2 Hz, 1H), 7.66 (d, J = 

2.2 Hz, 1H), 7.47 (dt, J = 7.7, 1.1 Hz, 1H), 7.39 (dd, J = 9.2, 2.2 Hz, 1H), 7.15 (d, J = 8.0 Hz, 1H), 7.07 (s, 

1H), 6.84 (m, 2H), 4.29 (t, J = 6.9 Hz, 1H), 3.68 (m, 2H), 3.45 (m, 2H), 2.88 (m, 2H), 2.46 (s, 2H), 1.93 (s, 

9H), 1.35 (s, 6H). 13C NMR (126 MHz, Methanol-d4) δ 176.36, 172.99, 157.20, 155.73, 143.20, 138.22, 

137.76, 128.71, 127.99, 125.99, 124.56, 122.25, 121.79, 119.67, 119.17, 116.84, 114.67, 112.11, 110.60, 

80.73, 61.52, 57.09, 40.62, 31.12, 29.02, 28.61, 25.02, 23.19, 22.34, 22.06, 20.85. HRMS [M + H]+: 

562.2573 (calculated for [C31H37ClN5O3]
+: 562.2580). 

Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)propylcarbamoyl)-2-(1H-indole-3-yl) 

ethylcarbamate (48) Yield 83%. 1H NMR (300 MHz, Methanol-d4) δ 8.04 (d, J = 9.2 Hz, 1H), 7.68 (d, J = 

2.2 Hz, 1H), 7.53 (m, 1H), 7.32 (dd, J = 9.1, 2.2 Hz, 1H), 7.24 (d, J = 7.9 Hz, 1H), 7.06 (s, 1H), 6.97 (m, 

2H), 4.26 (t, J = 7.0 Hz, 1H), 3.37 (m, 1H), 3.16 (m, 2H), 2.92 (m, 2H), 2.66 (m, 2H), 1.92 (s, 9H), 1.88 (m, 

3H), 1.34 (m, 6H). 13C NMR (75 MHz, Methanol-d4) δ 175.32, 172.96, 157.53, 154.11, 146.30, 137.95, 

136.49, 128.74, 126.82, 125.56, 124.82, 124.57, 122.36, 119.73, 119.38, 118.55, 116.23, 112.21, 110.92, 

80.62, 61.52, 57.32, 46.01, 37.35, 33.10, 31.49, 29.23, 28.60, 25.78, 23.69, 23.11, 22.06. HRMS [M + H]+: 

576.2728 (calculated for [C32H39ClN5O3]
+: 576.2736). 

Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)butylcarbamoyl)-2-(1H-indole-3-yl) 

ethylcarbamate (49) Yield 91%. 1H NMR (500 MHz, Methanol-d4) δ 8.13 (d, J = 9.2 Hz, 1H), 7.66 (d, J = 

2.2 Hz, 1H), 7.47 (dt, J = 7.7, 1.1 Hz, 1H), 7.39 (dd, J = 9.2, 2.2 Hz, 1H), 7.15 (d, J = 8.0 Hz, 1H), 7.07 (s, 

1H), 6.84 (m, 2H), 4.29 (t, J = 6.9 Hz, 1H), 3.68 (m, 2H), 3.45 (m, 2H), 2.88 (m, 2H), 2.46 (s, 2H), 1.93 (s, 

9H), 1.35 (s, 6H). 13C NMR (126 MHz, Methanol-d4) δ 171.98, 170.49, 157.15, 155.28, 151.59, 136.19, 

133.52, 127.51, 126.02, 125.13, 123.93, 123.75, 120.94, 118.63, 118.25, 117.86, 115.23, 111.38, 110.41, 
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78.07, 59.92, 55.37, 47.66, 38.33, 32.61, 28.29, 28.10, 27.87, 24.94, 22.68, 22.51, 22.04, 20.93. HRMS [M 

+ H]+: 590.2889 (calculated for [C33H41ClN5O3]
+: 590.2893). 

Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)pentylcarbamoyl)-2-(1H-indole-3-yl) 

ethylcarbamate (50) Yield 46%. 1H NMR (500 MHz, DMSO-d6) δ 10.76 (d, J = 2.3 Hz, 1H), 8.20 (d, J = 9.1 

Hz, 1H), 7.79 (t, J = 5.7 Hz, 1H), 7.71 (dd, J = 2.3, 0.9 Hz, 1H), 7.53 (d, J = 7.9 Hz, 1H), 7.40 (m, 1H), 7.29 

(d, J = 8.1 Hz, 1H), 7.09 (d, J = 2.3 Hz, 1H), 6.97 (m, 2H), 6.67 (d, J = 8.2 Hz, 1H), 4.11 (m, 1H), 3.50 (m, 

2H), 3.01 (m, 3H), 2.87 (m, 3H), 2.65 (m, 2H), 1.78 (m, 4H), 1.75 (m, 2H), 1.58 (m, 2H), 1.34 (m, 2H), 1.28 

(s, 9H). 13C NMR (126 MHz, DMSO-d6) δ 171.92, 171.63, 155.28, 152.36, 136.20, 134.19, 127.51, 126.37, 

124.18, 124.02, 123.93, 123.75, 120.94, 118.62, 118.26, 117.24, 114.68, 111.39, 110.40, 78.08, 59.93, 

55.38, 47.98, 38.50, 30.13, 28.85, 28.30, 28.09, 24.74, 23.65, 22.68, 22.32, 21.77, 20.93. HRMS [M + H]+: 

604.3045 (calculated for [C34H43ClN5O3]
+: 604.3049). 

Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)hexylcarbamoyl)-2-(1H-indole-3-yl) 

ethylcarbamate (51) Yield 41%; mp 77.5-81.9 °C. 1H NMR (300 MHz, Chloroform-d) δ 8.72 (m, 1H), 7.87 

(m, 2H), 7.63 (d, J = 7.6 Hz, 1H), 7.26 (m, 1H), 7.11 (m, 2H), 7.01 (d, J = 2.3 Hz, 1H), 4.38 (m, 1H), 3.44 

(t, J = 7.2 Hz, 2H), 3.07 (m, 6H), 2.65 (m, 3H), 1.89 (m, 5H), 1.55 (m, 2H), 1.41 (s, 9H), 1.21 (m, 4H). 13C 

NMR (75 MHz, Chloroform-d) δ 171.57, 158.81, 155.41, 151.11, 147.32, 136.21, 134.30, 127.33, 126.65, 

124.73, 124.28, 123.16, 122.07, 119.54, 118.81, 117.97, 115.38, 111.19, 110.50, 80.01, 55.28, 49.23, 39.11, 

33.47, 31.41, 29.05, 28.53, 28.25, 26.31, 26.21, 24.42, 22.74, 22.41. HRMS [M + H]+: 618.3209 (calculated 

for [C35H45ClN5O3]
+: 618.3206). 

Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)heptylcarbamoyl)-2-(1H-indole-3-yl) 

ethylcarbamate (52) Yield 74%. 1H NMR (500 MHz, Methanol-d4) δ 8.08 (d, J = 9.1 Hz, 1H), 7.69 (d, J = 

2.2 Hz, 1H), 7.53 (d, J = 7.9 Hz, 1H), 7.31 (dd, J = 9.2, 2.2 Hz, 1H), 7.27 (d, J = 8.1 Hz, 1H), 6.99 (m, 3H), 

4.26 (m, 1H), 3.56 (m, 2H), 3.30 (m, 2H), 3.12 (m, 2H), 2.93 (m, 3H), 2.65 (m, 2H), 1.87 (m, 4H), 1.62 (m, 

2H), 1.35 (s, 9H), 1.27 (m, 5H), 1.11 (m, 2H). 13C NMR (126 MHz, Methanol-d4) δ 174.57, 158.82, 157.46, 

154.03, 147.18, 137.98, 136.22, 128.78, 126.90, 125.31, 125.24, 124.50, 122.33, 119.70, 119.38, 118.71, 

116.06, 112.20, 110.97, 80.59, 61.52, 57.13, 40.23, 33.40, 32.02, 29.95, 29.89, 29.44, 28.63, 27.71, 27.53, 

25.70, 23.74, 23.23, 22.05, 20.85. HRMS [M + H]+: 632.3359 (calculated for [C36H47ClN5O3]
+: 632.3362). 

Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)octylcarbamoyl)-2-(1H-indole-3-yl) 

ethylcarbamate (53) Yield 43%. 1H NMR (500 MHz, Methanol-d4) δ 8.14 (d, J = 9.1 Hz, 1H), 7.69 (d, J = 

2.2 Hz, 1H), 7.53 (d, J = 7.9 Hz, 1H), 7.35 (dd, J = 9.1, 2.2 Hz, 1H), 7.27 (d, J = 8.1 Hz, 1H), 7.00 (m, 3H), 

4.26 (m, 1H), 3.63 (m, 2H), 3.13 (m, 2H), 2.93 (m, 2H), 2.66 (m, 2H), 1.93 (m, 10H), 1.89 (m, 4H), 1.67 (m, 

2H), 1.35 (s, 9H), 1.10 (m, 2H). 13C NMR (126 MHz, Methanol-d4) δ 174.58, 172.98, 157.66, 154.69, 

146.01, 137.98, 136.89, 128.78, 127.21, 125.50, 124.50, 124.23, 122.33, 119.70, 119.37, 118.17, 115.64, 

112.21, 110.98, 80.58, 61.52, 57.14, 40.28, 32.69, 31.91, 30.14, 30.09, 29.43, 28.63, 28.32, 27.70, 27.55, 

25.53, 23.59, 22.98, 22.06, 20.85. HRMS [M + H]+: 646.3510 (calculated for [C37H49ClN5O3]
+: 646.3519). 
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Tert-butyl 1-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)ethylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate 

(54) Yield 28%. 1H NMR (500 MHz, Methanol-d4) δ 8.04 (d, J = 8.6 Hz, 1H), 7.73 (m, 1H), 7.57 (m, 1H), 

7.52 (d, J = 7.8 Hz, 1H), 7.37 (m, 1H), 7.24 (d, J = 8.1 Hz, 1H), 7.05 (s, 1H), 6.95 (m, 2H), 4.28 (m, 1H), 

3.51 (m, 2H), 3.30 (m, 2H), 2.93 (t, J = 6.1 Hz, 2H), 2.62 (t, J = 6.2 Hz, 2H), 1.87 (m, 4H), 1.34 (s, 9H), 

1.17 (m, 2H). 13C NMR (126 MHz, Methanol-d4) δ 176.35, 175.80, 157.82, 157.52, 153.59, 137.95, 130.41, 

128.75, 126.57, 125.07, 124.72, 124.54, 122.37, 120.45, 119.75, 119.33, 116.33, 112.21, 110.83, 80.67, 

57.20, 49.51, 41.16, 33.35, 29.20, 28.62, 25.85, 23.87, 23.33, 22.06, 20.85. HRMS [M + H]+: 528.2972 

(calculated for [C31H38N5O3]
+: 528.2970). 

Tert-butyl 1-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)propylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate 

(55) Yield 23%; mp 88.3-92.7 °C. 1H NMR (500 MHz, Methanol-d4) δ 8.05 (d, J = 8.5 Hz, 1H), 7.74 (m, 

1H), 7.54 (m, 2H), 7.36 (m, 1H), 7.26 (d, J = 8.1 Hz, 1H), 7.06 (s, 1H), 6.98 (m, 2H), 4.28 (m, 1H), 3.16 (m, 

2H), 2.95 (t, J = 6.0 Hz, 2H), 2.69 (t, J = 5.9 Hz, 2H), 1.92 (m, 4H), 1.88 (m, 2H), 1.60 (m, 2H), 1.34 (s, 

9H), 1.18 (m, 2H). 13C NMR (126 MHz, Methanol-d4) δ 175.18, 172.95, 158.45, 157.52, 153.39, 147.02, 

137.97, 130.11, 128.77, 127.18, 125.02, 124.55, 122.38, 120.96, 119.74, 119.41, 116.74, 112.22, 110.96, 

80.62, 61.51, 57.28, 46.10, 37.52, 33.71, 31.62, 28.61, 26.12, 23.97, 23.49, 22.06, 20.85. HRMS [M + H]+: 

542.3134 (calculated for [C32H40N5O3]
+: 542.3126).  

Tert-butyl 1-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)butylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate 

(56) Yield 42%. 1H NMR (500 MHz, Methanol-d4) δ 8.02 (d, J = 8.5 Hz, 1H), 7.74 (dd, J = 8.5, 1.2 Hz, 

1H), 7.52 (m, 2H), 7.33 (m, 1H), 7.26 (d, J = 8.0 Hz, 1H), 7.05 (s, 1H), 6.98 (m, 2H), 4.26 (m, 1H), 3.38 (m, 

2H), 3.14 (m, 2H), 2.94 (t, J = 6.1 Hz, 2H), 2.67 (t, J = 5.8 Hz, 2H), 1.86 (m, 4H), 1.33 (m, 13H), 1.18 (s, 

2H). 13C NMR (126 MHz, Methanol-d4) δ 174.65, 172.94, 159.10, 157.46, 153.03, 147.90, 137.98, 129.70, 

128.82, 127.94, 124.73, 124.37, 122.37, 121.27, 119.74, 119.46, 116.80, 112.20, 110.98, 80.58, 61.51, 

57.18, 39.95, 34.17, 29.39, 28.63, 28.32, 27.54, 26.10, 24.07, 23.66, 22.06, 20.85. HRMS [M + H]+: 

556.3275 (calculated for [C33H42N5O3]
+: 556.3283). 

Tert-butyl 1-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)pentylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate 

(57) Yield 25%; mp 73.3-76.8 °C. 1H NMR (300 MHz, Methanol-d4) δ 8.04 (m, 1H), 7.75 (m, 1H), 7.52 (m, 

2H), 7.33 (m, 1H), 7.24 (d, J = 7.9 Hz, 1H), 6.97 (m, 3H), 4.25 (m, 1H), 3.39 (m, 2H), 3.11 (m, 2H), 2.94 

(m, 4H), 2.69 (m, 2H), 1.95 (m, 2H), 1.87 (m, 6H), 1.50 (m, 2H), 1.34 (s, 9H). 13C NMR (75 MHz, 

Methanol-d4) δ 174.58, 172.92, 159.07, 157.44, 153.17, 147.91, 137.96, 129.71, 128.79, 127.93, 124.70, 

124.42, 122.35, 121.30, 119.71, 119.42, 116.78, 112.18, 110.96, 80.55, 61.50, 57.14, 40.14, 34.16, 31.91, 

29.83, 29.42, 28.63, 26.09, 25.01, 24.07, 23.68, 22.06, 20.85. HRMS [M + H]+: 570.3434 (calculated for 

[C34H44N5O3]
+: 570.3439). 

Tert-butyl 1-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)hexylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate 

(58) Yield 25%. 1H NMR (500 MHz, DMSO-d6) δ 10.77 (s, 1H), 8.13 (d, J = 8.6 Hz, 1H), 7.75 (m, 1H), 

7.70 (dd, J = 8.5, 1.2 Hz, 1H), 7.54 (m, 1H), 7.35 (m, 1H), 7.29 (d, J = 8.0 Hz, 1H), 7.09 (d, J = 2.3 Hz, 1H), 
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6.99 (m, 1H), 6.66 (d, J = 5.4 Hz, 6H), 4.11 (m, 1H), 3.43 (m, 2H), 3.00 (m, 2H), 2.89 (t, J = 6.2 Hz, 2H), 

2.68 (t, J = 6.0 Hz, 2H), 2.49 (m, 2H), 1.79 (m, 4H), 1.75 (m, 6H), 1.53 (m, 2H), 1.28 (s, 9H). 13C NMR 

(126 MHz, DMSO-d6) δ 171.61, 170.49, 156.68, 155.25, 151.29, 136.19, 128.71, 127.52, 127.09, 123.71, 

123.62, 123.50, 120.93, 119.74, 118.62, 118.26, 115.32, 111.37, 110.41, 78.06, 59.92, 55.35, 48.03, 38.56, 

32.87, 30.67, 29.10, 28.29, 26.21, 26.16, 25.07, 22.67, 22.32, 20.92. HRMS [M + H]+: 584.3593 (calculated 

for [C35H46N5O3]
+: 584.3596). 

Tert-butyl 1-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)heptylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate 

(59) Yield 52%. 1H NMR (500 MHz, Methanol-d4) δ 8.08 (d, J = 8.6 Hz, 1H), 7.75 (m, 1H), 7.54 (m, 2H), 

7.35 (m, 1H), 7.28 (d, J = 8.0 Hz, 1H), 7.00 (m, 3H), 4.26 (m, 1H), 3.51 (t, J = 7.2 Hz, 2H), 3.10 (m, 2H), 

2.96 (m, 2H), 2.72 (m, 2H), 1.89 (m, 4H), 1.60 (m, 2H), 1.36 (s, 9H), 1.27 (m, 10H). 13C NMR (126 MHz, 

Methanol-d4) δ 174.55, 172.96, 158.90, 157.48, 153.40, 147.71, 138.01, 129.85, 128.82, 127.74, 124.73, 

124.47, 122.36, 121.20, 119.73, 119.42, 116.66, 112.21, 111.00, 80.59, 61.52, 57.13, 40.27, 34.05, 33.06, 

32.22, 30.74, 29.97, 29.46, 28.64, 27.80, 27.59, 26.10, 24.07, 23.66, 20.85. HRMS [M + H]+: 598.3749 

(calculated for [C36H48N5O3]
+: 598.3752). 

