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Abstract 

A comprehensive study was performed for the first time to compare two structurally related substance 

classes, namely indazole-5-carboxamides (11–16) and (indazole-5-yl)methanimines (17–22). Both 

chemical entities are potent, selective and reversible MAO-B inhibitors and, therefore, may serve as 

promising lead structures for the development of drug candidates against Parkinson’s disease (PD) and 

other neurological disorders. Compounds 15 (Ki = 170 pM, SI = 25907) and 17 (Ki = 270 pM, SI = 

16340) were the most potent and selective MAO-B inhibitors in both series. To investigate the multi-

target inhibitory activity, all compounds were further screened for their potency against human AChE 

and BuChE enzymes. Compound 15 was found to be the most potent and selective AChE inhibitor in all 

series (hAChE IC50 = 78.3 ± 1.7 µM). Moreover, compounds 11 and 17 showed no risk of drug-induced 

hepatotoxicity and a wider safety window, as determined in preliminary cytotoxicity screening. 

Molecular modeling studies into the human MAO-B enzyme-binding site supported by a HYDE 

analysis suggested that the imine linker similarly contributes to the total binding energy in 

methanimines 17–22 as the amide spacer in their carboxamide analogs 11–16. Amplified photophysical 

evaluation of compounds 17 and 20, including single X-ray analysis, photochemical experiments, and 

quantum-chemical calculations, provided insights into their more favourable isomeric forms and 

structural features, which contribute to their biologically active form and promising drug-like properties.  
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1. Introduction  

Neurodegenerative diseases (NDs) are characterized by slow progressive death of neurons in the 

brain, leading to a loss of structure and function. Among NDs, Alzheimer’s (AD) and Parkinson’s 

disease (PD) are the two most prevalent age-related disorders of the central nervous system (CNS). As a 

consequence of the aging population, both NDs represent a substantial socioeconomic burden on 

society, currently affecting 7–8% of the population over age 65 [1–4]. Although there are common 

features in the cellular events that develop as a result of neurodegeneration in specific brain regions of 

affected patients, AD and PD display differences in pathogenesis and symptoms [3–7]. While an 

irreversible cognitive decline, such as severe memory, attention, and learning deficits associated with an 

early-onset of AD, a progressive impairment of the core motor functions is often an early indicator of 

PD [8–11]. AD, for example, is principally characterized by a degradation of cholinergic neurons and 

synapses in the neocortex and hippocampus, resulting in a decrease of acetylcholine neurotransmitter 

levels in these brain regions involved in higher cognitive functions [12]. The loss of dopaminergic 

neurons in the substantia nigra pars compacta (SNc) of midbrain, associated with an abnormal α-

synuclein aggregation as well as formation of Lewy bodies and Lewy neurites, lead to the typical 

symptoms of PD like resting tremor, rigidity, bradykinesia (slowness), and postural instability [9,10]. In 

the advanced stages, PD is accompanied by various non-motor symptoms including depression, 

behavioral and cognitive complications [12–14]. Thus, AD and PD are multifactorial disorders, in which 

complex pathophysiological processes trigger the neuronal cell impairment and death [11,15]. 

Therefore, disease-specific mechanisms necessitate disease-tailored therapeutic strategies. 

Since an excessive loss of dopamine (DA) neurons is considered as a neuropathological hallmark of 

PD, the majority of the therapies introduced so far in the PD treatment have been focused on increasing 

the DA levels in the brain [2,16,17]. In particular, the DA replacement therapy combining the prodrug 

levodopa (L-DOPA) with DA agonists, DOPA-decarboxylase inhibitors (DDIs), monoamine oxidase B 

(MAO-B), and/or catechol-O-methyltransferase (COMT) inhibitors is still commonly used for PD 
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treatment [2,13,17–19]. However, the long-term administration of L-DOPA has been linked to major 

adverse effects including dyskinesia, dose failure (drug resistance), freezing during movement, but also 

other side effects such as DA dysregulation, hypotension, nausea, and others [17]. To date, there are 

only few approved drugs for AD treatment; the most of them are acetylcholinesterase (AChE) inhibitors 

[12,18,20]. Currently used medicines have an impact on several symptoms in different AD or PD stages 

by affecting mainly the brain’s cholinergic or dopaminergic system, respectively, but do not change or 

stop the disease progression [12,18–20]. Despite enormous research efforts, including multitarget 

strategies rooted on the principle that a simultaneously action on two or more pharmacological targets 

may be beneficial for the treatment of multifactorial diseases [12,18], the medical need for new AD and 

PD modifying therapeutics still exists. 

Monoamine oxidases (MAOs, EC 1.4.3.4) are flavoenzymes localized on the mitochondrial outer 

membrane that catalyze the oxidative deamination of xenobiotic and endogenous monoamines. 

Therefore, MAOs are important for the modulation the levels of monoamine neurotransmitters in the 

central and peripheral nervous system (CNS and PNS). Two isoforms, namely MAO-A and MAO-B, 

are present in most mammalian tissues. Both MAOs share ∼73% identity of protein sequence, but 

display regional differences in enzyme activity, substrate specificity, and distribution in the brain and 

periphery [21–24]. The expression levels and activity of MAO-B, but not of MAO-A isoform, in the 

human brain increase ∼4-fold with aging [25]. The increased activity and overexpression of MAO-B 

lead to an overproduction of reactive oxygen species (ROS) and, therefore, is associated with oxidative 

stress and loss of neuronal function [25]. In fact, increased MAO-B levels and activity is observed in the 

brain of PD and AD patients [26,27]. Thus, inhibition of the MAO-B isoenzyme by selective MAO-B 

inhibitors (IMAO-B) is an established therapeutic approach for PD treatment [28]. For example, the 

irreversible MAO-B inhibitors selegiline (Zelapar) and resagiline (Azilect), as well as the reversible 

inhibitor safinamide (Xadago) are currently in clinical use alone or as add-on therapy to L-DOPA in 

late-stage PD (for structures, see Fig. 1) [16,27–31]. 
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Fig. 1. Structures, brand names, and mechanism of action of approved drugs for PD and AD. 
 

Acetylcholinesterase (AChE; EC 3.1.1.7) and butyrylcholinesterase (BuChE, EC 3.1.1.8) are 

cholinesterase (ChE) enzymes that are responsible for the hydrolysis (deacetylation) of choline-based 

esters, including specific neurotransmitters in both CNS and PNS [32,33]. Both ChE isoforms are ∼65% 

identical at protein level, but differ in their substrate preference, enzyme activity, and distribution in the 

brain and periphery [34]. Acetylcholine (ACh) is degraded more quickly by AChE, while BuChE 

hydrolyses preferably butyrylcholine.  In CNS, AChE is located mainly in neurons, accounting ∼90% of 

ChE activity in the temporal cortex of the normal human brain, whereas BuChE is primary associated 

with glial cells and accounts ∼10% of ChE activity [34]. Therefore, inhibition of AChE enzyme activity 

is an established therapeutic approach for AD treatment. Galantamine, for example, is a reversible 

AChE inhibitor of plant origin that is widely prescribed for the treatment of mild-to-moderate AD and 

AD-related dementia [35]. Inhibitors of BuChE may also be useful in the AD therapy due to its 

increased activity in advanced forms of the disease [36]. 

Considering their pharmacological potential and more preferable safety profile, we have been 

particularly focused on developing selective, reversible IMAO-B with potential multitarget activity on 

other CNS relevant biological targets [37–40]. Within the new chemical entities discovered by us so far, 

the C5-substituted indazole-carboxamide and pyrrolo-pyridine derivatives were outlined as the most 

favorable series for further investigation [39,40]. Consequently, we continued with exploration of 

compounds comprising a privileged indazole-5-carboxamide scaffold, which has provided a beneficial 

therapeutic potential, acting either as selective IMAO-B or dual MAO-A/B inhibitors [39] (Fig. 2). 
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Fig. 2. Generic structure of previously developed selective MAO-B inhibitors 11–16 [39] (left) and 
intended chemical modifications towards (indazole-5-y)methanimine scaffold (compounds 17–22) 
subjected in the present work (right). 
 

Based on previously described drug design strategy [39], facile structural modification of the key 

indazole-5-carboxamide scaffold (Fig. 2, left) was performed to replace the carboxamide spacer by an 

imine linker, obtaining a series of (indazole-5-yl)methanimine derivatives (Fig. 2, right).  

In the present work, we performed a comprehensive study to compare two structurally related 

substance classes, namely indazole-5-carboxamides and (indazole-5-yl)methanimines. Both series of 

compounds were tested at human MAO-A and B, and further screened for their inhibitory activity 

against human AChE and BuChE enzymes. Furthermore, we evaluated kinetics, mechanism of MAO-B 

inhibition, drug-like and physicochemical properties, as well as the cytotoxic effects of representative 

IMAO-B. To understand the most important inhibitor–enzyme interactions within the binding pocket of 

different pharmacological targets, docking experiments were conducted using the single X-ray 

structures of selected compounds under study. Photophysical experiments under different conditions 

supported by quantum-chemical calculations were performed to investigate the more stable isomeric 

forms (e.g., E/Z-isomers and tautomers), as well as the photochemical stability of selected (indazole-5-

yl)methanimine derivatives. Finally, Pan assay interference properties (PAINS) of the studied 

compounds were investigated and discussed. 
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2. Results and discussion 

2.1. Chemistry 

Synthesis and chemical structures of compounds under study are shown in Scheme 1. The 

preparation of indazole-5-carboxamide derivatives 11–16 was performed following optimized reaction 

procedures to obtain the compounds in higher yields (>81% yield in average) [39]. Accordingly, 

compounds 11–14 can be prepared via amide coupling reaction of 1H-indazole-5-carboxylic acid (1) 

with the appropriate 3,4-disubstituted anilines 3–6 using EDC hydrochloride as a coupling reagent 

(Scheme 1, left). The N1-alkylated indazole-5-carboxamide derivatives 15 and 16 can be synthesized 

following a four-step regioselective approach [39].  

 

Scheme 1. Synthetic routes to indazole-5-carboxamides 11–16 and (indazole-5-yl)methanimines 17–22. 
Reagents and conditions: (i) EDC–HCl, methanol, r.t., 3–16 h; (ii) conc. acetic acid (10 mol-%), 
ethanol, reflux, 1–24 h; (iii) 1) methanol, c. H2SO4 (10 mol-%), 60-70 °C, 1–3 h, 2) methyl 
methanesulfonate (MMS, for 15) or 1-bromo-2-methoxyethane (for 16), K2CO3, DMF, reflux, 9–16 h, 
3) 2M NaOH, THF–H2O (1:1), 30–35 °C, 1–3 h; (iv) MMS (for 9) or 1-bromo-2-methoxyethane (for 
10), K2CO3, DMF, reflux, 68–72 h. 
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 For the preparation of methanimines 17–20, 1H-indazole-5-carbaldehyde (2) was reacted with the 

respective anilines 3–6 in the presence of a catalytic amount of acetic acid in ethanol under reflux 

(Scheme 1, right). The N1-alkylated aldehydes 9 and 10 can be prepared via one-step synthetic 

procedure (for 10, see Supporting Information). Subsequently, aldehydes 9 and 10 were condensed with 

3,4-dichloroaniline (3) to obtain the N1-alkylated methanimines 21 and 22, respectively. To investigate 

the chemical stability of methanimines 17–22 (i.e., Schiff bases), extensive stability studies for selected 

compounds were performed (see Section 2.5.1 and Supporting Information). All final products were 

purified by column chromatography following by recrystallization and their structures confirmed by 

NMR spectroscopy and mass spectrometry. The described procedures allow the introduction of further 

structural modifications, to access small compound libraries for rapid evaluation of structure-activity 

relationships (SARs). In addition, we obtained the single X-ray structures of 17 and 20, confirming not 

only the preferable formation of the 1H-indazole tautomeric form, but also the trans-isomerism of 

(indazole-5-yl)methanimine derivatives 17–22 (see Section 2.5.2 and Supporting Information). 

2.2. Biological evaluation 

Biological evaluation of all compounds toward human (h) MAOs and human ChEs (hAChE and 

hBuChE) was performed according to established protocols [39–42]. 

2.2.1. Monoamine oxidase studies 

The enzyme inhibition of the studied compounds against MAOs was performed using a 

fluorescence-based assay with p-tyramine as a substrate and the commercial kit Amplex Red [43,44]. 

Determined in vitro MAOs inhibitory activities (IC50 values) and selectivity (expressed as selectivity 

index, SI) toward hMAO-B for all compounds and reference inhibitors are shown in Table 1. 

Determination of the kinetic parameters (Km and Vmax) of the hMAO-B enzyme was performed at 

different concentrations of p-tyramine and the Ki values of the tested compounds were obtained using 

the Cheng-Prusoff equation (see also Experimental Section) [45]. 
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Table 1 Monoamine oxidase activity and selectivity of the tested compounds. 