Tert-butyl 1-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)octylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate 

(60) Yield 83%. 1H NMR (500 MHz, DMSO-d6) δ 10.78 (s, 1H), 8.33 (d, J = 8.7 Hz, 1H), 7.78 (m, 2H), 

7.53 (m, 2H), 7.43 (d, J = 7.1 Hz, 1H), 7.29 (d, J = 8.0 Hz, 1H), 7.09 (d, J = 2.2 Hz, 1H), 6.98 (m, 1H), 6.68 

(d, J = 8.3 Hz, 1H), 4.12 (m, 1H), 3.77 (m, 2H), 3.03 (m, 2H), 2.95 (m, 2H), 2.64 (m, 2H), 2.52 (m, 6H), 

1.82 (m, 6H), 1.69 (m, 2H), 1.29 (s, 9H), 1.17 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 171.85, 155.26, 

151.50, 139.03, 136.19, 132.37, 127.51, 125.00, 124.25, 123.71, 120.92, 120.31, 118.60, 118.24, 116.18, 

111.99, 111.87, 111.38, 110.41, 78.06, 55.36, 47.56, 45.92, 38.63, 36.64, 36.61, 30.05, 29.11, 28.75, 28.72, 

28.30, 28.09, 26.29, 26.20, 24.16, 21.73, 20.73. HRMS [M + H]+: 612.3901 (calculated for [C37H50N5O3]
+: 

612.3903). 

Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)hexylcarbamoyl)-2-(1H-indole-3-yl) 

ethylcarbamate (61) Yield 15%. 1H NMR (500 MHz, Methanol-d4) δ 8.31 (d, J = 9.3 Hz, 1H), 7.82 (d, J = 

8.4 Hz, 1H), 7.70 (d, J = 8.3 Hz, 1H), 7.66 (d, J = 2.2 Hz, 1H), 7.50 (m, 2H), 7.45 (m, 1H), 7.27 (d, J = 8.1 

Hz, 1H), 7.05 (s, 1H), 6.98 (dt, J = 40.3, 7.4 Hz, 2H), 4.26 (t, J = 7.0 Hz, 1H), 3.86 (t, J = 7.3 Hz, 2H), 3.21 – 

3.11 (m, 2H), 3.04 (m, 2H), 2.92 (t, J = 6.0 Hz, 2H), 2.61 (t, J = 5.8 Hz, 2H), 1.94 (m, 4H), 1.76 (m, 2H), 

1.36 (s, 11H), 1.22 (m, 4H). 13C NMR (126 MHz, Methanol-d4) δ 174.64, 157.62, 151.85, 140.40, 139.99, 

137.92, 128.69, 127.90, 126.92, 126.69, 124.50, 122.30, 119.68, 119.31, 119.05, 118.57, 115.32, 113.23, 

112.19, 111.49, 110.94, 80.61, 79.43, 57.16, 40.02, 39.99, 31.13, 29.91, 29.39, 29.22, 28.61, 27.12, 24.48, 

22.76, 21.67. HRMS [M + H]+: 618.3209 (calculated for [C35H45ClN5O3]
+: 618.3207). 

Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)hexylcarbamoyl)-2-(1H-indole-3-yl) 

ethylcarbamate (62) Yield 60%. 1H NMR (500 MHz, Methanol-d4) δ 8.30 (d, J = 9.3 Hz, 1H), 7.68 (d, J = 

8.3 Hz, 1H), 7.66 (d, J = 2.2 Hz, 1H), 7.53 (m, 2H), 7.42 (m, 1H), 7.26 (d, J = 8.1 Hz, 1H), 7.04 (s, 1H), 
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6.97 (dt, J = 40.8, 7.4 Hz, 2H), 4.26 (t, J = 7.0 Hz, 1H), 3.85 (t, J = 7.3 Hz, 2H), 3.16 (m, 2H), 3.06 (m, 2H), 

2.91 (t, J = 6.0 Hz, 2H), 2.60 (t, J = 5.8 Hz, 2H), 1.92 (m, 4H), 1.76 (m, 2H), 1.36 (s, 11H), 1.24 (m, 4H). 

13C NMR (126 MHz, Methanol-d4) δ 174.63, 157.59, 151.83, 140.39, 139.95, 137.90, 128.69, 127.53, 

126.69, 124.49, 122.29, 119.67, 119.04, 118.56, 115.30, 113.22, 112.18, 111.58, 110.93, 80.60, 57.16, 

49.84, 40.13, 40.00, 31.12, 29.91, 29.38, 29.21, 28.61, 27.12, 24.46, 22.75, 21.66. HRMS [M + H]+: 

618.3209 (calculated for [C35H45ClN5O3]
+: 618.3205). 

 

N-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)ethyl-2-amino-3-(1H-indole-3-yl)propylamide 

dihydrochloride (S-K1024) Yield 99%; mp 97.1-99.2 °C. Purity: 98%. 1H NMR (500 MHz, DMSO-d6) δ 

11.05 (d, J = 2.4 Hz, 1H), 9.29 (t, J = 5.6 Hz, 1H), 8.38 (d, J = 5.5 Hz, 3H), 7.96 (d, J = 9.2 Hz, 1H), 7.82 

(d, J = 2.6 Hz, 1H), 7.62 (d, J = 7.9 Hz, 1H), 7.49 (dd, J = 9.2, 2.4 Hz, 1H), 7.28 (d, J = 8.2 Hz, 1H), 7.20 (d, 

J = 2.4 Hz, 1H), 6.94 (m, 2H), 3.93 (s, 3H), 3.37 (m, 2H), 3.11 (m, 2H), 2.99 (m, 2H), 2.71 (m, 2H), 2.49 

(m, 2H), 1.77 (m, 5H). 13C NMR (126 MHz, DMSO-d6) δ 169.39, 156.85, 154.96, 150.05, 136.33, 132.63, 

127.22, 124.91, 124.18, 121.16, 118.63, 118.47, 117.77, 111.51, 111.30, 107.09, 103.74, 56.53, 53.07, 

45.97, 34.20, 28.08, 27.17, 25.10, 21.98, 20.41, 18.76. HRMS [M + H]+: 458.2549 (calculated for 

[C27H32N5O2]
+: 458.2551). 

N-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)propyl-2-amino-3-(1H-indole-3-yl)propylamide 

dihydrochloride (S-K1025) Yield 61%; mp 97.2-101.4 °C. Purity: 99.9%. 1H NMR (500 MHz, DMSO-d6) δ 

11.08 (d, J = 2.5 Hz, 1H), 9.06 (m, 1H), 8.35 (d, J = 5.2 Hz, 3H), 7.98 (d, J = 9.2 Hz, 2H), 7.84 (d, J = 2.6 

Hz, 1H), 7.66 (d, J = 7.9 Hz, 1H), 7.49 (dd, J = 9.2, 2.4 Hz, 1H), 7.31 (d, J = 8.1 Hz, 1H), 7.23 (d, J = 2.4 

Hz, 1H), 6.97 (m, 2H), 3.93 (m, 4H), 3.76 (m, 2H), 3.15 (m, 4H), 3.00 (m, 2H), 2.71 (m, 2H), 1.75 (m, 6H). 
13C NMR (126 MHz, DMSO-d6) δ 168.87, 157.11, 155.12, 150.21, 136.62, 132.87, 127.53, 125.19, 124.36, 

121.42, 121.25, 119.01, 118.74, 117.95, 111.78, 111.50, 107.50, 103.88, 56.76, 43.77, 36.05, 30.40, 28.32, 

27.61, 25.33, 23.06, 22.21, 20.70. HRMS [M + H]+: 472.2702 (calculated for [C28H34N5O2]
+: 472.2708). 

N-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)butyl-2-amino-3-(1H-indole-3-yl)propylamide 

dihydrochloride (S-K1026) Yield 96%. Purity: 99%. 1H NMR (500 MHz, Methanol-d4) δ 7.75 (dd, J = 9.2, 

1.7 Hz, 1H), 7.65 (t, J = 2.2 Hz, 1H), 7.60 (dt, J = 7.3, 1.2 Hz, 1H), 7.49 (dt, J = 4.7, 2.0 Hz, 2H), 7.21 (d, J 

= 1.8 Hz, 1H), 7.00 (m, 2H), 4.08 (m, 1H), 3.95 (s, 3H), 3.81 (t, J = 7.2 Hz, 2H), 3.20 (m, 2H), 2.99 (m, 2H), 

2.73 (m, 2H), 1.92 (m, 6H), 1.61 (m, 2H), 1.40 (m, 2H).13C NMR (126 MHz, Methanol-d4) δ 170.01, 

158.64, 157.04, 150.75, 138.06, 134.40, 128.41, 125.63, 125.40, 122.67, 121.79, 120.09, 119.34, 118.73, 

112.90, 112.46, 108.12, 104.95, 56.78, 55.25, 48.06, 40.01, 29.26, 29.10, 28.81, 27.14, 25.77, 23.18, 21.84. 

HRMS [M + H]+: 486.2682 (calculated for [C29H36N5O2]
+: 486.2864). 

N-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)pentyl-2-amino-3-(1H-indole-3-yl)propylamide 

dihydrochloride (S-K1027) Yield 73%; mp 155.0-157.7 °C. Purity: 99.9%. 1H NMR (500 MHz, DMSO-d6) 

δ 11.13 (d, J = 2.5 Hz, 1H), 8.75 (t, J = 5.6 Hz, 1H), 8.32 (d, J = 5.5 Hz, 3H), 7.97 (d, J = 9.2 Hz, 1H), 7.84 

(d, J = 2.6 Hz, 1H), 7.64 (d, J = 7.9 Hz, 1H), 7.51 (s, 2H), 7.30 (d, J = 2.7 Hz, 3H), 7.20 (d, J = 2.4 Hz, 1H), 
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6.97 (m, 2H), 3.92 (s, 3H), 3.75 (m, 2H), 3.10 (m, 3H), 2.99 (m, 3H), 2.70 (m, 2H), 2.49 (m, 3H), 1.78 (m, 

4H), 1.60 (m, 2H), 1.35 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 169.39, 156.85, 154.96, 150.05, 136.33, 

132.63, 127.22, 124.91, 124.18, 121.16, 118.63, 118.47, 117.77, 111.51, 111.30, 107.09, 103.74, 56.53, 

56.21, 53.07, 45.97, 40.20, 39.20, 34.20, 28.08, 27.17, 25.10, 21.98, 20.41, 18.76. HRMS [M + H]+: 

500.3021 (calculated for [C30H38N5O2]
+: 500.3021). 

N-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)hexyl-2-amino-3-(1H-indole-3-yl)propylamide 

dihydrochloride (S-K1028) Yield 99%; mp 132.4-135.6 °C. Purity: 96%. 1H NMR (500 MHz, Methanol-d4) 

δ 7.73 (d, J = 9.2 Hz, 1H), 7.64 (d, J = 2.4 Hz, 1H), 7.59 (d, J = 7.8 Hz, 1H), 7.47 (dd, J = 9.1, 2.3 Hz, 1H), 

7.32 (d, J = 8.0 Hz, 1H), 7.19 (s, 1H), 7.01 (m, 2H), 4.07 (t, J = 7.3 Hz, 1H), 3.95 (s, 3H), 3.87 (t, J = 7.2 

Hz, 2H), 3.30 (m, 2H), 3.18 (m, 2H), 2.99 (m, 2H), 2.73 (m, 2H), 1.91 (m, 4H), 1.74 (t, J = 7.5 Hz, 2H), 

1.31 (m, 4H), 1.17 (m, 2H). 13C NMR (126 MHz, Methanol-d4) δ 169.87, 158.54, 157.06, 150.60, 138.05, 

134.41, 128.36, 125.51, 122.67, 121.76, 120.08, 119.23, 118.60, 112.78, 112.48, 108.09, 104.93, 56.68, 

55.20, 53.83, 40.44, 31.81, 29.73, 29.23, 28.82, 27.38, 27.31, 25.67, 23.15, 21.85, 21.66. HRMS [M + H]+: 

514.3176 (calculated for [C31H40N5O2]
+: 514.3177). 

N-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)heptyl-2-amino-3-(1H-indole-3-yl)propylamide 

dihydrochloride (S-K1029) Yield 85%; mp 125.1-128.9 °C. Purity: 96%. 1H NMR (500 MHz, DMSO-d6) δ 

11.11 (d, J = 2.5 Hz, 1H), 8.61 (s, 1H), 8.30 (d, J = 5.3 Hz, 3H), 7.98 (d, J = 9.2 Hz, 1H), 7.81 (d, J = 2.5 

Hz, 1H), 7.63 (d, J = 7.9 Hz, 1H), 7.50 (dd, J = 9.2, 2.5 Hz, 1H), 7.33 (d, J = 8.1 Hz, 1H), 7.20 (d, J = 2.4 

Hz, 1H), 6.99 (m, 2H), 3.92 (s, 3H), 3.78 (m, 2H), 3.18 (m, 2H), 3.01 (m, 3H), 2.69 (m, 3H), 1.78 (m, 5H), 

1.67 (m, 2H), 1.22 (m, 6H), 1.12 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 168.24, 156.66, 154.92, 

149.78, 136.35, 132.74, 127.31, 124.85, 123.95, 121.14, 120.98, 118.70, 118.46, 117.46, 111.54, 110.97, 

107.25, 103.90, 56.31, 53.05, 46.63, 38.84, 30.50, 28.69, 28.47, 28.01, 27.43, 26.32, 26.17, 24.95, 21.92, 

20.47. HRMS [M + H]+: 528.3335 (calculated for [C32H42N5O2]
+: 528.3334). 

N-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)octyl-2-amino-3-(1H-indole-3-yl)propylamide 

dihydrochloride (S-K1030) Yield 79%; mp 163.5-166.2 °C. Purity: 97%. 1H NMR (500 MHz, Methanol-d4) 

δ 7.75 (d, J = 9.2 Hz, 1H), 7.65 (d, J = 2.4 Hz, 1H), 7.60 (d, J = 7.9 Hz, 1H), 7.49 (m, 1H), 7.33 (d, J = 8.1 

Hz, 1H), 7.19 (s, 1H), 7.03 (m, 2H), 4.06 (t, J = 7.5 Hz, 1H), 3.95 (s, 3H), 3.89 (t, J = 7.2 Hz, 2H), 3.18 (m, 

2H), 3.00 (m, 4H), 2.73 (m, 2H), 1.92 (m, 4H), 1.79 (m, 2H), 1.39 (m, 2H), 1.25 (m, 8H). 13C NMR (126 

MHz, Methanol-d4) δ 169.85, 158.55, 157.14, 150.61, 138.08, 134.47, 128.37, 125.52, 125.37, 122.71, 

121.79, 120.14, 119.21, 118.61, 112.83, 112.51, 108.10, 104.98, 58.31, 56.64, 55.23, 40.62, 31.94, 30.14, 

30.11, 29.82, 29.24, 28.84, 27.67, 25.62, 23.15, 21.87, 21.35. HRMS [M + H]+: 542.3483 (calculated for 

[C33H44N5O2]
+: 542.3490). 

N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)ethyl-2-amino-3-(1H-indole-3-yl)propylamide 

dihydrochloride (S-K1031) Yield 56%; mp 65.1-68.5 °C. Purity: 97%. 1H NMR (300 MHz, D2O) δ 7.63 (d, 

J = 9.4 Hz, 1H), 7.35 (d, J = 2.1 Hz, 1H), 7.14 (m, 3H), 6.72 (d, J = 7.9 Hz, 1H), 6.26 (m, 1H), 3.51 (m, 2H), 
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3.29 (m, 2H), 2.67 (dt, J = 7.9, 4.1 Hz, 2H), 2.01 (m, 6H), 1.67 (m, 2H). 13C NMR (75 MHz, D2O) δ 171.34, 

154.92, 150.15, 138.59, 138.43, 135.68, 127.25, 126.83, 125.54, 121.66, 119.30, 117.90, 117.77, 113.93, 

111.98, 111.28, 105.97, 53.73, 39.50, 30.83, 30.20, 28.23, 26.55, 23.06, 21.77. HRMS [M + H]+: 462.2052 

(calculated for [C26H29ClN5O]+: 462.2056). 

N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)propyl-2-amino-3-(1H-indole-3-yl)propylamide 

dihydrochloride (S-K1032) Yield 53%; mp 82.2-85.3 °C. Purity: 98%. 1H NMR (500 MHz, D2O) δ 7.56 (d, 

J = 9.3 Hz, 1H), 7.32 (d, J = 2.1 Hz, 1H), 7.18 (m, 3H), 6.83 (d, J = 8.0 Hz, 1H), 6.62 (m, 2H), 4.13 (m, 1H), 

3.17 (m, 2H), 3.11 (m, 2H), 2.74 (m, 2H), 2.22 (m, 4H), 1.81 (m, 4H), 1.41 (m, 2H). 13C NMR (126 MHz, 

D2O) δ 169.05, 154.72, 149.89, 137.89, 135.32, 126.42, 124.95, 124.50, 124.46, 121.18, 121.06, 118.62, 

117.57, 117.30, 112.87, 111.51, 110.91, 106.10, 53.90, 44.63, 36.37, 30.23, 28.68, 27.66, 26.53, 22.85, 

21.02. HRMS [M + H]+: 476.2210 (calculated for [C27H31ClN5O]+: 476.2212). 

N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)butyl-2-amino-3-(1H-indole-3-yl)propylamide 

dihydrochloride (S-K1033) Yield 83%; mp 88.5-91.7 °C. Purity: 97%. 1H NMR (500 MHz, DMSO-d6) δ 

11.09 (d, J = 2.3 Hz, 1H), 8.75 (t, J = 5.6 Hz, 1H), 8.44 (d, J = 9.3 Hz, 1H), 8.30 (d, J = 5.5 Hz, 3H), 8.11 

(d, J = 2.2 Hz, 1H), 8.01 (s, 1H), 7.63 (d, J = 7.9 Hz, 1H), 7.56 (dd, J = 9.3, 2.2 Hz, 1H), 7.30 (m, 1H), 7.21 

(d, J = 2.3 Hz, 1H), 7.01 (dd, J = 8.2, 6.9 Hz, 1H), 6.93 (m, 1H), 3.94 (m, 1H), 3.77 (m, 2H), 3.12 (m, 3H), 

3.00 (m, 1H), 2.98 (m, 2H), 2.49 (m, 2H), 1.79 (m, 4H), 1.62 (m, 2H), 1.37 (m, 2H). 13C NMR (126 MHz, 

DMSO-d6) δ 168.38, 155.55, 151.21, 138.80, 137.09, 136.33, 127.84, 127.26, 125.38, 124.87, 121.13, 

118.69, 118.46, 118.03, 114.30, 111.70, 111.50, 107.23, 53.06, 46.89, 38.32, 34.19, 28.07, 27.43, 25.88, 

24.21, 22.67, 21.54. HRMS [M + H]+: 490.2367 (calculated for [C28H33ClN5O]+: 490.2369). 