 

   IC50 ± SEM (nM)a   

Compd. R R1 hMAO-A hMAO-B SI b Ki ± SEM (nM)a,c 

11 
(NTZ-1006) 

3,4-Cl 
 

H 
 

≥10000 

 
0.586 ± 0.087d 

 
17065 
 

0.26 ± 0.04 
 

12 3-Cl, 4-F H >10000 0.679 ± 0.044e 14727 0.30 ± 0.02 

13 3-F, 4-Cl H >10000 0.668 ± 0.053d 14970 0.29 ± 0.02 

14 3,4-Cl H >10000 5.42 ± 0.20d >1845 2.39 ± 0.18 

15 
(NTZ-1091) 

3,4-Cl 
 

Me 
 

>10000 

 
0.386 ± 0.052e 

 
25907 
 

0.17 ± 0.02 
 

16 3,4-Cl EtOMe 2870 ± 218e 1.08 ± 0.08e >2657 0.48 ± 0.04 

17 3,4-Cl H >10000 0.612 ± 0.065d 16340 0.27 ± 0.03 

18 3-Cl, 4-F H >10000 2.10 ± 0.30 4762 0.93 ± 0.13 

19 3-F, 4-Cl H >10000 1.91 ± 0.27 5236 0.84 ± 0.12 

20 3,4-Cl H >10000 1.28 ± 0.02 >7812 0.57 ± 0.02 

21 3,4-Cl Me >10000 1.03 ± 0.09d 9709 0.46 ± 0.08 

22 3,4-Cl EtOMe 4072 ± 272 1.29 ± 0.08 3157 0.57 ± 0.07 

Selegiline – – 1424 ± 69.1f 5.50 ± 0.26f 259 na 

Rasagiline – – 680 ± 129f 13.0 ± 0.90f >52 na 

Safinamide – – >25900g 5.18 ± 0.04g 5000g 2.29 ± 0.02g 

a n = 3, unless otherwise noted. b Selectivity index: SI = IC50(hMAO-A)/IC 50(hMAO-B). c The experimentally measured IC50 
hMAO-B values were converted to the respective inhibition constants (Ki) using Cheng-Prusoff equation: Ki = IC50/(1 + [S]/Km) 
with [S] = 150 µM and Km = 118.8 µM. d Data are from ref. [37]. e Data are from ref. [39]. f Data are from ref. [46]. g Data are from 
ref. [40]. h = human, na = non-applicable. 
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2.2.1.1. Evaluation of inhibitory activities at human MAOs 

In the present study we aimed to perform a comparative study within the series of indazole-5-

carboxamide (designated subclass I, compounds 11–16) and (indazole-5-yl)methanimine (subclass II, 

17–22) derivatives with respect to: (i) inhibition of both MAO-A and MAO-B isoforms, (ii) inhibitory 

activities against both hAChE and hBuChE enzymes, (iii) toxicological effects, and (iv) their 

photophysical and quantum-chemical investigation of isomerism and photochemical stability. 

For evaluation of SARs of the compounds in Table 1, rasagiline and safinamide were used as 

reference for irreversible and reversible MAO-B inhibitors, respectively. The selective irreversible 

inhibitors clorgyline and selegiline were also used as positive controls in the MAO-A and MAO-B 

assays, respectively. In general, all tested compounds are selective and potent inhibitors of human 

MAO-B with IC50 values ranging from low nanomolar to even picomolar potency (hMAO-B). With the 

exception of the N1-methoxyethyl-substituted subclass I compound 16 and its subclass II analog 22, 

neither of the remaining carboxamide derivatives (compounds 11–15) or their methanimine analogs 

(17–21) exhibited noticeable inhibition of MAO-A at the highest tested concentration of 10 µM. 

In this study, compounds 11–16 (subclass I) were included to better compare the effects of a spacer 

modification on inhibition potency and selectivity at both MAO isoforms with those of 17–22 (subclass 

II). Therefore, in order to investigate the role of such small modification within both series of 

compounds (e.g., carboxamides vs. methanimines), we retained the 3,4-dihalo-substitution at the phenyl 

ring and the C5-substituted indazole moiety unit during further exploration. Replacement of the 

carboxamide spacer in subclass I compounds 11–16 by an amine function resulted in potent and 

selective IMAO-B (subclass II compounds 17–22). Nevertheless, methanimines 17–22 displayed almost 

equally high affinity toward MAO-B compared to their carboxamide analogs 11–16.  

The 3,4-dichlorophenyl indazole-5-carboxamide 11 was the most potent and selective IMAO-B 

within the indazole N-unsubstituted subclass I compounds (IC50 = 0.586 nM; SI = 17065), while its 

methanimine analog 17 represents the most active and selective IMAO-B within the subclass II series 
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(IC50 = 0.612 nM; SI = 16340). Compounds 11 and 17 exhibited almost equally improved hMAO-B 

inhibitory activity when compared to the standard IMAO-B, being ∼9-fold more potent than selegiline 

and safinamide. Further structural modifications of 11 and 17 were performed by replacement of the 4-

Cl or the 3-Cl atoms at the phenyl ring with one fluorine atom (compounds of subclass I 12, 13 and 

subclass II 18, 19). The respective 3-chloro-4-fluoro- or 4-chloro-3-fluoro-substituted carboxamides 

(compounds 12 and 13) were almost equipotent and selective inhibitors of hMAO-B (12, IC50 = 0.68 

nM, SI = 14727; 13, IC50 = 0.67 nM, SI = 14,970), comparable to the inhibitory activity of 11. In 

contrast, the presence of 3-chloro-4-fluoro (compound 18, IC50 = 2.19 nM, SI = 4672) and 4-chloro-3-

fluoro substituents (19, IC50 = 1.91 nM, SI = 5236) at the phenyl ring of subclass II compounds led to a 

decrease in inhibitory activity and selectivity against hMAO-B, when compared to the potency and 

selectivity of the parent methanimine 17 and the respective carboxamide analogs 12 and 13 (subclass I). 

It is worth mentioning that the respective 3-fluoro-4-chlorophenyl-substituted derivatives in both series 

(e.g., carboxamide 13 and methanimine 19) were slightly more active at hMAO-B enzyme than their 4-

chloro-3-fluorophenyl-substituted analogs 12 and 18, respectively. 

Next, the phenyl ring of 11 and 17 was replaced by a bioisosteric 5,6-dichloropyridine residue in 

order to enhance water solubility of both lipophilic series of IMAO-B. The resulting carboxamide and 

methanimine derivatives 14 (subclass I) and 20 (subclass II) are less active than the respective 3,4-

dichloro-phenyl analogs 11 and 17, but they are still potent IMAO-B (14, IC50 = 5.42 nM; 20, IC50 = 

1.28 nM). Interestingly, methanimine 19 is the only compound within subclass II IMAO-B exhibiting 

higher inhibitory activity against hMAO-B than its carboxaminde analog (i.e., subclass I compound 14). 

In comparison to 14, compound 20 is ~4.2- and ~4.9-fold more potent against human and rat MAO-B, 

respectively. Compared to selegiline and safinamide, methanimine 20 displays a ~4.3- and ~4.6-fold 

increase in inhibitory potency towards hMAO-B, respectively, while carboxamide 14 is similarly potent 

as both standard IMAO-B. 
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Introduction of a methyl group at the indazole N1 position in 11 and 17 resulted in compounds 15 

and 21. The N1-methylated caroxamide 15 was found to be the best IMAO-B of all compounds under 

study (human IC50 = 0.386 nM, rat IC50 = 1.32 nM, SI = 25907), being almost 2- and >13-fold more 

potent than its precursor 11 and safinamide, respectively. The respective N1-methylated methanimine 

(compound 21) provided to be weaker IMAO-B than the precursor 17 and the subclass I analog 15. 

However, compound 21 (IC50 = 1.03 nM) was 5-fold more potent against hMAO-B than safinamide 

(IC50 = 5.18 nM). The elongation of the N1-alkyl substitution by introducing of a larger methoxyethyl 

group in compounds of subclass I (carboxamide 16) and subclass II (methanimine 22) generally 

provided potent and selective IMAO-B. Both compounds are similarly potent against MAO-B (16, IC50 

= 1.08 nM; 22, IC50 = 1.29 nM), displaying a 4- and 5-fold increase in inhibitory activity toward 

hMAO-B than safinamide, respectively. As mentioned above, the N1-methoxyethyl-substituted 

derivatives 16 and 22 are the only representatives in these series showing inhibitory activity against 

hMAO-A enzyme (16, IC50 = 2870 nM; 22, IC50 = 4072 nM).  

In addition, the respective IC50 values for all compounds under study were compared with the 

corresponding inhibitory constants Ki, which were obtained and calculated from the hMAO-B enzyme 

kinetic experiments (Table 1). A good agreement between the IC50 and Ki values (low nM range) for all 

compounds could be observed. The estimated Ki values reveal of a competitive mode of inhibition (for 

competitive inhibitors: Ki ≤ IC50/2, if S ∼ Km) [45,47]. 

2.2.1.2. Evaluation of mechanism of monoamine oxidase B inhibition 

Due to the preferable safety profile compared to irreversible MAO inhibition, we were particularly 

interested in development of reversible IMAO-B [39]. Therefore, time-dependent studies with the most 

potent N1-methyl-substituted compound 15 (indazole-5-carboxamide, subclass I) and its (indazole-5-

yl)methanimine analog 21 (subclass II) were performed to investigate whether both representative 

compounds are reversible or irreversible MAO-B inhibitors (Fig. 3). The mode of interaction with the 

active site of hMAO-B by 15 and 21 and standard MAO-B inhibitors selegiline (irreversible, Irr) and 
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safinamide (reversible, Rev) was measured after the first 15 min in the presence of low concentration of 

p-tyramine (10 µM) and over 300 min after increasing the substrate concentration. A continuous 

enhancement on enzymatic residual activity could be detected for compounds 15, 21 and safinamide 

after increasing the concentration of p-tyramine at 1.0 mM, while no significant elevation in 

fluorescence was measured across the time for selegiline. The experiments are in agreement with the 

observed correlation between the IC50 and Ki values of 15 and 21 at hMAO-B (IC50 = 0.39 nM and Ki = 

0.17 nM for 15; IC50 = 1.03 nM and Ki = 0.46 nM for 21) revealing a reversible MAO-B inhibition. 

 

Fig. 3. Time-dependent inhibition (reactivation) of hMAO-B enzyme by the standard irreversible 
IMAO-B selegiline (Irr, 30 nM), reversible IMAO-B (Rev, 50 nM), and compounds 15 and 21 (both at 
1.0 nM). The substrate concentration was increased from 10 µM to 1.0 mM during a period of 300 min. 
The remaining hMAO-B enzyme activity is expressed as % of control sample used in the experiment. 
The values are the mean ± SD (n = 4). 
 

In order to investigate the type of hMAO-B inhibition of 15 and 21, Michaelis-Menten kinetics 

experiments were performed (Fig. 4). Accordingly, the initial rates of the deamination reaction of p-

tyramine (at six different concentrations) catalyzed by hMAO-B in the absence (no inhibitor) and in the 

presence of different concentrations of 15 and 21 (with the respective inhibitor at 0.5, 1.0 and 5.0 nM) 

were measured. From the obtained Lineweaver-Burk plots, representing the reciprocal hMAO-B 

enzyme activity vs. the reciprocal p-tyramibe concentration, we observed that both compounds acted as 

competitive IMAO-B. The Lineweaver-Burk plots are linear and intersected at the y-axis together with 
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the plot for the uninhibited hMAO-B (without inhibitor), which is in agreement with our previously 

findings [48]. The hMAO-B enzyme binding affinities (inhibition constants Ki) obtained form the 

respective Dixon plots (Ki = 0.22 nM for 15; Ki = 0.63 nM for 21) correlate very well with the 

determined IC50 and the calculated Ki values for 15 (IC50 = 0.39 nM, Ki = 0.17 nM) and 21 (IC50 = 1.03 

nM, Ki = 0.46 nM), respectively (cf. Table 1). The results obtained from the reactivation and the kinetic 

experiments of 15 and 21 indicate that indazole-5-carboxamides (compounds 11–16) and (indazole-5-

yl)methanimine derivatives (compounds 17–22) are reversible and competitive MAO-B inhibitors. 

 

Fig. 4. Kinetic studies on the mechanism of hMAO-B inhibition of compounds 15 (A) and 21 (B). The 
mode of hMAO-B inhibition was evaluated from the respective double reciprocal Lineweaver-Burk 
plots of 1/rate (1/V) vs. 1/p-tyramine substrate concentration in the presence of different concentrations 
of the inhibitors (0.5, 1.0 and 5.0 nM). 
 

2.2.2. Evaluation of cholinesterase inhibitory activity 

In order to investigate the activity on other CNS relevant biological targets, all compounds also 

were screened for inhibition of hAChE and hBuChE in a concentration range of 10 to 100 µM (Fig. S3 

and S4). With exception of the N1-methylated indazole-5-caroxamide 15 at hAChE (IC50 = 78.3 ± 1.7 

µM), none of the remaining compounds displayed inhibitory activity below 100 µM range toward both 

ChE isoforms (Table 2). Similarly to 15, its N1-methylated (indazole-5-yl)methanimine analog 

(compound 21) was found to be the most active derivative in the series of subclass II compounds (IC50 = 

118.8 ± 1.1 µM). However, an accurate SAR evaluation of the cholinesterase assays data suggest that 
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indazole N1 position could be essential for achievement of multi-target active compounds in both series. 

Thus, further experimental studies are required in order to find the optimal substitution pattern of the 

indazole moiety. The experimental data are in agreement with the results obtained from in silico 

evaluation of binding affinities toward both hChEs (see Fig. S7). 

 

Table 2 Cholinesterase activity of the tested compounds. 

 Inhibition % at 100 µM (or IC50, µM )a 

Compd. hAChE hBuChE 

11 21.6 ± 0.6 
(>100, UTCb) 

11.3 ± 0.5 
(>100, UTCb) 

12 26.4 ± 2.1 
(>100, UTCb) 

7.21 ± 1.39 
(>100, UTCb) 

13 14.2 ± 1.2 
(>100, UTCb) 

2.23 ± 0.28 
(>100, UTCb) 

14 6.87 ± 1.13 
(>100, UTCb) 

9.23 ± 0.21 
(>100, UTCb) 

15 17.9 ± 1.7 
(78.3 ± 1.1)c 

11.1 ± 1.4 
(>100, UTCb) 

16 8.66 ± 1.98 
(>100, UTCb) 

9.58 ± 1.01 
(>100, UTCb) 

17 11.1 ± 1.6 
(>100, UTCb) 

9.01 ± 0.57 
(>100, UTCb) 

18 24.6 ± 2.7 
(>100, UTCb) 

4.56 ± 0.52 
(>100, UTCb) 

19 9.69 ± 0.64 
(>100, UTCb) 

6.97 ± 0.78 
(>100, UTCb) 

20 6.92 ± 0.76 
(>100, UTCb) 

9.64 ± 1.06 
(>100, UTCb) 

21 11.9 ± 0.7 
(>100, UTCb) 

8.57 ± 2.14 
(>100, UTCb) 

22 6.91 ± 0.74 
(>100, UTCb) 

2.27 ± 0.40 
(>100, UTCb) 

Galantamine 
71.2 ± 2.3 
(3.03 ± 0.39)c 

(0.80 ± 0.06)d  

38.3 ± 4.1 
(16.5 ± 1.2)c 

(7.30 ± 0.83)d 
a Data are means ± SD of three independent experiments. b Compounds did not reach 50% inhibition at 100 µM, i.e., 
calculation of an IC50 value within the curvature was not possible (>100 µM, UTC = unable to calculate). c IC50 values 
were determined by extrapolating the curvature of log (inhibitor) vs. normalized response with a variable slope in 
GraphPad Prism 6.0 (GraphPad Softaware) resulting in the respective µM IC50 values. d Data are from ref. [49]. 
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2.3. Evaluation of cytotoxicity 

The preliminary cytotoxicity of the parent N-unsubstituted indazole-carboxamide 11 (subclass I) 

and methanimine 17 (subclass II) compounds were evaluated by the determination of the cellular 

viability in human hepatocarcinoma cells (HepG2 cell line). Cellular viability was estimated after 72 

hours incubation period in a concentration range of 0.1 to 50 µM using the methylthiazolyldiphenyl-

tetrazolium bromide (MTT) reduction assay (Fig. 5). In the MTT assay, the yellow tetrazolium salt 

(MTT) is reduced in metabolically active cells to an insoluble purple formazan, which is then 

spectrophotometrically quantified to provide a direct measure of normal mitochondrial function or 

dysfunction (in case of cytotoxic effects of tested compounds) [50]. The HepG2 cell line is often used in 

the preclinical safety assessment to predict a drug’s potential to cause hepatotoxicity [51]. 

In general, the hepatotoxicity profile of compounds 11 (Fig. 6A) and 17 (Fig 6B) followed the same 

trend in hepatocarcinoma cells, when compared to the control groups at all tested concentrations. For 

both compounds, no pronounced decrease on cellular viability was detected at the highest tested 

concentration of 50 µM (11, HepG2: 66.3 ± 6.82%; 17, HepG2: 80.6 ± 8.13%).  

Since no major effects were observed in the MTT reduction assay after 72 h incubation period, it 

could be concluded that the respective indazole-5-carboxamide (subclass I 11) and (indazole-5-

yl)methanimine (subclass II 17) derivatives did not show a pronounced mitochondrial dysfunction on 

HepG2 cells even at the highest tested concentrations of 25 and 50 µM, suggesting no risk of drug-

induced hepatotoxicity and a wide safety window. However, for further preclinical studies, additional 

examination of toxicology and genotoxicity of selected drug candidates need to be performed. 
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Fig. 5. Cytotoxicity profile of compounds 11 (A) and 17 (B) measured on human hepatocarcinoma 
HepG2 cells after a 72 h exposure to different concentrations of compounds (0.1 to 50 µM). Untreated 
cells were used as positive control and the results are expressed as the mean % of untreated controls ± 
SD (n = 4). **** p < 0.0001 vs. control. 
 

2.4. Molecular modeling studies 

2.4.1. Single X-ray structures of 17 and 20 

In order to investigate the binding mode and interactions of the indazole-5-carboxamide derivatives 

11–16 and their (indazole-5-yl)methanimine analogs 17–22 within the hMAO-B enzyme active site, the 

single crystal X-ray structures of the most active subclass II compound 17 and its pyridine-substituted 

analog 20 were obtained and then used as crystallographic templates for docking studies (see Section 

2.3.2 and Supporting Information).  

The respective single X-ray structures of compounds 17 and 20 with atom numbering are shown in 

Fig. 6. Similarly to the crystal structures of subclass I compounds 11 and 15 (cf. Fig. S5) [39], the X-ray 

structural analyses of 17 and 20 confirm their almost planar conformation. Relevant experimental details 

for the X-ray analysis of both compounds are given in Table S3 and S4 (see Supporting Information). 
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Fig. 6. Single X-ray structures of the major occupied part of compounds 17 (A) and 20 (B) showing the 
atom numbering. The thermal ellipsoids are drawn at the 50% probability level. 
 

For compound 17, the X-ray structure determination reveals serious disorder, however, we decided 

to consider the major occupied part (85%) in our docking experiments. Single crystals of 20 were 

twinned with a ratio of 62:38, both domains ware taken into account for data integration and refinement. 

In both crystal structures, the two fused five- and six-membered rings of the indazole unit are nearly 

coplanar to the benzene respectively pyridine ring, defined the mean plane angle amounts to 2.7(2)° in 

17 and 7.5(2)° in 20. In comparison, the indazole plane and the phenyl ring plane are titled by 3.67(3)° 

and 6.01(5)° in 11 and 15, respectively (Fig. S5). The aromatic and indazole units are connected by a 

methanimine linkage with torsions (C5-C10-N11-C12) of –177.9(5)° (in 17) and –177.2(6)° (in 20). The 

angles are 123.4(5)° (C5-C10-N11) and 118.1(5)° (C10-N11-C12) for 17, and for compound 20 

respectively 122.8(6)° (C5-C10-N11) and 121.0(5)° (C10-N11-C12). The plane defined by the 

methanimine linker (C5, C10, N1, C12) encloses an angle of 15.6(5)° with the indazole moiety and an 
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angle of 18.3(5)° with the phenyl ring for 17. For 20, the plane defined by the methanimine linker 

encloses an angle of 8.3(4)° with the indazole moiety and an angle of 10.6(6)° with the pyridine unit.  

Because of the lack of a carboxamide function able to build N-H…O hydrogen bridges compared to 

11 and 15, only anti-parallel double chains (hydrogen bridging) can be found between the N1-H1 and 

N2 atoms generated by a two-fold screw axis with N-H…N distances of 2.18(1) Å for 17 and 20, 

respectively (Fig. S6). Due to the carboxamide function of subclass I compounds, intermolecular 

hydrogen bonds for 11 and 15 can be found between H1 and O1 formed by translation along the b axis 

forming chains with H...O distances of 2.07(2) Å in 11 and 2.17(3) Å in 15 [39]. The X-ray data for 17 

and 20 point toward the importance of the indazole moiety within the observed conformation to build 

geometrically sound intermolecular interactions, which are relevant for MAO inhibition.  

Moreover, the X-ray analysis of 17 and 20 indicates that the high MAO-B inhibitory activity of N-

unsubstituted (indazole-5-yl)methanimines (subclass II) is due to their stable 1H-indazole tautomeric 

forms within an energetically more favourable trans-isomerism (E-isomers) (see also Section 2.5 and 

Supporting Information). Similar results were obtained for the tautomerism of N-unsubstituted indazole-

5-carboxamide derivatives [39,52]. 

2.4.2. Docking of compounds 14, 15, 20 and 21 into hMAO-B 

Docking experiments were performed with the human model of the MAO-B enzyme. SAR 

evaluation of compounds reported herein, including the single X-ray analysis of carboxamides 11 and 

15 [39] as well as their methanimine analogs 17 and 20, provided valuable information about the 

putative binding modes of both subclass I and II compounds within the active site of hMAO-B. To find 

a plausible explanation for their high hMAO-B inhibitory potency, computational experiments of 

carboxamide derivatives with the lowest (subclass I compound 14) and the highest hMAO-B affinity 

(compound 15) were performed utilizing the crystal structure of hMAO-B (PDB code: 2V5Z) [53]; 

these were compared with the best docking poses for the respective methanimine analogs, e.g., subclass 

II compounds 20 and 21. 
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Following our previously established single X-ray/molecular modeling approach [39,54], we 

investigated binding situations and estimated the most significant interactions and desolvation effects 

within hMAO-B. At first, binding proposals were computed with LeadIT [55]. Then, the obtained poses 

were used for further optimization, as well as semi-quantification of binding and visualization of the 

best-computed solutions using the free energy approximation "HYDE", as embedded in SeeSAR (see 

Experimental Section and Supporting Information) [56]. Based on our previous experiences [39], the 

single X-ray structure geometries (i.e., bond lengths and angles) of carboxamides 11 and 15 as well as 

methanimines 17 and 20 were used for docking studies. The results obtained from the molecular 

modeling studies provided insight and rationalization the structural features of both subclass I and II 

compounds in relation to: (i) the observed preference in inhibitory potency at hMAO-B of 3,4-

dichlorophenyl- versus 5,6-dichloropyridine substituents (15 and 21 vs. 14 and 20), on the one hand 

side, and carboxamides (subclass I compounds) versus methanimines (subclass II) on the other, (ii) 

investigation of the hydrophobic effects including enthalpic and entropic binding, (iii) the proposed 

binding modes of compounds under study within the substrate cavity region of hMAO-B, and (iv) 

further exploration of subclass II compounds as CNS drugs. 

It must be noted that given the overall property arrangement in the binding pocket of hMAO-B 

[hydrophobic "substrate cavity" (close to FAD)]–[hydrophilic "linker region" (on the front of the amide 

or methanimine linker)]–[hydrophobic "entrance cavity" (around PRO102 and 104 and PHE103)] and 

the close-to-symmetric complementarity of the ligands poses emerged with either the di-halogenated 

phenyl- or pyridine-ring pointing towards the FAD cofactor (Fig. 7).  
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Fig. 7. Overlay representing the overall binding modes of carboxamides 11–16 (A, subclass I 
compounds) and methanimines (B, subclass II compounds) 17–22 onto the crystal structure of hMAO-B 
(PDB: 2V5Z) with the unoccupied space in the binding site (grey "fog"). The most important protein 
residues, water molecules (1180 and 1247) and FAD co-factor are displayed. The same color schema is 
used for each ligand in its analog in both subclasses. The respective parent compounds 11 and 17 are 
given in magenta. 
 

The re-assessment of the X-ray structure geometries of 11 and 15 with SeeSAR resulted in a similar 

conformation of all subclass I compounds 11–16 within hMAO-B. In all carboxamides, the amide linker 

is rotated by 180° around the C12–N11–C10-C5 torsion angle (cp. Fig. S5). The overlay of the proposed 

binding modes of 11–16 clearly shows that there are no differences in their orientation within the crystal 

structure of hMAO-B (cp. Fig. 7A). In contrast, the X-ray analysis of the geometries of 17 and 20 led to 

two favorable conformations of methanimines 17–22 – structures that resulted from a rotation around 

the C12–N11–C10–C5 torsion angle (i.e., the imine linker) of about 180° (cf. Fig. 6). However, after 

docking, the binding modes of methanimines 17–22 show similar orientations within the active site of 

hMAO-B as their carboxamide analogs (Fig 7B).  