N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)pentyl-2-amino-3-(1H-indole-3-yl)propylamide 

dihydrochloride (S-K1034) Yield 74 %; mp 83.4-87.8 °C. Purity: 98%. 1H NMR (500 MHz, DMSO-d6) δ 

11.12 (d, J = 2.4 Hz, 1H), 8.69 (t, J = 5.6 Hz, 1H), 8.45 (d, J = 9.3 Hz, 1H), 8.31 (d, J = 5.5 Hz, 3H), 8.12 

(d, J = 2.2 Hz, 1H), 8.05 (s, 1H), 7.63 (d, J = 7.9 Hz, 1H), 7.56 (dd, J = 9.2, 2.2 Hz, 1H), 7.44 (m, 1H), 7.30 

(m, 2H), 7.20 (d, J = 2.4 Hz, 1H), 6.97 (m, 2H), 3.94 (m, 1H), 3.78 (m, 2H), 3.13 (m, 3H), 2.98 (m, 3H), 

2.63 (m, 2H), 1.78 (m, 4H), 1.67 (m, 2H), 1.33 (m, 2H), 1.22 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 

168.31, 155.53, 151.40, 138.86, 137.10, 136.36, 127.89, 127.30, 125.39, 124.87, 121.15, 118.73, 118.49, 

118.05, 114.27, 111.67, 111.55, 107.26, 56.21, 53.06, 47.26, 34.21, 29.54, 28.36, 28.07, 27.46, 23.54, 21.54, 

20.35. HRMS [M + H]+: 504.2524 (calculated for [C29H35ClN5O]+: 504.2525). 

N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)hexyl-2-amino-3-(1H-indole-3-yl)propylamide 

dihydrochloride (S-K1035) Yield 75%; mp 141.1-143.5 °C. Purity: 99.9%. 1H NMR (500 MHz, DMSO-d6) 

δ 11.12 (d, J = 2.5 Hz, 1H), 8.65 (t, J = 5.6 Hz, 1H), 8.46 (d, J = 9.2 Hz, 1H), 8.32 (d, J = 5.5 Hz, 3H), 8.15 

(d, J = 2.2 Hz, 1H), 7.62 (d, J = 7.9 Hz, 1H), 7.55 (dd, J = 9.2, 2.2 Hz, 1H), 7.20 (d, J = 2.4 Hz, 1H), 6.97 

(m, 2H), 3.95 (m, 1H), 3.80 (m, 2H), 3.17 (t, J = 6.3 Hz, 2H), 2.99 (m, 4H), 2.63 (m, 2H), 1.79 (m, 4H), 1.66 

(m, 2H), 1.22 (m, 6H). 13C NMR (126 MHz, DMSO-d6) δ 168.23, 155.49, 151.17, 138.82, 137.04, 136.32, 
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127.80, 127.29, 125.33, 124.79, 121.09, 118.68, 118.43, 118.02, 114.29, 111.62, 111.50, 107.24, 56.16, 

53.03, 47.16, 29.78, 28.63, 28.05, 27.38, 25.97, 25.87, 24.20, 22.66, 21.53, 20.34. HRMS [M + H]+: 

518.2681 (calculated for [C30H37ClN5O]+: 518.2682). 

N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)heptyl-2-amino-3-(1H-indole-3-yl)propylamide 

dihydrochloride (S-K1036) Yield 84%; mp 121.8-125.9 °C. Purity: 96%. 1H NMR (500 MHz, DMSO-d6) δ 

10.82 (d, J = 2.3 Hz, 1H), 8.39 (d, J = 9.3 Hz, 1H), 8.01 (d, J = 2.2 Hz, 1H), 7.89 (s, 1H), 7.82 (t, J = 5.7 Hz, 

1H), 7.55 (m, 2H), 7.29 (d, J = 8.1 Hz, 1H), 7.08 (d, J = 2.3 Hz, 1H), 6.97 (m, 2H), 6.68 (d, J = 8.2 Hz, 1H), 

4.12 (m, 1H), 3,81 (m, 2H), 3.67 (m, 2H), 3.00 (m, 4H), 2.60 (m, 2H), 1.79 (m, 4H), 1.70 (m, 2H), 1.28 (s, 

8H). 13C NMR (126 MHz, DMSO-d6) δ 171.87, 155.58, 155.25, 151.10, 138.80, 137.18, 136.17, 127.74, 

125.34, 123.70, 120.88, 118.58, 118.20, 114.20, 111.66, 111.37, 110.36, 78.04, 55.39, 48.75, 47.43, 29.81, 

29.02, 28.44, 26.24, 26.17, 23.97, 22.66, 21.46, 20.34. HRMS [M + H]+: 532.2829 (calculated for 

[C31H39ClN5O]+: 532.2838). 

N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)octyl-2-amino-3-(1H-indole-3-yl)propylamide 

dihydrochloride (S-K1037) Yield 76%; mp 151.9-154.3 °C. Purity: 95%. 1H NMR (500 MHz, Methanol-d4) 

δ 8.36 (d, J = 9.2 Hz, 1H), 7.82 (d, J = 2.2 Hz, 1H), 7.59 (d, J = 7.9 Hz, 1H), 7.51 (m, 2H), 7.32 (m, 1H), 

7.01 (m, 2H), 4.08 (t, J = 7.3 Hz, 1H), 3.91 (t, J = 7.3 Hz, 2H), 3.18 (m, 2H), 2.99 (m, 3H), 2.66 (m, 3H), 

1.93 (m, 4H), 1.81 (m, 2H), 1.40 (m, 2H), 1.27 (m, 6H), 1.13 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 

168.28, 155.62, 151.21, 138.89, 137.15, 136.39, 127.84, 127.34, 125.38, 124.89, 121.20, 118.72, 118.51, 

118.10, 114.34, 111.71, 111.57, 107.28, 67.19, 53.10, 47.41, 34.36, 31.52, 29.88, 28.76, 28.11, 27.48, 27.06, 

24.17, 22.46, 21.57, 20.40. HRMS [M + H]+: 546.2991 (calculated for [C32H41ClN5O]+: 546.2995). 

N-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)ethyl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride 

(S-K1038) Yield 87%; mp 192.4-195.3 °C. Purity: 96%. 1H NMR (300 MHz, DMSO-d6) δ 14.25 (s, 1H), 

11.06 (d, J = 2.5 Hz, 1H), 9.36 (t, J = 5.6 Hz, 1H), 8.44 (d, J = 9.2 Hz, 2H), 8.02 (dd, J = 8.6, 1.2 Hz, 1H), 

7.83 (m, 2H), 7.55 (m, 2H), 7.23 (m, 2H), 6.90 (m, 2H), 4.26 (m, 2H), 3.99 (m, 1H), 3.85 (m, 2H), 3.13 (m, 

2H), 2.98 (m, 2H), 2.59 (m, 2H), 1.78 (m, 4H). 13C NMR (75 MHz, DMSO-d6) δ 169.65, 155.74, 150.68, 

138.05, 136.28, 132.65, 127.22, 125.42, 125.20, 124.92, 121.12, 119.26, 118.60, 118.46, 115.64, 111.48, 

111.42, 107.05, 56.19, 53.04, 46.96, 34.17, 28.07, 27.14, 24.09, 21.66. HRMS [M + H]+: 428.2442 

(calculated for [C26H30N5O]+: 428.2445). 

N-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)propyl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride 

(S-K1039) Yield 92%; mp 148.8-152.0 °C. Purity: 99.9%. 1H NMR (500 MHz, Methanol-d4) δ 8.28 (d, J = 

8.7 Hz, 1H), 7.81 (d, J = 4.0 Hz, 2H), 7.54 (m, 2H), 7.23 (d, J = 8.0 Hz, 1H), 7.10 (s, 1H), 6.94 (m, 2H), 

4.28 (m, 1H), 3.18 (m, 2H), 3.02 (m, 2H), 2.68 (m, 2H), 1.94 (m, 8H), 1.80 (m, 2H). 13C NMR (126 MHz, 

Methanol-d4) δ 175.48, 157.91, 151.69, 139.64, 137.92, 133.98, 128.76, 126.44, 126.36, 124.68, 122.30, 

120.12, 119.69, 119.40, 117.05, 112.95, 112.26, 110.85, 57.42, 45.69, 37.07, 31.27, 29.36, 28.64, 25.02, 

23.01, 21.83. HRMS [M + H]+: 442.2597 (calculated for [C27H32N5O]+: 442.2602). 
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N-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)butyl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride 

(S-K1040) Yield 53%; mp 76.3-81.0 °C. Purity: 98%. 1H NMR (500 MHz, DMSO-d6) δ 10.78 (d, J = 2.4 

Hz, 1H), 8.10 (d, J = 8.8 Hz, 1H), 7.83 (t, J = 5.7 Hz, 1H), 7.69 (dd, J = 8.3, 1.2 Hz, 1H), 7.55 (d, J = 7.9 

Hz, 1H), 7.50 (ddd, J = 8.2, 6.7, 1.2 Hz, 1H), 7.32 (m, 2H), 7.10 (d, J = 2.3 Hz, 1H), 6.99 (m, 2H), 6.67 (d, J 

= 8.3 Hz, 1H), 4.12 (m, 1H), 3.02 (m, 2H), 2.88 (m, 2H), 2.70 (m, 2H), 1.79 (m, 4H), 1.50 (m, 2H), 1.38 (m, 

2H), 1.29 (m, 4H). 13C NMR (126 MHz, DMSO-d6) δ 171.92, 157.91, 155.26, 150.51, 146.89, 136.19, 

128.25, 127.52, 123.74, 123.40, 123.23, 120.93, 120.31, 118.65, 118.25, 115.87, 111.37, 110.42, 78.05, 

55.34, 47.83, 38.43, 33.57, 28.30, 26.64, 25.22, 22.90, 22.57. HRMS [M + H]+: 456.2747 (calculated for 

[C28H34N5O]+: 456.2758). 