In general, the modeling proposes the formation of a strong intermolecular H-bond between the 

indazole N2 and water 1180 in all compounds. This H-bond was almost the same in distance in 

carboxamides 14 and 15 (N2---HOH1180 ≈ 1.9 Å); in 20 and 21 it was approximately 1.8 Å and 1.9 Å, 

respectively. The carboxamide linker in 14 and 15 is suggested to play an essential role as a hydrophilic 

anchor (i.e., H-bond acceptor/donor) for the conformation of the compounds within the substrate cavity 
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region of hMAO-B [39], interacting favorably with water molecule 1247 (for 14 and 15: CO---

HOH1247 ≈ 1.8 Å) (see Fig. 8A). Because of the inherently missing functionalities of the methanimine 

linker, such a second H-bond cannot exist in subclass II compounds 20 and 21 (cf. Fig. 8B). 

Furthermore, the binding modes and estimated affinities strongly suggest that the N-unsubstituted 

derivatives 14 and 20, as well as the N1-methylated derivatives 15 and 21 occupy the same substrate 

cavity space, provided that the ligands investigated herein do not covalently bind with the FAD 

cofactor. Compounds 15 and 21 differ from 14 and 20 by the phenyl residue (instead of di-chloro-

substituted pyridine) and the methyl substitution at N1. However, their binding poses show the same 

orientation of the indazole moiety within the "substrate cavity" region close to FAD, i.e., around the 

TYR398, 435 and 188 and HOH1180. The 5,6-dichloropyridine or 3,4-dihalo-substituted phenyl ring of 

the ligands occupies a strongly hydrophobic binding pocket of hMAO-B dominated by hydrophobic 

amino acids such as LEU164 and 167, PRO102 and 104, and isoleucin residues (cf. Fig. 7A). In 

addition, the computed binding models suggest that for both subclass I and II compounds the relevant 

N2---HOH1180 bond is highly coordinated also by protein residues CYS172 and TYR188, whereas for 

carboxamide derivatives 14 and 15 the water molecule HOH1247 is surrounded by GLN206, ILE199, 

TYR201 and 326. We conclude that the observed H-bonds are essential for the ligand stabilisation of 

carboxamides (CO---HOH1247), and that the conformations of all ligands (N2---HOH1180) in the 

binding site of hMAO-B are realized through non-covalent interactions. 

Given the previously discussed a priori possibility of a flipped binding mode that results in similar 

total free energy estimations [39], we nonetheless favor the displayed poses in which the 5,6-

dichloropyridine- (in 14 and 20) or 3,4-dichlorophenyl-ring (in 15 and 21) point toward FAD for three 

reasons: (i) in the safinamide co-crystal structure (2V5Z), the fluorine atom occupies the same area as 

the halogens in the herein discussed compounds, and (ii) the HOH1180 and 1247 were shown before to 

play a pivotal role on the front of FAD and, (iii) the central moiety may act as an amide linker in this 

orientation – also contributing to a good agreement with the estimated binding affinities. 
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2.4.3. HYDE visual free energy assessment of compounds 14, 15, 20 and 21 

In accordance with previous studies on related compounds [39], we also performed HYDE analyses 

of the new compounds in order to gain insight into the overall binding thermodynamics, aiming at 

explaining the observed differences in their inhibitory potency in hMAO-B (e.g., 14 and 20 vs. 15 and 

21). The HYDE scoring function as embedded in SeeSAR considers the free energy by computing the 

difference between the unbound and bond states. H-bonds (approximate enthalpy) and dehydration 

("desolvation", approximate entropy) effects of all non-hydrogen/heavy atoms (HA), contributing to the 

overall Gibbs free energy (∆G) are computed with respect to their accessibility to water before and after 

binding [57,58]. Both the protein (Rec) and the ligand (Lig) energy terms are considered for calculation 

of the respective partial contribution to the overall ∆G of each non-hydrogen atom (Fig. 8 and Table 

S5).  

In this HYDE study, we were particularly interested on the estimation and visualization of the major 

ligand-receptor interactions and desolvation effects at (i) the aromatic part of the molecules (3,4-

dichlorophenyl- vs. 5,6-dichloropyridine-substitution) and (ii) the respective linker (e.g., carboxamide 

vs. methanimine function). Since the indazole-binding site of the pocket is spatially limited by the FAD 

cofactor, we analyzed the contribution of the N1-methyl substituent in 15 and 21 to the overall ∆G 

compared to the N-unsubstituted derivatives 14 and 20, respectively (cp. Fig. 8C and 8D). The 

desolvation effects for both chlorine atoms at pyridine C5 and C6 in 5,6-dichloropyridine-substituted 

compounds 14 and 20 (desolvation of about –15 kJ/mol) is compensated by a desolvation "penalty" at 

pyridine nitrogen for both ligands (~2.6 kJ/mol for 14 and ~1.3 kJ/mol for 20) resulting in a HYDE 

contribution of the 5,6-dichloropyridine residues of about –18 and –21 kJ/mol for 14 and 20, 

respectively (cp. Fig. 8A and 8B). In the case of 3,4-dichlorophenyl-substituted compounds 15 and 21, 

the sum of the desolvation effects for both chlorine atoms at phenyl C3 and C4 positions is 

approximately –16 (for 15) and –15 kJ/mol (for 21), leading to a partial HYDE score for the 3,4-

dichlorophenyl substituent of about –21 and –20 kJ/mol for 15 and 21, respectively.  
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Fig. 8. SeeSAR visualization of binding of the N-unsubstituted compounds 14 (A) and 20 (B) and N1-
methylated analogs 15 (C) and 21 (D) to the crystal structure of the hMAO-B-safinamide complex 
(PDB: 2V5Z) with HYDE quantification of the most important non-hydrogen atoms contributing to the 
binding affinities (binding free energies ∆G) of compounds. HYDE visual affinity assessment: green = 
favorable, red = unfavorable and non-colored = no relevant for affinity. For clarity, the most important 
protein residues, water molecules (1180 and 1247) and FAD co-factor are shown in the same 
orientation, color code and structure representation as in Fig. 8. 
 

With exception of compound 14 that exhibits the lowest predicted hMAO-B potency (i.e., 

approximately –3 kJ/mol lower than calculated for 20), there is no major difference between the 5,6-

dichloropyridine in 20 and the 3,4-dichlorophenyl residues in 15 and 21, when comparing their partial 

contribution to the total free binding energy. Further HYDE analyses provide similar contributions of 

the most important HA to the free energy for the investigated compounds, including the amide spacers 

in 14 and 15 (e.g., N11, C10, and O1) and imine atoms (C10 and N11) in 20 and 21, respectively (see 

Figs. S5 and 7). As mentioned above, the flexible carboxamide linkage between two lipophilic moieties 

in the indazole-5-carboxamides (subclass I) is crucial not only for the observed high MAO-B inhibitory 

potency (NH-C=(O) contribution of ~4.8 and 5.0 kJ/mol for 14 and 15, respectively), but also acts as an 

‘anchor’ in the more hydrophobic parts in the pocket [39]. However, our HYDE analysis provides hints 
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toward why there is similar (or even better for 14 vs. 20) hMAO-B affinity of methanimine compounds 

20 and 21 compared to their carboxamide analogs 14 and 15: There are "coronas" at their imine nitrogen 

and also favorable contributions at the ether C10 atom (see Fig. 9).  

Furthermore, the N1-indazole methyl group in 15 and 21 occupies the hydrophobic FAD-subpocket 

favorably – yielding a HYDE contribution of approximately –4 kJ/mol in each molecule. The N1-

methylated compounds (15 and 21) exhibit significant preferences towards the hMAO-B enzyme 

compared to the N-unsubstituted compounds (14 and 20) due to their higher entropic contributions 

(corresponding to desolvation effects) to the total binding energy of both lipophilic parts, comprising the 

3,4-dichlorophenyl ring and the N1-indazole methyl group. In the case of both N1-methylated 

compounds (15 vs. 21), the additional H-interaction (enthalpic effect) at the carbonyl function (e.g., CO-

--HOH1247) in 15 did not show a higher contribution to the overlall binding energy when compared to 

the imine linker in 21 (NH-C=(O) contribution of ~5.0 kJ/mol vs. ~5.3 kJ/mol of the N=CH linker). The 

sum of the desolvation effects for the 3,4-di-Cl-Ph ring and the N1-methyl group in 15 (–25.2 kJ/mol) is 

marginally higher than those in 21 (–23.2 kJ/mol). The HYDE analyses of compounds 14, 15 and 20, 21 

reproduced their hMAO-B activities, which decrease as follows: 15 (IC50 = 0.386 nM, ∆G = –45.6 

kJ/mol) > 21 (IC50 = 1.03 nM, ∆G = –43.6 kJ/mol) > 20 (IC50 = 1.28 nM, ∆G = –41.4 kJ/mol) > 14 (IC50 

= 5.42 nM, ∆G = –38.7 kJ/mol). 

Finally, we computed the estimated affinities of our compounds (11–22) in SeeSAR (SeeSAR's 

HYDE reports Ki ranges rather than values to avoid an overinterpretation of affinity estimation) at all 

biological targets of interest (e.g., hMAO-A, hMAO-B, hAChE and hBuChE) (Fig. S7). All final poses 

of the compounds were validated (with N = 5 poses after docking) and visually inspected. Reassuringly, 

for hMAO-B, the selected poses lie in the respective affinity regions – as confirmed by biological 

experiments. However, it should be mentioned that against hMAO-A and hChEs these compounds were 

inactive and, therefore, no enzyme kinetics were performed. Overall, there is a good agreement with the 

estimated affinity ranges for compounds under study at hMAO-B, e.g., HYDE scores (Ki HYDE ranges in 
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the low nM range) / Ki values (in the (sub-)nM area) (cf. Fig. S7B and Table 1). Consistently, the N1-

substitution in 15 and 21 appears to be more favorable for hMAO-B inhibition (Ki = 0.17 and 0.46 nM 

for 15 and 21 vs. 2.39 and 0.57 nM for 14 and 20). 

In conclusion, the results obtained from the docking studies and HYDE analyses suggested that (i) 

an imine linker is well-tolerated by hMAO-B; it has a similar contribution to the total binding energy in 

methanimines 17–22 as the amide linker in 11–16, (ii) a replacement of the amide or imine linker by 

other electron rich groups will also be favorable for hMAO-B inhibition, and (iii) considering the 

optimal substituent length of four atoms, a large hydrophilic substitution should make the indazole N1 

position less accessible for water, leading to an improvement of affinity toward hMAO-B or other 

relevant targets because the desolvation penalty upon binding should be smaller. We esteem these 

findings to be crucial for future design of CNS drug. 

2.5. Profiling of physicochemical properties 

In the course of our comparative study we further analyzed the photophysical properties of 

carboxamide 11 (subclass I compounds) and selected methanimines (subclass II compounds 17 and 20), 

as well as the drug-like profile of all compounds 11–22 and reference safinamide. Due to the specific 

physicochemical properties of Schiff bases (compounds 17–22), we performed further examination of 

17 and 20 with focus on: (i) chemical stability and photosensitivity, and (ii) possible isomer (E/Z-

isomerism and tautomerism) formation and distribution by using of time- and solvent-dependent 

photophysical experiments (UV-Vis), LC/ESI-MS analysis and quantum-chemical calculations. 

2.5.1. Photophysical evaluation 

Electronic absorption spectra of 11, 17 and 20 were measured in different solvents, including dry 

DMSO, acetonitrile (ACN) and methanol (MeOH) at a concentration of 50 µM (Table 3). The UV-Vis 

spectra of carboxamide 11 exhibited different profile compared to those of both methanimines 17 and 

20 due to the linker-specific absorbance features of chromophores (e.g., amide vs. imine linker) (see Fig. 
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S8). The absorption maxima (λmax) of 11 were found to be 265 (in DMSO) and ∼262 nm (in ACN and 

MeOH), while for 17 and 20 the λmas values lie in the range of 300–325 nm. Compared to 11 and 17, 

compound 20 exhibits higher λmax at the same experimental conditions due to its pyridine moiety. The 

largest differences in the absorption maxima between 11 and methanimines 17 (λmax ∼322 nm) and 20 

(λmax = 325 nm) were observed to be 54 nm for 11 vs. 17 and 57 nm for 11 vs. 20, respectively (cp. 

Table 3). Furthermore, the compounds showed slight differences in their molar absorptivity (ε) 

measured in the respective solvents. For all compounds, the molar absorptivities decrease with 

increasing the solvent polarity, with the lowest ε values observed for methanimines 17 and 20 in 

methanol.  

In addition, the UV-Vis experiments of 11, 17 and 20 show that no solvent-depending absorption 

changes, neither in polar aprotic conditions (e.g., DMSO and ACN as solvent) nor in methanol, could be 

observed. Therefore, the UV-Vis spectra suggest that under these experimental conditions (i) 

carboxamide 11 as well as methanimines 17 and 20 exist in their most stable single tautomeric 1H-

indazole form and (ii) no structural changes (e.g., hydrolysis) of 17 and 20 could be detected (cp. Fig. 

S8, for details, see Supporting Information). These results were confirmed by quantum-chemical 

calculations performed with the uncharged possible tautomeric forms of 17 and 20 (cp. Section 2.5.2). 

In order to further investigate the chemical stability of methanimine-based Schiff bases subjected in 

this work, time-dependent stability experiments in different solvents with compound 20 were performed 

(Fig. S9).  For this purpose, samples of 20 (at 50 µM) in DMSO, ACN or MeOH were exposed to 

daylight for 76 days at ambient temperature and the UV-Vis absorption spectra measured across the 

time (Fig. S9A-–S9C). The single and superposition UV-Vis spectra of the corresponding building 

blocks, e.g., 1H-indazole-5-carbaldehyde (2) and 5,6-dichloropyridin-3-amine (6), measured at 50 µM 

in MeOH/H2O 1:1 were used as reference (Fig. S9D). 
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Table 3 Photophysical data of compounds 11, 12, 17, and 20 (at 50 µM) in different solvents.a 

Compd. DMSO ACN MeOH 
 λλλλmax

b εc λλλλmax
b εc λλλλmax

b εc 

11 267.5 19426 262.5 19023 262 18486 

17 321.5 19042 300 19168 312.5 17627 

20 325 15334 313.5 18124 314.5 15063 
a All measurements were performed at 25.0 ± 0.01°C. b Unit: nm. c Unit: M–1cm–1. na = not applicable. 
 

In the experiments with 20 in polar aprotic solvents, no spectral changes can be detected across the 

time of 76 days, suggesting that no degradation of 20 occurs in DMSO and ACN and, therefore, these 

solvents can be used for preparation of stock solutions of methanimines under study (compounds 17–

22). In contrast, the experiments with 20 in methanol clearly showed a decrease of the absorption 

maxima accompanied by changes of the absorbance spectra, indicating that a slow degradation of 20 is 

occurring over time (cp. Fig. 9C and 9E). Furthermore, we observed that 20 was stable during the first 3 

days under these conditions, while a gradually hydrolysis (∼68%) of 20 was occurred after 76 days in 

methanol (cp. Fig. S8F). 

As next, we investigated the ability of imine 20 to undergo a photo-induced [2+2]-cycloaddition 

(dimerization) as well as its concentration-dependent stability using different samples of the compound 

in dry methanol (1.0 and 10 mM). The samples were then exposed to daylight at ambient temperature 

for certain period of time, slowly evaporated either to dryness or to a minimum solvent and analyzed by 

LC/ESI-MS or X-ray structural analysis. The results are depicted in Figure S10. In these experiments, 

we observed that the imine 20 was relatively stable during the first 24–96 hours at both test 

concentrations (1.0 and 10 mM). Only traces of a dimer of 20 were detected by LC/ESI-MS after 96 

hours in methanol (at 1.0 mM). Compound 20 was found to be stable under these conditions, while a 

slow hydrolysis of 20 was occurred after 62 days (Fig. S10A–10C). Crystallization of 20 was observed 

when its sample (10 mM) was kept for 43 hours and slowly evaporated to a minimum solvent (Fig. 

S10D and S10F). The structure of crystalline 20 was confirmed by X-ray crystal analysis (cp. Figure 7). 

Altogether, the stability experiments demonstrated that the imine 20 is chemically stable and non-
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photosensitive for up to 96 hours in diluted as well as concentrated methanol solutions. In polar aprotic 

solvents such as DMSO and ACN, compounds 17 and 20 are completely stable. 

Moreover, the results obtained from the chemical stability and photosensitivity experiments 

suggested that the imines 11–22 are relatively stable under the experimental conditions used in this 

work, thus offering further opportunities for structural modifications. However, there are some 

limitations to consider. It is known that a fast hydrolysis of imines could be observed in water/alcohol 

mixtures and/or under acidic conditions, in which the degradation rate depends on the water/alcohol 

ratio. Therefore, it appears to be indispensable to avoid the use of different alcoholic solutions for 

performing test samples of these compounds, especially for long-term experiments. 

2.5.2. Evaluation of E/Z isomerism and tautomerism 

For a better understanding of the relationship between the bioactivity at the configurational ground 

state (e.g., E vs. Z isomers) and the isomeric stability of (indazole-5-yl)methanimines 17–22, the 

respective E/Z-geometry and possible tautomeric forms of compounds 17 and 20 was studied by mean 

of quantum-chemical calculations [59]. The E/Z-isomers for both compounds formed via a rotation of 

the respective 3,4-dichloro-phenyl (for 17) and 5,6-dichloro-pyridine ring (for 20) around the 

methanimie linker are illustrated in Figure S11. The possible tautomers (tautomeric indazole forms a–c) 

of 17 and 20 are sketched in Fig. S12, while the relative energies of their isomers and conformers in gas 

phase and different solvents are collected in Table S7 and S8, respectively (see Supporting Information).  

The theoretical calculations were performed using the M06-2X functional [60] with TZVP basis set 

[61]. This fitted hybrid meta-GGA functional with 54% Hartree-Fock (HF) exchange has been specially 

developed to describe main-group thermochemistry and non-covalent interactions; it has previously 

shown very good results for the prediction of tautomeric equilibrium compounds with intramolecular 

hydrogen bonds [62]. Solvent effects are described by using the Polarizable Continuum Model (the 

integral equation formalism variant, IEFPCM) [63].  
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Lowest energy geometries for the corresponding conformers and pertinent molecular parameters, 

such as the equilibrium energy E (in Hartree), were calculated for 17-1E-a and 20-1E-a isomers (see 

Tables S7 and S8). It is worth mentioning that E-isomers arising from rotation around the N–CPh single 

bond are equally probable (17-1E-a/17-1E-b and 20-1E-a/20-1E-b). The molecular planes, i.e., indazole 

vs. 3,4-dichloro-phenyl or 5,6-dichloro-pyridine ring, are not planar, which is a typical behavior of the 

Schiff bases and confirms the proposed binding modes of 17 and 20 within the hMAO-B binding site 

[64]. The bond angle between the indazole and the phenyl moiety in 17-1E-a (CInd–C=N–CPh) or the 

pyridine residue in 20-1E-a (CInd–C=N–CPyr) in different solvents are –141° or –139°, respectively (Fig. 

S11). For Schiff bases such angle is typically in the range between –140° and –160°. For both 

compounds, the E-isomeric form is energetically more favorable compared to the Z-isomer. The energy 

differences are large enough to conclude that latter should be presented neither in gas phase nor in 

solution under the assumption of the PCM solvent model.  

The studied compounds are potentially tautomeric. The possible tautomers of 17 and 20 are shown 

in Figure S12. However, according to the theoretical calculations the respective tautomeric forms b-d 

are energetically unfavorable and should not be presented in solution. The results arising from the 

calculations in different solvents as well as in gas phase suggested that there is no tautomeric 

equilibrium for methanimines 17 and 20 (cp. Tables S7 and S8). Compounds 17 and 20 exist in their 

most stable 1H-indazole tautomers a (e.g., 17-1E-a and 20-1E-a), which are confirmed by NMR and X-

ray analysis (Fig. 10). Furthermore, each of these tautomers exists as a mixture of all together four 

rotamers, as a consequence of rotation around the imine C=N and the Cind–Cimine bonds. Interestingly, 

for each compound 17 and 20 two most stable tautomeric forms 1E-a and 2E-a were estimated. For 

both imines 17 and 20, there is about 3.84 kcal/mol difference between the most stable rotamers of 

tautomers 1E-a and 2E-a in water as solvent (Fig. 9), suggesting that the studied compounds exist as 

single tautomers in solution. Similar results were obtained for both compounds in gas phase and MeOH, 

ACN, and DMSO as solvents (cf. Table S7 and S8). 
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Fig. 9. Energy diagram representing the calculated most stable tautomers of compounds 17 (A) and 20 
(B) in water, presented as most stable E-isomers. Similar results were obtained for calculations in gas 
phase, methanol, acetonitrile, and DMSO (for details, see Table S7 and S8). 
 

Overall, our results from the quantum-chemical and photophysical analysis of 17 and 20 indicate 

that the high inhibitory potency and selectivity of the MAO-B inhibitors reported herein due to their 1H-

indazole tautomeric form, which is in agreement with the results obtained from the molecular modeling 

experiments. Moreover, based on quantum-chemical calculations, it can be further concluded that 

(indazole-5-yl)methanimines 17–22 exist in their more favorable E-isomeric form, allowing formation 

of rotamers through a rotation of the di-halo-substituted phenyl or pyridine ring around the imine linker. 

Compared to the carboxamide linker in 11–16, the imine spacer in 17–22 allows also greater flexibility 

within the active site of hMAO-B. 

2.5.3. Evaluation of drug-likeness 

Due to the specific requirements for early development of CNS drugs, the relevant drug-like and 

physicochemical properties of compounds 11–22 and reference IMAO-B safinamide (SAF) were 

subsequently estimated (Table 4). The calculated drug-likeness and physicochemical parameters 

included: hydrogen bond acceptor and donor (HBA and HBD) counts [65], number of rotatable bonds 

(RotB) [65], topological surface area (tPSA) [66], percent absorption (%ABS) [48], blood (plasma)-
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brain partition coefficient (logBB) [67], aqueous solubility at pH 7.4 (expressed as logS7.4), distribution 

coefficient at pH 7.4 (logD7.4), and ligand-lipophilicity efficiency (LLE) [68,69].  

The most relevant properties are within the suggested limits for oral bioavailability and penetration 

into the central nervous system (CNS+ drugs: MW ≤ 400, HBA ≤ 7, HBD ≤ 3, RotB < 8, and tPSA < 70 

Å2) [66–43], similar to those observed for safinamide (Table 4). The N-unsubstituted carboxamides 

(subclass I compounds 11–14) and the majority of the imines (subclass II compounds 17–20) have 

molecular weight that is lower (MW < 300 Da) or close to the one of the reference drug safinamide 

(MW 302 Da). To predict the oral bioavailability of compounds under study, we estimated their 

percentage absorption (%ABS), which depends on the topological polar surface area (tPSA) that is used 

for calculation of %ABS [39,48]. All compounds have tPSA values below 60 Å2, indicating that they 

are expected to be orally bioavailable (%ABS ≥ 60%) and thus classified as good brain penetrable 

(tPSA < 60–70 Å2) CNS candidates [40,67,67,69]. Furthermore, we also calculated the blood(plasma)-

brain partition coefficients (logBB) of all compounds in order to initially predict their BBB permeability 

[67]. All compounds in Table 4 exhibit a logBB > –1 indicating a possible BBB permeability [66]. With 

exception of the N-unsubstituted imines 17–20, the remaining compounds exhibited higher logBB 

values than safinamide (logBB = –0.09).  

The aqueous solubility (expressed as logS) and distribution coefficient (clogD) at physiological pH 

7.4 reveal a slightly preferable solubility-lipophilicity balance for carboxamides 11–16 over imines 17–

22. As expected, the lowest logS7.4 values were calculated for the most lipophilic derivatives in both 

subclasses (carboxamides 15, 16 and imines 21, 22), exhibiting N-alkyl substituents at the indazole N1 

position. The calculated logD7.4 values are in the range 3–5, being above the optimal scope 1–4 for CNS 

drugs [70]. The ligand-lipophilicity efficiency (LLE), a multiparameter metric that is often used for 

evaluation of a drug candidate, for all carboxamides 11–16 and imine 20 was found to be in the optimal 

range (5 < LLE < 7) [40,71]. A good correlation between bioactivity and oral bioavailability was 

observed when plotting the most important parameters, including biological affinity (pIC50 values at 
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hMAO-B), lipophilicity values (clogD7.4), molecular weight (MW), tPSA, and aqueous solubility values 

(logS7.4), for all compounds as well as the reference inhibitor safinamide (Fig. 10). With the exception 

of carboxamide 16, all other compounds matched the respective targeted areas (green squares). Overall, 

the estimated drug-like properties were in line with the general requirements (e.g., rule-of-5) for drug-

likeness of CNS drug candidates [71]. However, it appears evident that (indazole-5-yl)methanimines 

17–22 (subclass II) exhibit higher lipophilicity and, subsequently, possessed lower solubility and 

smaller LLE values than their carboxamide analogs 11–16 (subclass I compounds). 