N-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)pentyl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride 

(S-K1041) Yield 83%; mp 118.5-121.1 °C. Purity: 95%. 1H NMR (300 MHz, D2O) δ (ppm) 7.73 (d, J = 8.6 

Hz, 1H), 7.60 (m, 1H), 7.27 (m, 2H), 7.14 (m, 1H), 7.04 (m, 2H), 6.69 (m, 2H), 4.08 (m, 1H), 3.65 (m, 2H), 

3.37 (m, 2H), 3.03 (m, 2H), 2.44 (m, 2H), 2.22 (m, 4H), 1.65 (m, 4H), 1.41 (m, 2H), 0.95 (m, 2H). 13C NMR 

(75 MHz, D2O) δ 168.82, 154.52, 148.87, 136.93, 135.46, 132.25, 126.23, 124.58, 124.51, 124.38, 121.14, 

118.60, 118.18, 117.53, 114.21, 111.05, 110.34, 105.77, 57.28, 53.42, 46.97, 39.06, 30.10, 29.26, 27.11, 

26.77, 22.93, 20.92, 19.80. HRMS [M + H]+: 470.2910 (calculated for [C29H36N5O]+: 470.2915). 

N-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)hexyl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride 

(S-K1042) Yield 63%; mp 148.7-150.8 °C. Purity: 97%. 1H NMR (300 MHz, Methanol-d4) δ 8.36 (d, J = 

8.7 Hz, 1H), 7.80 (m, 2H), 7.58 (m, 2H), 7.32 (m, 1H), 7.19 (s, 1H), 7.00 (m, 2H), 4.09 (m, 1H), 3.90 (t, J = 

7.3 Hz, 2H), 3.30 (m, 2H), 2.99 (m, 2H), 2.68 (m, 2H), 2.16 (m, 4H), 1.93 (m, 4H), 1.76 (m, 2H), 1.31 (m, 

4H). 13C NMR (75 MHz, Methanol-d4) δ 169.86, 157.77, 151.51, 139.63, 138.02, 133.97, 128.37, 126.48, 

126.30, 125.53, 122.64, 120.09, 120.06, 119.27, 116.94, 112.71, 112.47, 108.08, 58.30, 55.18, 40.40, 31.33, 

29.69, 27.28, 27.23, 24.97, 22.95, 21.80, 20.82, 20.79. HRMS [M + H]+: 484.3066 (calculated for 

[C30H38N5O]+: 484.3017). 

N-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)heptyl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride 

(S-K1043) Yield 38%; mp 148.7-150.8 °C. Purity: 98%. 1H NMR (500 MHz, D2O) δ 7.78 (m, 1H), 7.55 (m, 

1H), 7.24 (m, 2H), 7.11 (m, 2H), 6.94 (m, 1H), 6.76 (m, 2H), 3.96 (m, 1H), 3.50 (m, 2H), 2.95 (m, 2H), 2.49 

(m, 2H), 2.11 (m, 2H), 1.63 (m, 4H), 1.55 (m, 2H), 1.19 (m, 2H), 1.08 (m, 8H). 13C NMR (126 MHz, D2O) δ 

169.03, 157.77, 155.03, 149.12, 137.35, 135.75, 132.42, 126.25, 124.69, 124.54, 121.57, 118.93, 118.48, 

117.55, 114.48, 111.41, 110.68, 105.89, 57.40, 53.55, 47.31, 39.30, 29.45, 27.56, 27.45, 27.04, 25.43, 25.40, 

22.79, 21.11, 20.04. HRMS [M + H]+: 498.3225 (calculated for [C31H40N5O]+: 498.3228). 

N-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)octyl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride 

(S-K1044) Yield 83%. Purity: 95%. 1H NMR (500 MHz, DMSO-d6) δ 14.20 (s, 1H), 11.09 (s, 1H), 8.43 (d, 

J = 8.6 Hz, 1H), 8.03 (d, J = 8.4 Hz, 1H), 7.83 (m, 1H), 7.58 (m, 2H), 7.32 (d, J = 8.1 Hz, 1H), 7.21 (s, 1H), 

6.99 (m, 2H), 3.94 (m, 1H), 3.83 (m, 2H), 3.17 (m, 2H), 3.02 (m, 2H), 2.66 (m, 2H), 1.81 (m, 4H), 1.70 (m, 
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2H), 1.20 (m, 10H). 13C NMR (126 MHz, DMSO-d6) δ 168.23, 155.80, 150.76, 138.06, 136.35, 132.69, 

127.33, 125.25, 125.17, 124.86, 121.14, 119.30, 118.69, 118.47, 115.73, 111.54, 111.21, 107.26, 53.06, 

52.57, 47.30, 36.65, 34.22, 29.99, 28.78, 28.72, 28.67, 28.07, 27.42, 26.36, 24.25, 21.67. HRMS [M + H]+: 

512.3378 (calculated for [C32H42N5O]+: 512.3384). 

N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)hexyl-2-amino-3-(1H-indole-3-yl)propylamide 

dihydrochloride (R-K1035) Yield 90%; mp 257.2-260.5 °C. Purity: 95%. 1H NMR (500 MHz, Methanol-d4) 

δ 8.37 (d, J = 9.2 Hz, 1H), 7.77 (d, J = 2.1 Hz, 1H), 7.59 (d, J = 7.9 Hz, 1H), 7.54 (dd, J = 9.2, 2.1 Hz, 1H), 

7.34 (d, J = 8.1 Hz, 1H), 7.20 (s, 1H), 7.03 (m, 2H), 4.08 (t, J = 7.3 Hz, 1H), 3.91 (t, J = 7.3 Hz, 2H), 3.32 

(m, 2H), 3.21 (m, 2H), 2.98 (t, J = 5.9 Hz, 2H), 2.66 (m, 2H), 1.94 (m, 6H), 1.79 (m, 2H), 1.36 (m, 4H). 13C 

NMR (126 MHz, Methanol-d4) δ 169.87, 157.65, 152.00, 140.41, 140.00, 138.08, 128.72, 128.34, 126.75, 

125.49, 122.71, 120.11, 119.19, 119.11, 115.36, 113.24, 112.49, 108.09, 58.31, 55.20, 40.43, 31.18, 29.74, 

29.30, 28.87, 27.32, 27.25, 24.77, 22.84, 21.73. HRMS [M + H]+: 518.2681 (calculated for [C30H37ClN5O]+: 

518.2683). 

N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)hexyl-2-amino-3-(1H-indole-3-yl)propylamide 

dihydrochloride (rac-K1035) Yield 97%; mp 227.3-229.9 °C. Purity: 99%. 1H NMR (500 MHz, Methanol-

d4) δ 8.36 (d, J = 9.2 Hz, 1H), 7.77 (d, J = 2.0 Hz, 1H), 7.59 (dt, J = 7.9, 0.9 Hz, 1H), 7.54 (dd, J = 9.2, 2.1 

Hz, 1H), 7.34 (dt, J = 8.1, 0.8 Hz, 1H), 7.20 (s, 1H), 7.03 (m, 2H), 4.08 (t, J = 7.3 Hz, 1H), 3.90 (t, J = 7.3 

Hz, 2H), 3.32 (m, 2H), 3.21 (ddd, J = 17.1, 14.0, 7.1 Hz, 2H), 2.98 (t, J = 6.0 Hz, 2H), 2.67 (t, J = 5.9 Hz, 

3H), 1.95 (m, 6H), 1.79 (m, 2H), 1.36 (m, 4H). 13C NMR (126 MHz, Methanol-d4) δ 169.86, 157.62, 151.98, 

140.38, 139.97, 138.07, 128.71, 128.33, 126.73, 125.49, 122.70, 120.10, 119.19, 119.10, 115.35, 113.23, 

112.48, 108.08, 58.30, 55.19, 40.43, 31.18, 29.73, 29.30, 28.86, 27.31, 27.24, 24.77, 22.83, 21.72. HRMS 

[M + H]+: 518.2681 (calculated for [C30H37ClN5O]+: 518.2685). 