Table 4. Physicochemical and drug-like properties of compounds 11–22 and safinamide (SAF) 

Compd. MW pIC 50 HBA/Da RotBa tPSAa %ABSb logBBa logS7.4
a logD7.4

a LLE c 

11 306 9.23 2/2 2 57.8 89.1 0.065 –4.56 3.73 5.50 

12 290 9.17 2/2 2 57.8 89.1 0.030 –4.49 2.99 6.18 

13 290 9.18 2/2 2 57.8 89.1 0.030 –4.49 2.99 6.19 

14 307 8.27 3/2 2 70.7 84.6 –0.067 –4.58 2.93 5.34 

15 320 9.41 2/1 2 46.9 92.8 0.246 –4.82/–5.45d 3.76/3.24e 5.65/6.17 

16 364 8.97 3/1 5 56.2 89.6 0.159 –4.79 3.69 5.28 

17 290 9.21 2/1 2 41.0 94.9 –0.159 –4.72 4.61 4.60 

18 274 8.68 2/1 2 41.0 94.9 –0.261 –4.67 3.84 4.84 

19 274 8.72 2/1 2 41.0 94.9 –0.261 –4.67 3.84 4.88 

20 291 8.89 3/1 2 53.9 90.4 –0.445 –4.66 3.60 5.29 

21 304 8.99 2/0 2 30.2 98.6 0.213 –5.00 4.74 4.25 

22 348 8.89 3/0 5 39.4 95.4 0.130 –4.96 4.67 4.22 

SAF 302 8.29 3/2 7 64.3 86.8 –0.090 –4.22 2.89 5.40 

fCNS+ ≤400 >8 ≤7/≤3 <8 <60–70 ≥60 ≥–1 ≥–5.0 1–4 >5 

MW, molecular weight; HBA/D, number of hydrogen bond acceptors/donors; tPSA, topological surface area (in Å2); RotB, 
number of rotatable bonds; SAF, Safinamide. a Properties calculated using the StarDrop module in SeeSAR [56]. b %ABS: % 
of absorption = 109 – 0.345 × tPSA. [48,66] c LLE: ligand-lipophilicity efficiency = pIC50 – logD7.4. 

d Solubility (in mol/L) 
measured at pH 7.4 in 60 mM phosphate buffer, at rt. e Distribution coefficient measured at pH 7.4 in 60 mM phosphate 
buffer, at rt. f CNS+: required ranges for compound´s penetration into the CNS [65,66,69,70]. 
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Fig. 10. Distribution of physicochemical properties of reference safinamide (SAF), indazole-5-
carboxamides 11–16 (blue circles, subclass I compounds) and (indazole-5-yl)methanimines 17–22 (red 
circles, subclass II compounds): (A) Square plot of potency (pIC50 at hMAO-B) vs. cLogD7.4 vales  
representing an excellent lipophilic ligand efficiency (LLE ≥ 5) for all compounds under study, (B) 
Square plot of molecular weight (MW in Da) vs. tPSA (in Å2), (C) Square plot of molecular weight 
(MW in Da) vs. clogD7.4, and (D) Square plot of aqueous solubility (–logS7.4) vs. clogD7.4. The green 
dashed lines represent the preferred ranges (green squares) for pIC50 (≥8.0), clogD7.4 (≤5.0), tPSA 
(<70Å2), MW (≤350 Da), and  –logS7.4 (≤5.0). 
 

2.6. Pan Assay Interference compounds (PAINS) screening 

Due to the chemical structure of subclass II compounds 17–22 (e.g., methanimine-based Schiff-

bases), artificial activity of all compounds was evaluated both theoretically (free available tools) and 

experimentally (time- and solvent-dependent photophysical studies). Compounds under study were 

investigated whether they are PAINS or colloidal aggregators by using different in silico tools (for 

details, see Supporting Information) [72]. The biological tests suggested that our compounds are 
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inactive on rat and human MAO-A isoform and, therefore, they cannot be considered as false positive 

inhibitors. Furthermore, compounds did not absorb light or fluorescence in a region used to measure 

MAO inhibitory activity (>570 nm), so that they are not interfering with the assay. In addition, the 

selective inhibition of hMAO-B, determined by some most active inhibitors, was evaluated as a 

reversible and competitive process. The results of all theoretical tests are in agreement with the 

experimental data suggesting that our compounds are non-PAINS molecules and did not act as 

aggregators. In addition, the selective hMAO-B inhibitors reported herein have not shown artificial 

activities under the experimental conditions used for their biological and photophysical evaluation. 

3. Conclusion 

In conclusion, we have performed a comparative study of structurally related indazole-5-

carboxamide (subclass I compounds 11–16) and (indazole-5-yl)methanimine (subclass II 17–22) 

derivatives, including screening toward human MAO-B and MAO-A, as well as human AChE and 

BuChE inhibition, preliminary investigation of hepatotoxicity, molecular modeling studies including 

desolvation-aware scoring, photochemical stability, and evaluation of drug-likeness. In general, SAR 

analysis suggested that the compounds investigated herein are selective and potent inhibitors of human 

MAO-B with IC50 values ranging from low nanomolar to even picomolar potency (hMAO-B). The N1-

methylated compounds 15 (hMAO-B IC50 = 0.386 nM, Ki = 0.17 nM, SI = 25907) and 21 (hMAO-B 

IC50 = 1.03 nM, Ki = 0.46 nM, SI = 9709) act as competitive and reversible IMAO-B. Moreover, both 

indazole N1-methylated derivatives were found to be the only compounds in both series possessing 

selective inhibitory activity in the moderate µM range against hAChE isoform. Furthermore, 

compounds 11 and 17 demonstrated no risk of drug-induced hepatotoxicity, as determined by 

preliminary hepatotoxicity screening in human hepatocarcinoma HepG2 cells. To explain their high 

MAO-B affinity, the binding mode of selected indazole-5-carboxamide versus (indazole-5-

yl)methanimine derivatives within the binding pocket of the hMAO-B enzyme was investigated. For 
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this purpose, we implemented a well-validated modeling platform using the single X-ray structures of 

selected imines 17 and 20. Moreover, we inserted the free energy approximation concept "HYDE" to 

estimate, visualize and quantify the effects of (de)hydration and hydrogen bonding. The data of 

molecular modeling indicate the existence of an imine linker is well-tolerated by hMAO-B, leading to a 

similar contribution to the total binding energy in methanimines 17–22 as the amide spacer in 11–16. 

Photophysical experiments under different conditions supported by quantum-chemical calculations 

suggested that the imines 17–22 exhibited the required photochemical stability and exist as 1H-indazole 

tautomers in their more favorable E-isomer forms, thus offering further opportunities for structural 

modifications. Overall, the estimated drug-like properties were in line with the general requirements for 

drug-likeness of CNS drug candidates. Future efforts will be directed toward further structural 

modifications and optimizations of imine analogs with regard to physicochemical profile, chemical and 

metabolic stability, multi-target activity, and toxicity. 
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4. Experimental section 

4.1. Chemistry 

4.1.1. General methods 

All commercially available anhydrous solvents, reagents, starting materials, and reference 

compounds were obtained from various producers (Acros, Sigma-Aldrich, Alfa Aesar, Key Organics, 

Sigma-Aldrich, TCI, and VWR) and used without purification or drying unless otherwise noted. Dry 

N,N-dimethylformamide (DMF, 99.8% extra dry over molecular sieves, AcroSeal, Acros) was used 

throughout the synthesis. Ampuwa water-for-injection (WFI, Fresenius Kabi) was applied for 

preparation of different methanol-water mixtures. Reactions were routinely monitored by thin layer 

chromatography (TLC) on pre-coated silica gel plates and visualized using UV light (Merck 60 F254, 

230–400 mesh). Preparative column chromatography was performed on Acros Organics silica gel 60Å 

(Sigma-Aldrich/Merck 60, 0.063-0.200 mm, 70–230 mesh ASTM). The organic layer obtained after 

extraction from aqueous phases was dried over anhydrous sodium sulfate. Solvents were removed in 

vacuo on a Büchi Rotavapor R-100/R-300. Mass spectra were recorded on an API 2000 mass 

spectrometer (electron spray ion source ESI, Applied Biosystems) coupled with an Agilent 1100 HPLC 

system (see Supporting Information). NMR spectra were recorded on a Bruker Avance 500 MHz 

spectrometer. Melting points are uncorrected and were measured on a Büchi B545 apparatus. The 1H 

and 13C NMR spectra were recorder at room temperature (303 K) using DMSO-d6 as a solvent. 

Chemical shifts (δ) are reported in parts per million (ppm) relative to the residual solvent peak in the 

corresponding spectra: DMSO-d6 δ 2.50 (1H) and 39.51 (13C). Coupling constants J are given in Hertz 

(Hz), and spin multiplicities are given as singlet (s), broad singlet (br s), doublet (d), doublet of doublets 

(dd), doublet of doublets of doublets (ddd), triplet (t), doublet of triplets (dt), quartet (q), and multiplet 

(m). The purity of all final products was found to be not less than 95% by LC/ESI-MS analyses. 

Commercially available 1H-indazole-5-carboxylic acid (1, Sigma-Aldrich) and 1H-indazole-5-
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carboxaldehyde (2, Sigma-Aldrich) were used as starting materials for the preparation of the N-alkyl-

substituted carboxylic acids (7 and 8) and N-alkyl-substituted carbaldehydes (9 and 10), respectively. 

The analytical data of 1-(2-methoxyethyl)-1H-indazole-5-carbocylic acid (8) were reported previously 

[39]. The experimental procedure and spectroscopic analysis for the N-methoxyethyl-substituted 

carbaldehyde 10 are provided in the Supporting Information. Compounds 11–13 and 15 are 

commercially available (Key Organics, Camelford, UK). Compound 14 was prepared using revised 

procedures, and for this, the analytical data is reported in the Experimental Section. 

4.1.2. General procedure A for the preparation of compounds 11–16 

A solution of the respective 1H-indazole-5-carboxylic acid or 1-alkyl-1H-indazole-5-carboxylic 

acid (1 or 7, 10, 1.0 mmol), 3,4-dichaloaniline or 5,6-dichloropyridin-3-amine (3–5 or 6, 1.1–1.2 mmol), 

N-ethyl-N´-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCl, 1.0–1.2 mmol) in 

methanol (5.0 mL) was stirred over night at room temperature. The reaction was then poured into water 

(10 mL), stirred for 30 min at room temperature, filtered, washed with water (3 × 10 mL), and then 

dried at 70 °C. The crude product was purified by column chromatography on silica gel (mobile phase: 

dichloromethane/MeOH 9/1 v/v) following by recrystallization from petroleum ether/dichloromethane. 

4.1.2.1. N-(5,6-dichloropyridin-3-yl)-1H-indazole-5-carboxamide (14) 

Off-white-greyish solid (125 mg, 93%); mp >290  °C (dec.). 1H NMR (500 MHz, DMSO-d6) δ = 

7.67 (d, J = 8.82 Hz, 1H, Ph), 8.05 (d, J = 8.51 Hz, 1H, Ph), 8.21 (s, 1H, Ind.-Het.), 8.34 (s, 1H, Pyr.), 

8.44 (s, 1H, Ph), 8.74 (s, 1H, Pyr), 12.8 (s, 1H, CONH), 13.55 (s, 1H, NH). 13C NMR (125 MHz, 

DMSO-d6) δ = 110.1, 111.1, 120.5, 123.0, 123.2, 123.9, 126.3, 126.7, 127.1, 135.3, 136.1, 141.4, 163.1. 

ESI-MS (m/z): calcd. for C13H8Cl2N4O: 306.008; found 305.121 [M – H]–, 307.301 [M + H]+. 

4.1.3. General procedure B for the preparation of compounds 17–22 

A solution of the corresponding 1H-indazole-5-carbaldehyde (2), 1-methyl-1H-indazole-5-

carbaldehyde (9) or 1-(2-methoxyethyl)-1H-indazole-5-carbaldehyde (10) (1.0 equiv.), different 
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substituted anilines 3–6 (1.1 equiv.) and acetic acid (0.1 mL/mmol, pH 4–5) in ethanol (3.0 mL/mmol) 

was stirred under reflux until a precipitation took place. After cooling to room temperature, the reaction 

mixture was sonificated until complete precipitation. The precipitate formed was filtered and dried at 70 

°C. The crude product was purified by column chromatography on silica gel (mobile phase: 

dichloromethane/MeOH 9/1 v/v) and recrystallized three times from petroleum ether/dichloromethane. 

4.1.3.1. (E)-N-(3,4-dichlorophenyl)-1-(1H-indazol-5-yl)methanimine (17) 

White solid (258 mg, 90%); mp 207.1–207.5 °C. 1H NMR (500 MHz, DMSO-d6) δ = 7.27 (dd, J = 

2.52 / 8.51 Hz, 1H, Ph), 7.55 (d, J = 2.53 Hz, 1H, Ph), 7.63 (s, 1H, Ph), 7.65 (s, 1H, Ph), 8.12 (dd, J = 

1.26 / 8.83 Hz, 1H, Ph), 8.24 (s, 1H, Ind.-Het.), 8.29 (s, 1H, Ph), 8.73 (s, 1H, CH=N), 13.35 (s, 1H, 

NH). 13C NMR (125 MHz, DMSO-d6) δ = 110.9, 122.1, 122.7, 123.0, 125.1, 125.2, 127.7, 128.9, 131.1, 

131.7, 135.2, 141.5, 151.9, 163.2. ESI-MS (m/z): calcd. for C14H9Cl2N3: 289.017; found 288.051 [M – 

H]–, 290.270 [M + H]+. 

4.1.3.2. (E)-N-(3-chloro-4-fluorophenyl)-1-(1H-indazol-5-yl)methanimine (18) 

White solid (107 mg, 69%); mp 171.9–172.6 °C. 1H NMR (500 MHz, DMSO-d6) δ = 7.29 (ddd, J = 

2.52/4.41/8.83 Hz, 1H, Ph), 7.44 (t, J = 8.83 Hz, 1H, Ph), 7.52 (dd, J = 2.52/6.62 Hz, 1H, Ph), 7.64 (d, J 

= 8.83 Hz, 1H, Ph), 8.02 (dd, J = 1.26/8.83 Hz, 1H, Ph), 8.23 (s, 1H, ind-het), 8.27 (s, 1H, Ph), 8.72 (s, 

1H, CH=N), 13.33 (s, 1H, NH). 13C NMR (125 MHz, DMSO-d6) δ = 110.9, 117.3 (d, J = 21.69 Hz), 

120.0 (d, J = 18.7 Hz), 122.2 (d, J = 7.23 Hz), 122.5, 123.0, 125.0 (d, J = 19.94 Hz), 128.9, 135.2, 

141.4, 149.0 (d, J = 3.24 Hz), 154.4, 156.4, 162.6. ESI-MS (m/z): calcd. for C14H9ClFN3: 273.047; 

found 272.032 [M – H]–, 274.261 [M + H]+. 

4.1.3.3. (E)-N-(4-chloro-3-fluorophenyl)-1-(1H-indazol-5-yl)methanimine (19) 

White solid (158 mg, 58%); mp 198.7–199.2 °C. 1H NMR (500 MHz, DMSO-d6) δ = 7.15 (ddd, J = 

1.26/2.52/8.51 Hz, 1H, Ph), 7.37 (dd, J = 2.2/10.72 Hz, 1H, Ph), 7.59 (t, J = 8.52 Hz, 1H, Ph), 7.64 (d, J 

= 8.83 Hz, 1H, Ph), 8.02 (dd, J = 1.26/8.83 Hz, 1H, Ph), 8.24 (s, 1H, ind-het), 8.28 (s, 1H, Ph), 8.73 (s, 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

40 

 

1H, CH=N), 13.35 (s,1H, NH). 13C NMR (125 MHz, DMSO-d6) δ = 109.4 (d, J =21.45 Hz), 110.9, 

116.1 (d, J = 17.95 Hz), 119.0 (d, J = 2.74 Hz), 123.0, 125.1 (d, J = 8.33 Hz), 128.8, 130.9, 135.2, 

141.5, 152.6 (d, J = 7.97 Hz), 156.7, 158.6, 163.1. ESI-MS (m/z): calcd. for C14H9ClFN3: 273.047; 

found 272.032 [M – H]–, 274.271 [M + H]+. 

4.1.3.4. (E)-N-(5,6-dichloropyridin-3-yl)-1-(1H-indazol-5-yl)methanimine (20)  

Yellow solid (52 mg, 65%); mp 236.9–238.4 °C. 1H NMR (500 MHz, DMSO-d6) δ = 7.66 (d, J = 

8.51 Hz, 1H, Ph), 8.02 (dd, J = 1.26/8.83 Hz, 1H, Ph), 8.14 (dd, J = 2.20 Hz, 1H, Ph), 8.26 (s, 1H, ind-

het), 8.31 (s, 1H, Pyr), 8.36 (d, J = 2.52 Hz, 1H, Pyr), 8.82 (s, 1H, CH=N), 13.38 (s,1H, NH). 13C NMR 

(125 MHz, DMSO-d6) δ = 111.0, 123.0, 125.1, 125.6, 128.6, 129.3, 130.9, 135.4, 141.6, 141.8, 143.6, 

148.1, 165.4. ESI-MS (m/z): calcd. for C13H8Cl2N4: 290.013; found 289.051 [M – H]–, 291.220 [M + 

H]+. 

4.1.3.5. (E)-N-(3,4-dichlorophenyl)-1-(1-methyl-1H-indazol-5-yl)methanimine (21) 

Light yellowish solid (275 mg, 91%), mp: 145.7–146.2 °C. 1H NMR (500 MHz, DMSO-d6) δ = 

4.09 (s, 3H, N1Me), 7.28 (dd, J = 2.53 / 8.52 Hz, 1H, Ph), 7.56 (d, J = 2.53 Hz, 1H, Ph), 7.63 (s, 1H, 

Ph), 7.65 (s, 1H, Ph), 7.75 (dd, J = 0.63 / 8.83 Hz, 1H, Ph), 8.05 (dd, J = 1.58 / 8.83 Hz, 1H, Ph), 8.22 

(d, J = 0.94 Hz, 1H, Ind.-Het.), 8.28 (s, 1H, Ph), 8.74 (s, 1H, CH=N). 13C NMR (125 MHz, DMSO-d6) δ 

= 35.7, 110.5, 122.1, 122.7, 123.6, 125.0, 125.3, 125.2, 127.8, 128.9, 131.1, 131.7, 134.2, 141.1, 151.8, 

163.0; ESI-MS (m/z): calcd. for C15H11Cl2N3: 303.033; found 302.140 [M – H]–, 304.120 [M + H]+. 

4.1.3.6. (E)-N-(3,4-dichlorophenyl)-1-(1-(2-methoxyethyl)-1H-indazol-5-yl)methanimine (22) 

White solid (72 mg, 66%); mp 228.8–229.4 °C. 1H NMR (500 MHz, DMSO-d6) δ = 3.18 (s, 3H, 

OMe), 3.77 (t, J = 5.36 Hz, 2H, CH2), 4.60 (t, J = 5.36 Hz, 2H, NCH2), 7.28 (ddd, J = 1.58/2.52/8.51 

Hz, 1H, Ph), 7.56 (t, J = 2.31 Hz, 1H, Ph), 7.65 (dd, J = 1.58/8.52 Hz, 1H, Ph), 7.78 (d, J = 8.83 Hz, 1H, 

Ph), 8.03 (d, J = 8.83 Hz, 1H, Ph), 8.24 (d, J = 0.63 Hz, 1H, ind-het), 8.27 (s, 1H, Ph), 8.73 (s, 1H, 

CH=N). 13C NMR (125 MHz, DMSO-d6) δ = 48.5, 58.2, 70.7, 110.8, 122.1, 122.7, 123.6, 125.0, 125.2, 
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127.7, 128.9, 131.1, 131.7, 134.7, 141.4, 151.9, 163.0. ESI-MS (m/z): calcd. for C17H15Cl2N3O: 

347.059; found 348.180 [M + H]+. 

4.2. Biological experiments 

4.2.1. Monoamine oxidase inhibition assays 

Assay of monoamine oxidase inhibitory activities of compounds under study on human MAO-A 

and -B isoforms were performed as previously described [38,39] using a continuous fluorescence-based 

method [43,44]. The following stock solutions were used: test compounds (10 mM) in DMSO (1.0% 

final concentration), reference MAO inhibitors (0.5 mM), p-tyramine (100 mM), and resorufin sodium 

salt (2.0 mM) in deionized water. Briefly, MAO inhibition was determined using commercially 

available recombinant human MAO-A and MAO-B enzymes expressed in baculovirus-infected insect 

cells (BTI-TN-5B1-4, Sigma-Aldrich, M7316 and M7441). p-Tyramine was used as a substrate in a 

final concentration of 150 µM for the human MAO assays. For performing the MAO assays, the 

commercial MAO assay kit Aplex® Red (Thermo Fisher Scientific Inc., USA) was used. The samples 

with the test compounds together with the respective amounts of human MAO-A/MAO-B were 

incubated for 20 min at 37°C (pH 7.4) with Amplex Red reagent, reconstituted horseradish peroxidase 

(HRP), and the respective amount of p-tyramine. Clorgyline and selegiline (each in a final concentration 

of 1.0 µM) were used as positive controls for both human MAO-A and MAO-B assay, respectively. 

Fluorescent measurements were performed for 45 min and the concentration-response curves of the 

reference inhibitors clorgyline (MAO-A) and selegiline (MAO-B) served as positive controls for both 

rat and human MAO assays. A sample with DMSO (2.0 µL) served as a negative control. The inhibition 

of MAO enzymes was measured with at least two initial concentrations (10 and 0.1 µM) followed by 

determination of full inhibition curves of the respective active compound. Human MAO inhibition 

assays were performed in triplicate in 96-well plates (200 µL final volume) by measuring the effects of 
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the tested compounds (in situ formation of a fluorescent derivative resorufin) on the production of 

hydrogen peroxide (H2O2) obtained from p-tyramine.  

4.2.2. Data analysis of monoamine oxidase assays 

The IC50 values were determined by non-linear regression analysis of MAO inhibition versus the 

logarithm (–log) of the tested compound molar concentration and calculated by mean IC50 value ± SEM 

(standard error of the mean) of at least three independent experiments (n ≥ 3). For the calculation of the 

respective Ki values, the Cheng-Prusoff equation [45] was used as follows: Ki = IC50 (1 + [S]/Km), where 

[S] is the substrate concentration and Km its concentration required to reach half-maximal velocity 

(Michaelis constant, Vmax/2). 

4.2.3. Evaluation of hMAO-B enzyme kinetics 

The steady-state kinetic parameters (Km, Michaelis constant and Vmax, maximum velocity rate) of 

the enzymatic activity of the hMAO-B enzyme were determined under the experimental conditions 

described above [39] by an oxidative deamination reaction of the substrate p-tyramine (0.12–1.0 mM). 

In our experiments, hMAO-B displayed a Michaelis constant (Km) of 118.8 ± 1.23 µM with a maximal 

velocity (Vmax) of 40.4 ± 1.13 nmol p-tyramine/min per mg protein (n = 3). 

4.2.4. Evaluation of the type of hMAO-B inhibition 

The type of binding of compounds 15 and 21 (final concentrations of 1.0 nM) and the reference 

inhibitors selegiline (30 nM, irreversible, Irr) and safinamide (50 nM, reversible, Rev) to hMAO-B 

enzyme was determined by time-dependent inhibition experiments with modification of previously 

reported protocols [47]. The tested compounds and the reference inhibitors were studied at their IC80 

values without pre-incubation of the hMAO-B enzyme/inhibitor mixtures. Control experiments without 

inhibitors were run simultaneously for each compound and experiment. The enzyme reaction was 

started by adding 10 µM of the substrate p-tyramine and the enzymatic activity of the tested compounds 

was measured for 20 min. Then, the substrate concentration was increased to 1.0 mM final 
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concentration of p-tyramine and the enzyme reactivation was monitored for a 300 min period. 

Determination of the enzymatic activity was performed as described above for the hMAO-B assay. The 

percentage of hMAO-B enzyme activity (% of control) was plotted against the incubation time to 

evaluate the time-dependent enzyme inhibition. Data are the mean ± SD (n = 4). 

4.2.5. Evaluation of mechanism of hMAO-B inhibition 

The mechanism of hMAO-B inhibition of the representative compounds 15 and 21 was evaluated in 

substrate-dependent kinetic experiments. Catalytic rates of hMAO-B were measured at five different 

concentrations of the substrate p-tyramine (0.05–1.5 mM) in the absence (no inhibitor) or presence of 

three different concentrations of 14 (0.5, 1.0 and 5.0 nM). The results are presented as double reciprocal 

Lineweaver-Burk plots (1/V vs. 1/[p-tyramine]) and the corresponding non-linear saturation curves (V 

vs. [p-tyramine]). The experiments were conducted using the same hMAO-B assay conditions as 

described above for the determination of hMAO enzyme activity. Data are the mean ± SD (n = 3). 