Inhibition of human AChE and BChE 

The AChE and BChE inhibitory activities of the tested compounds were determined using modified 

Ellman´s method [62]. Human recombinant acetylcholinesterase (hAChE; EC 3.1.1.7), human plasmatic 

butyrylcholinesterase (hBChE; EC 3.1.1.8), 5,5´-dithiobis(2-nitrobenzoic acid) (Ellman´s reagent, DTNB), 

phosphate buffer solution (PBS, pH 7.4), acetylthiocholine (ATCh), and butyrylthiocholine (BTCh) were 

purchased from Sigma-Aldrich (Prague, Czech Republic). For measuring purposes – polystyrene Nunc 96-

well microplates with flat bottom shape (ThermoFisher Scientific, USA) were utilized. All of the assays 

were carried out in 0.1 M KH2PO4/K2HPO4 buffer, pH 7.4. Enzyme solutions were prepared at an activity 

2.0 units.mL-1 in 2 mL aliquots. The assay medium (100 µL) consisted of 40 µL of 0.1 M PBS (pH 7.4), 20 

µL of 0.01 M DTNB, 10 µL of enzyme, and 20 µL of 0.01 M substrate (ATCh or BTCh iodide solution). 

Assayed solutions with inhibitors (10 µL, 10-3 – 10-9 M) were preincubated with hAChE or hBChE for 5 

min. The reaction was started by addition of 20 µL of substrate. The enzyme activity was determined by 

measuring the increase in absorbance at 412 nm at 37 °C in 2 min intervals using a Multimode microplate 
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reader Synergy 2 (Vermont, USA). Each concentration was assayed in triplicate. The obtained data were 

used to compute the percentage of inhibition (I; Equation 1): 

1001
0

×








∆
∆

−=
A

A
I i  [%] (Eq. 1) 

∆Ai indicates absorbance change provided by the cholinesterase exposed to AChE inhibitors. ∆A0 indicates 

absorbance change caused by the intact cholinesterase (phosphate buffer was used instead of the AChE 

inhibitor solution). Inhibition potency of tested compounds was expressed as the IC50 value (the 

concentration of inhibitor, which causes 50% cholinesterase inhibition). All calculations were performed 

using Microsoft Excel software (Redmont, WA, USA) and GraphPad Prism version 5.02 for Windows 

(GraphPad Software, San Diego, CA) (www.graphpad.com). 

Propidium displacement studies. The affinity of selected inhibitors for the peripheral binding site of 

EeAChE (type VI-S, Sigma-Aldrich, Milano, Italy) was tested using propidium iodide (P) (Sigma-Aldrich, 

Milano, Italy), a known specific PAS ligand, following the method proposed by Taylor et al. [72,73]. The 

complexation of propidium iodide and AChE [72] determines a shift in the excitation wavelength [72]. A 

stock solution (4 mM) of S-K1035 was prepared in methanol. EeAChE (2 µM) was first incubated with 8 

µM propidium iodide in 1 mM Tris-HCl, pH 8.0. In the back titration experiments of the propidium-AChE 

complex by S-K1035, aliquots of the inhibitor (8-56 µM) were added gradually and fluorescence emission 

was monitored at 635 nm upon excitation at 535 nm. Blanks containing propidium alone, inhibitor plus 

propidium and EeAChE alone were prepared and fluorescence emission was determined. Experiments were 

carried out at room temperature using a Jasco 6200 spectrofluorometer (Cremella, Italy) and a 0.5 mL quartz 

cuvette. Raw data were processed following the method by Taylor and Lappi [73] to estimate KD values 

assuming a dissociation constant value for propidium for EeAChE equals to 0.7 µM [74]. 

 

Inhibition of AChE-induced A ββββ40 aggregation [90]. Aβ40, supplied as trifluoroacetate salt, was purchased 

from Bachem AG (Bubendorf, Switzerland). Aβ40 (2 mg.mL−1) was dissolved in 1,1,1,3,3,3-hexafluoro-2-

propanol (HFIP) and lyophilized and redissolved in DMSO to achieve a concentration of 2.3 mM. Stock 

solutions of tested inhibitors were prepared in methanol (1.5-2 mM) and diluted in the assay buffer. Aliquots 

of 2 µL Aβ40 peptide in DMSO were incubated in 0.215 M sodium phosphate buffer (pH 8.0) at a final 

concentration of 230 µM for 24 h. For co-incubation experiments aliquots (16 µL) of hAChE (final 

concentration of 2.30 µM, Aβ/AChE molar ratio 100:1) and AChE in the presence of 2 µL of the tested 

inhibitor (final inhibitor concentration of 100 µM) in 0.215 M sodium phosphate buffer solution (pH 8.0) 

were added. Blanks containing Aβ40 alone, hAChE alone, and Aβ40 plus tested inhibitors in 0.215 M sodium 

phosphate buffer (pH 8.0) were prepared. The final volume of each vial was 20 µL. Each assay was run in 

duplicate. To quantify amyloid fibril formation, the thioflavin T fluorescence method was then applied 
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[108]. Due to β-sheet conformation, the fluorescence intensities were monitored for 300 s at λem = 490 nm 

(λexc = 446 nm). We calculate the percentage of inhibition of the AChE-induced aggregation due to the 

presence of tested compound . 

 

Inhibition of A ββββ42 self-aggregation. As reported in a previously published protocol [88],  HFIP pretreated 

Aβ42 samples (Bachem AG) were first solubilized with a CH3CN/0.3 mM Na2CO3/250 mM NaOH 

(48.4:48.4:3.2) mixture to obtain a 500 µM solution. Experiments were performed by incubating the peptide 

in 10 mM phosphate buffer (pH = 8.0) containing 10 mM NaCl, at 30 °C for 24 h (final Aβ concentration 50 

µM) with and without inhibitor (50 µM, Aβ/inhibitor = 1/1). Blanks containing the tested inhibitors were 

also prepared and measured. To quantify amyloid fibrils formation, the thioflavin T fluorescence method 

was used [108]. After incubation, samples were diluted to a final volume of 2.0 mL with 50 mM 

glycine−NaOH buffer (pH 8.5) containing 1.5 µM thioflavin T. A 300-second-time scan of fluorescence 

intensity was carried out (λexc = 446 nm; λem = 490 nm, FP-6200 fluorometer, Jasco Europe), and values at 

plateau were averaged after subtracting the background fluorescence of 1.5 µM thioflavin T solution. The 

fluorescence intensities were compared and the percentual inhibition due to the presence of the inhibitor was 

calculated by the following formula: 100 − (IFi/IFo × 100) where IFi and IFo are the fluorescence intensities 

obtained for Aβ42 in the presence and absence of inhibitor, respectively. 

Determination of in vitro blood-brain barrier permeation 

The parallel artificial membrane permeation assay (PAMPA) was used based on the reported protocol 

[95,96]. The filter membrane of the donor plate was coated with polar brain lipid (PBL, Avanti Polar Lipids, 

Ins., USA) in dodecane (4 µL of 20 mg.mL-1 PBL in dodecane) and the acceptor well was filled with 300 µL 

of the PBS buffer (VA; pH = 7.4)). Tested compounds were dissolved first in DMSO and the resulting 

solution was subsequently mixed with PBS (pH = 7.4) to reach the final concentration of 100 µM in the 

donor well. Concentration of DMSO did not exceed 0.5% (V/V) in the donor solution. A volume of 300 µL 

of the donor solution was added to the donor wells (VD) and the donor filter plate was carefully put on the 

acceptor plate so that coated membrane was “in touch” with both the donor solution and the acceptor buffer. 

The test compound diffused from the donor well through the lipid membrane (area = 0.28 cm2) to the 

acceptor well. The concentration of the drug in both the donor and the acceptor wells was assessed after 3, 4, 

5 and 6 hours of incubation in quadruplicate using the UV plate reader Synergy HT (Biotek, Vermont, USA) 

at the maximum absorption wavelength of each compound. The concentration of the compounds was 

calculated from the standard curve and expressed as permeability (Pe) according the equation (2) [97,109]: 

log�� = log 	�	 × −�
 �1 − ��������������
���������� �!���"

#$ 	%ℎ'('		 = 	 ) *+×*,
-*+.*,/×0��1×234�5(Eq. 2) 
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where, [drug]acceptor is the concentration of the drug in the acceptor compartment in the certain time 

and [drug]equilibrium is the concentration of the drug in theoretical equilibrium i.e. after dilution of the drug 

between donor and acceptor compartment. 

In vitro effects of compounds on the activity of nitric oxide synthase  

All evaluated compounds were dissolved in redistilled water. Compounds S-K1024, S-K1040, S-K1044 

were also sonicated. Basic 1 mM stock solutions were stored at 8 °C for no longer than one month. 