4.2.6. Evaluation of cholinesterase inhibitory activity 

The inhibition of cholinesterase enzymes (hAChE and hBuChE) was determined based on Ellman’s 

method [73] with slight modifications, as previously reported [41,42]. The assay solution was prepared 

by mixing 50 µL of Tris-HCl buffer (50 mM, pH 8 containing 0.1% BSA) with 125 µL of 5,5′-

dithiobis(2-nitrobenzoic acid) (DTNB, 3.0 mM in 50 mM Tris-HCl , pH 8 containing 0.1 M NaCl and 

0.02 M MgCl2 x 6H2O), 25 µL of 0.05 U/mL acetylcholinesterase from human erythrocytes (Sigma 

Aldrich) or 0.05 U/mL of butyrylcholinesterase from human serum (Sigma-Aldrich) as sources for 

human AChE or BuChE, respectively. Then, 25 µL of each test sample at different concentrations were 

added to the solution and pre-incubated with the respective enzyme for 10 minutes at 37°C. The reaction 

was started by adding 25 µL of acetylthiocholine iodide (5.0 mM) or S-butyrylthiocholine iodide (5.0 

mM) as the substrate for hAChE or hBuChE, respectively. The absorbance was measured at 405 nm for 

15 minutes with UV/Vis microplate spectrophotometer. Samples were evaluated at different 
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concentrations (100, 50, 25, 10, 1.0, and 0.1 µM). Galantamine hydrobromide was used as a positive 

control in both cholinesterase assays. Both cholinesterase assays were performed in the absence of the 

respective enzyme and, therefore, these samples were used as a negative control. Results are expressed 

as percentage of inhibition or IC50 and compared with those of galantamine. The % of inhibition for 

each test compounds was calculated as follows: 

% Inhibition = ((Asample – Anegative control) × 100 – 100)–1 

Where Asample and Anegative control are the measured absorption of the respective test sample and those of 

the negative control. Data are the mean ± SD (n = 3). 

4.2.7. Cytotoxicity evaluation 

4.2.7.1. Preparation of cell cultures 

Human hepatocellular carcinoma cells (HepG2; ECACC, UK) were cultured in Dulbecco´s 

modified Eagle´s medium (DMEM, Gibco, Austria) supplemented with 10% fetal bovine serum (FBS; 

Gibco, Austria), penicillin (100 U/mL) and streptomycin (0.1 mg/mL) solution (Gibco, USA). All cells 

were cultured under a humidified CO2 (5.0%) atmosphere at 37°C and passaged by trypsinization when 

reached approximately 80% confluence. For experiments, cells in exponential phase of growth (at a 

density of 5,000 cells/well) were seeded into 96-well flat-bottom plates after treatment with trypsin-

EDTA (Greiner, Germany) solution at a final volume of 100 µL/well. Cells were incubated overnight 

before treatment with test substances. 

4.2.7.2. Cell viability assay 

The cytotoxicity of compounds 11 and 17 was evaluated in HepG2 cells by colorimetric assay using 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as a dye reagent. The MTT 

reduction assay was used to estimate the decrease in mitochondrial dehydrogenase activity in cells 

exposed to the test compounds and compared to the control group. In the assay, the yellow tetrazolium 

salt (MTT) is reduced in viable cells to insoluble purple formazan crystals, which were later dissolved in 
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a lysine solution. After incubation time, the cells were treated with the test compounds at different 

concentrations (0.1, 1.0, 2.0, 5.0, 10, 25, and 50 µM) and further incubated for 72 h at 37°C. Stock 

solutions of the compounds (10 mM) in DMSO were used to prepare test samples with a final DMSO 

concentration of 0.1%, which did not interfere with the cells’ viability. After incubation period, MTT 

solution was added and cells were incubated for further 3.5 hrs. Then, the medium was removed and the 

plates were placed in a plate shaker at room temperature until complete dissolution of purple formazans. 

The quantification of formazans produced from the biological sample after reduction of MTT was 

monitored using a microplate ELISA reader (BioTek, USA) at a wavelength of 550 nm with a reference 

wavelength of 630 nm. The cytotoxicity of the test compounds determined by MTT assay was expressed 

as percentage cell viability according to the following equation:  

% Cell viability = (Asample – Ablank) / (Acontrol – Ablank) × 100 

Where Asample, Ablank and Acontrol are the measured absorption of the respective test sample, blank 

solution and control sample. Data are the mean ± SD (n = 4). 

4.3. Crystallography 

Crystals for X-ray structure analysis were grown from acetonitrile (1.5–2.0 mL) for 17 or methanol 

(1.0 mL) for 20 by slowly evaporation of the solvent at room temperature. Single crystals were obtained 

directly from their mother liqueur containing minimum solvent (0.2–0.3 mL). The crystal data were 

collected on a Rigaku Oxford Diffraction diffractometer with Atlas detector using Cu Kα radiation. The 

crystals were kept at 100.0 K during data collection. The structures were solved and refined with the 

ShelX [74] program package using direct methods and least-squares minimization. All non-hydrogen 

atoms were refined anisotropically. Hydrogen atoms bound to nitrogen and all hydrogen atoms in 9 

were refined isotropically, other hydrogen atoms were placed in calculated positions and refined using a 

riding model. For molecular graphics Olex2 [75] program was used. Detailed information for X-ray 

analysis, crystallographic data and refinement results of compounds 17 and 20 are given in the 

Supporting information. 
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CCDC 1915450 (17) and CCDC 1915449 (20) contain the supplementary crystallographic data for 

this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre 

via www.ccdc.cam.ac.uk/data_request/cif. 

4.4. Molecular modeling studies 

4.4.1. Ligand and protein preparation 

For docking experiments, the crystal X-ray structures of 17 and 20 were chemically valid and thus 

used as input without any further preparation. As recently reported for our docking purposes, the X-ray 

crystallographic structure exhibited an excellent agreement between experiment and re-docking 

computation, better than the optimized (MMFF94x force field) 3D structures of 17 and 20 [39]. The 3D 

structures of all other ligands were built on the basis of either the single X-ray structure of 11 and 15 

(for carboxamides 11–16) or 17 and 20 (for methanimines 18, 19, 21, and 22) using the 3D editor in 

SeeSAR [56]. The crystal structure of the hMAO-B enzyme in complex with safinamide (PDB code: 

2V5Z) [53] was obtained from the Protein Databank (PDB). For the docking experiments with the 

hMAO-B co-crystal structure, all computations were performed in the 2V5Z chain B (for details, see 

Supporting Information). 

4.4.2. Pose generation and docking 

For dockings, we used FlexX docking module in LeadIT from BioSolveIT [55] applying the well-

established procedure that had previously been published previously [39]. The docking algorithm in 

LeadIT relies on the FlexX and SIS incremental build-ups [76]. LeadIT has both accurately reproduced 

the experimental safinamide binding modes and yielded correct pose sorting of all ligands; we requested 

top 10 LeadIT poses for each ligand that were then re-ranked as described below. The selected best-

scored poses share a large part of the safinamide pocket from the PDB 2V5Z structure. For accuracy, all 

poses obtained from LeadIT module were post-scored in SeeSAR (a maximum of 10 poses in the 

output) and the best one was selected for further discussion in this work [39]. 
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4.4.3. HYDE assessment 

Post-scoring was performed with HYDE as integrated in SeeSAR from BioSolveIT [56,77]. HYDE 

is an atom increment system using logP values; affinity estimates are conducted using a comparison 

between the bound and unbound states. We refer to the citations for more details on the scoring. After 

HYDE computations that run for very few seconds, SeeSAR visualizes the (HYDE-) estimated free 

energy of binding (∆G); spherical "coronas" ranging from dark red (unfavorable) to dark green 

(favorable for affinity) visualize the contribution of an atom and its environment to the overall free 

energy of binding; corona sizes correlate with the amount of contribution [78]. SeeSAR enables quick 

and interactive assessments of the free energy of binding and torsions [79]. Upon user demand, the 

software can visualize and semi-quantitatively report both protein and ligand contributions, and the 

split-up into entropic (desolvation/dehydration, –T∆S) and enthalpic terms (∆H) of ∆G; this enables a 

rough estimation of the thermodynamic profile (for details, see Supporting Information, Figure S3 and 

Table S5). 

4.4.4. Ligand ADME 

Prediction of related drug-like / ADME properties of compounds under investigation was carried 

out using the Optibrium StarDrop [80] algorithms as interfaced in SeeSAR [56]. 

4.5. Photophysical experiments 

4.5.1. UV-Vis spectrophotometry 

The UV-Vis spectra of compounds 2, 6, 11, 12, 17 and 20 were recorded with a Jasco V-570 UV-

Vis/NIR spectrophotometer (Jasco Analytical Instruments Inc., USA) in 1.0 cm quartz cells in the 

interval of 200–700 nm with bandwidth of 2.0 nm and scanning speed of 100 nm/min. The 

concentration of the samples was 50 µM for all compounds. The measurements were performed in 

different solvents at 25.0 ± 0.1 °C. A blank sample with the corresponding solvent was used to calibrate 

the instrument. Recorded UV-Vis spectra were automatically processed and base line corrected (see 
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Supporting Information). The long-term solvent-dependent experiments of compound 20 were 

performed in dry DMSO, acetonitrile (ACN), and abs. methanol (MeOH). The respective 1.0 cm quartz 

cuvette was degased with argon for 10 min., the UV-Vis spectra were immediately recorded (t = 0 d) 

and over a period of 76 days (t = 76 d) under the conditions mentioned above. 

4.5.2. Theoretical calculations 

Quantum-chemical calculations were performed using the Gaussian 09 D.01 program suite [59]. 

The M06-2X density functional theory [60] was used with TZVP basis set [61]. This fitted hybrid meta-

GGA functional with 54% Hartree-Fock (HF) exchange has been specially developed to describe main-

group thermochemistry and non-covalent interactions; it has previously shown very good results for the 

prediction of tautomeric equilibrium compounds with intramolecular hydrogen bonds [62]. All 

structures were optimized in their ground states without restrictions in gas phase and in the indicated 

solvents, using tight optimization criteria and ultrafine grid in the computation of two-electron integrals 

and their derivatives. The true minima were verified by performing frequency calculations in the 

corresponding environment. Solvent effects are described by using the Polarizable Continuum Model 

(the integral equation formalism variant, IEFPCM, as implemented in Gaussian 09) [63]. Details for 

quantum-chemical calculations with compounds 17 and 20 are given in the Supporting Information. 

4.6. Statistics 

For the MAOs enzymatic inhibition studies, the compounds were initially screened at 10 µM, and 

for all, dose-response curves were build. The respective IC50 values were obtained by non-linear 

analysis. For the ChEs enzymatic inhibitory assays, the compounds were screened in the range 10–100 

µM. The respective IC50 values were obtained by non-linear analysis. For the cytotoxicity assay, MTT 

reduction for each treatment was calculated as the % of control untreated cells and plotted in column 

graphs (±SD). Statistical comparison between the different groups was carried by one-way analysis of 

variance (ANOVA-1) followed by Dunnett’s post-test (a = 0.05, 95% confidence intervals). Differences 
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were considered as significant for p < 0.05. Data analysis was performed with GraphPad Prism v.6.0 

software (GraphPad Software, Inc.). The results were expressed as means ± SEM or SD for the number 

of independent assays (n = 3 or 4) as indicated for each experiment. 
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ABBREVIATIONS USED 

ACN, acetonitrile; AD, Alzheimer´s disease; ACh, acetylcholine; AChE, acetylcholinesterase; BBB, 

blood-brain barrier; BuChE, butyrylcholinesterase; BSA, bovine serum albumin; CHO, Chinese hamster 

ovary; ChE, cholinesterase; CNS, central nervous system; COMT, catechol-O-methyltransferase; DA, 

dopamine; DMF, N,N-dimethylformamide; DMSO, N,N-dimethyl sulfoxide; DDI, DOPA-

decarboxylase inhibitor; ED, electron donor; EDC, N-ethyl-N´-(3-dimethylaminopropyl)carbodiimide; 

EDTA, ethylenediaminetetraacetic acid; ESI, electrospray ionization; FAD, flavin adenine dinucleotide; 

h, human; HA, heavy atom; HBA, hydrogen bond acceptor; HBD, hydrogen bonding domain; HEPES, 

2-(4-(2-hydroxyethyl)-1-piperazin-1-yl)ethanesulfonic acid; HRP, horseradish peroxidase; HYDE, 

hydrogen dehydration; LLE, lipophilic ligand efficiency; MAO, monoamine oxidase; MMS, methyl 

methanesulfonate; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; ND, 

neurodegenerative disease; PD, Parkinson’s disease; PET, positron emission tomography; PNS, 

peripheral nervous system; PCM, Polarizable Continuum Model; r, rat; ROS, reactive oxygen species; 

SAR, structure-activity relationship; TLC, thin-layer chromatography. 

 

Notes 

MG is employee of BioSolveIT, manufacturer of one of the software packages used herein. 
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Highlights 

• A comparative study of carboxamides vs. methaimines as selective and reversible MAO-B 
inhibitors has been performed. 

• (Indazole-5-yl)methanimines 17–22 exhibit similar or even higher potency against hMAO-B than 
their indazole-5-carboxamide analogs 11–16. 

• Compounds 11 and 17 showed no risk of drug-induced hepatotoxicity. 
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