Estimations of the activity of nitric oxide synthase (nNOS) were performed on purified cortical homogenates 

from a total of 5 male Wistar rats aged 3 – 5 months. A mixture of the cortexes was homogenized (1:10) in 

homogenisation buffer (1 mM EGTA, 1 mM dithiothreitol, 20 mM HEPES, 0.32 M sucrose, 14.6 µM 

pepstatin, 21 µM leupeptin, pH = 7.4), centrifuged at 1200 g for 10 min at 4 °C, and the resulting aliquots of 

supernatants (2 mg.mL-1 of proteins) were stored at -20 °C until assayed. Compounds (final concentrations 

in the incubation mixtures equaled 46 nM – 68 µM) and supernatants were added to the reaction buffer 

(homogenisation buffer containing also 200 µM ß-nicotinamide adenine dinucleotide phosphate, 50 µM 

tetrahydrobiopterin and 2.3 µM [14C]arginine (PerkinElmer, USA) and incubated for 30 min at 37°C. All 

samples contained also 1 µM CaCl2 and some of them 1 mM spermidine (Merck, Prague, Czech Republic). 

The reaction was terminated by adding a stop buffer (30 mM HEPES, 3 mM EDTA, pH = 5.5) and by rapid 

cooling. DOWEX 50WX8-200 (Sigma-Aldrich) was used to separate citrulline from arginine, in accordance 

with our previous study [110]. 

In vivo studies 

Animals 

Male Wistar rats (10 – 12 week old) were obtained from Velaz (Prague, Czech Republic) and housed in 

groups of 4 – 6 in an accredited animal facility. Animals were kept in a controlled holding environment with 

a 12 h day-night cycle, access to standard rodent diet (Cerea Corp., Czech Republic) and water ad libitum. 

The time of acclimatization was at least 14 days prior to all experimental procedures. The use of animals 

was approved by the Ethics Committee of the Faculty of Military Health Sciences (Hradec Kralove, Czech 

Republic). All procedures involving animals were in accordance with contemporary legislation. 

Assessment of maximum tolerated dose  

The acute toxicity of S-K1035 was evaluated by the assessment of MTD (mg.kg-1). Male Wistar Rats (body 

weight 313  – 370 g) were randomly assigned to experimental groups consisting of two males per one 

applied dose of S-K1035. Several doses were administered to identify MTD, the starting dose being 50 

mg.kg-1. S-K1035 was administered via i.p. injection in standardized volume of 1 mL.kg-1. 
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Treated rats were extensively observed for signs of toxicity during first two hours; then periodically for 48 

hours. Clinical signs, such as cardiovascular, respiratory and nervous system disability, weight loss or 

reduction of food consumption were monitoring according to Laboratory Animal Science Association (UK) 

guidelines. Severity of symptoms was classified as mild, moderate and substantial [111]. If category of 

substantial severity was achieved within 48 h, animals were immediately euthanized by CO2 and a lower 

dose was selected for the further group. Similarly, if there was a severe adverse effect or death occurring 

within few minutes after administration to the first animal in the group, the other animal was not treated and 

lower dose were selected as well. Another lower/higher dose followed previous dose after 48 hours, 

depending on severity of symptoms. All animals surviving 48 h were euthanized by CO2 and subjected to 

basic macroscopic necropsy. Necropsy was also performed in the case of mortality, examining signs of 

macroscopic organ toxicity.  

 

Behavioral studies 

Animals 

Thirty adult male Wistar rats (9 –12 weeks old, 370 –500 g), obtained from the Institute of Physiology 

Czech Academy of Sciences, accredited breeding colony, were used for described experiments. The rats 

were housed in pairs in transparent plastic cages (20 × 25 × 40 cm) in an air-conditioned animal room 

(temperature: 22 ± 1 °C, humidity: 50 –60 %, lights on: 06:00 –18:00 h). Water and standard laboratory food 

were available ad libitum. After an acclimatization period in the animal room at the Institute of Physiology, 

Czech Academy of Sciences, the rats were habituated to human manipulations by handling (two days, 10 

minutes per day). The behavioral experiments were conducted in the light phase of the day. All experiments 

were conducted in accordance with the guidelines of the European Union directive 2010/63/EU and 

approved by the Animal Care and Use Committee of the Institute of Physiology Czech Academy of Sciences 

and by the Central Committee of the Czech Academy of Sciences. The Institute of Physiology Czech 

Academy of Sciences possesses the National Institutes of Health Statement of Compliance with Standards 

for Humane Care and Use of Laboratory Animals.  

Surgery 

Surgical preparation was performed under 2% isoflurane anesthesia (Abbot Laboratories, Chicago, USA). 

Rats were placed in a stereotaxic frame (TSE Systems), eyes were covered by medical petroleum jelly 

(Vaseline®, Unilever, Rotterdam, Netherland) and hairs and scalp were removed. Rats were implanted with 

guide cannulas in both cerebral ventricles at the coordinates relative to Bregma: AP = -0.80 mm; ML = 1.5 

mm; DV = 3.5 mm from skull surface [112]. The cannulas were fixed to the skull with two stainless steel 

screws and dental cement. After surgery animals had free access to food and water containing analgesics. 

Seven days after the surgery rats started the Morris water maze evaluation. 
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Drug application 

S-K1035 was prepared according to the described chemical synthesis. The purity of S-K1035 was >99 % 

(HPLC detected). S-K1035 was dissolved in sterile saline (0.9% NaCl) for a desired concentration of 10 and 

100 nM. The freshly prepared solution was sonicated (20 min), fractioned on low volume aliquots (20 µL) 

and frozen at -20 °C.   

Scopolamine hydrobromide (referred to as scopolamine or SCOP in group names, Sigma-Aldrich, 5 mg.kg-

1) was dissolved in sterile saline one day before the experiment and stored in cold dark environment. As 

control, sterile saline (SAL) was used. 

The drugs were applied on the MWM day 4. Each rat was pseudo-randomly assigned into one of five 

treatment groups (N = 6): (1) SAL i.c.v. + SAL i.p.; (2) SAL i.c.v. + SCOP i.p.; (3) S-K1035 100 nM i.c.v. 

+ SAL i.p.; (4) S-K1035 10 nM i.c.v. + SCOP i.p.; (5) S-K1035 100 nM i.c.v. + SCOP i.p. Each rat received 

one bilateral intracerebroventricular (i.c.v., 60 min prior to MWM testing, S-K1035 or saline) and one 

intraperitoneal (i.p., 20 min prior to MWM testing, scopolamine or saline) injection.  

S-K1035 or NaCl was applied into the cerebral ventricles by an infusion pump (TSE Systems, Bad 

Homburg, Germany) with a constant flow rate 0.5 µL.min-1; and a total volume 1 µL in each injection. The 

internal cannula was removed 1 min after the end of the infusion. The volume of i.p. injections was 1 

mL.kg-1. 

Morris water maze (MWM): 

The MWM apparatus consisted of a blue plastic circular pool (180 cm in diameter) with a circular platform 

(10 cm in diameter, submerged 1 cm below the water surface, transparent plastic). The pool was filled with 

water (23-24 °C, 28 cm deep) colored by a small amount of a non-toxic grey color. MWM task designed by 

Jackons and Soliman was modified and used [105]. The MWM was conducted during four consecutive days. 

The rats were trained to find the hidden platform, the position of which was constant (in the center of the 

NW quadrant). Every testing day each rat underwent four swims from different starting points (N, S, W, E; 

their order was selected randomly and it was different each day). Animals were released into the water 

facing the wall of the pool. The trial stopped when the rat found the platform. If the rat did not find the 

platform in 60 s, it was gently guided to the platform by the experimenter. The drugs were applied only on 

day 4.  

Rats were tracked during the experiment with a camera situated above the maze and connected to a digital 

tracking system (Tracker, Biosignal Group, New York, USA). The acquired data were stored for an off-line 

analysis using Carousel Maze Manager 0.4.0 (https://github.com/bahniks/CM_Manager_0_4_0).  

Measured parameters and statistics 
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Following parameters were analyzed: distance moved (m), escape latency (s), average distance from the 

platform (cm), and time in the target sector (percentage of time spent swimming in the 90° sector with the 

platform in the center). These parameters were analyzed for every swim of day 3 and day 4 MWM and mean 

values were calculated for these days. The mean performance of a group on MWM day 3 (group’s baseline, 

without drugs) and the mean performance of the same group on day 4 (with drugs) were compared using 

Mann-Whitney nonparametric test (GraphPad Prism 5.02). This analysis was done for all MWM parameters 

studied. In addition, performances of day 3 of all groups were compared by ANOVA and Tukey post hoc 

test (GraphPad Prism 5.02) to find out whether there are any differences in group baseline. This was done 

for all MWM parameters studied. 
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Highlights: 

• Tacrine-tryptophan hybrids inhibited both cholinesterases in nanomolar concentrations 

• Highlighted compound S-K1035 displayed Aβ42 self-aggregation as well as hAChE-induced 

Aβ40 aggregation 

• Complex of TcAChE and S-K1035 was elucidated by X-ray crystallography 

• Difference in activity between K1035 enantiomers was explored by conducting X-ray 

crystallography with hBChE 

• In vivo pro-cognitive effect of S-K1035 was confirmed in scopolamine-induced amnesia 

model in rats 


