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Abstract

The design, synthesis and assessment of B-carboline core-based compounds as potential
multifunctional agents against several processes that are believed to play a significant role in
Alzheimer’s disease (AD) pathology, are described. The activity of the compounds was
determined in AP self-assembly (fibril and oligomer formation) and cholinesterase (AChE,
BuChE) activity inhibition, and their antioxidant properties were also assessed. To obtain insight
into the mode of action of the compounds, HR-MS studies were carried out on the inhibitor-Ap
complex formation and molecular docking was performed on inhibitor-BuChE interactions. While
several compounds exhibited strong activities in individual assays, compound 14 emerged as a
promising multi-target lead for the further structure-activity relationship studies.
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Due to the rapidly aging population and the ever greater occurrence of Alzheimer’s disease
(AD) a multitude of therapeutic approaches have been investigated.1-” The most common
ones that resulted in clinical effects are based on the cholinergic® and amyloid cascade
hypotheses.? The first strategy provides a symptomatic treatment via the inhibition of
cholinesterase enzymes that successfully addressed the low level of acetylcholine
neurotransmitter.10 In fact, the currently available AD drugs are mostly based on this
approach, namely the inhibition of the acetylcholinesterase enzyme (AChE).1! Similarly to
AChE the activity of butyrylcholinesterase (BuChE) also has a negative effect on the
abundance of neurotransmitters.12 However, it is widely accepted that the accumulation of
neurotoxic protein assemblies of the amyloid p peptide (Ap) in the form of soluble
oligomers and insoluble fibrillar deposits are among the significant instigators of AD.13 This
initiated extensive efforts on the development of Ap self-assembly inhibitors.1# The most
recent potential therapeutic tried for AD therapy, the antibody Aducanumab, targets the A
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deposits resulting in their clearance and possible cognitive benefits.1> As recent studies
suggest, there may be a connection between the cholinergic and Ap targets. It was proposed
that AChE peripheral binding site may initiate the AB self-assembly.1® To further highlight
the complex nature of AD, metal ions and oxidative stress were also suggested to contribute
to the progression of AD.17 The network of symptoms and potential causative sources of the
disease suggest that the development of compounds that target multiple areas of the
pathogenesis should be more effective than drug candidates that would only alter single
pathogenic contributors.18

Building upon our recent efforts®-27 potential multitarget inhibitors were designed based on
the B-carboline core structure. Herein, we describe the synthesis, and biochemical evaluation
of these compounds. The p-carboline core or sub-unit appears in a large number of
biologically active compounds. Such compounds possess a variety of biological effects
including anticancer?8, antiprotozoal??, or anti-leishmanial3? activities. Compounds with the
B-carboline core structure have also been described targeting a variety of neurological
disorders and neurodegenerative diseases and being tau phosphorylation inhibitors3?,
channel blockers32 cholinesterase inhibitors33 GABA receptor modulators34, or
antioxidants.3> Based on these preliminaries an initial set of B-carbolines have been
designed and synthesized with the aim of incorporating structural features that could present
the opportunity to apply these compounds as multitarget modulators of several processes
thought to play significant roles in the development and progression of AD.

The design of the structures was based on the following major factors. The structural
analysis of a large set of A self-assembly inhibitors'# indicated the importance of the
aromatic structure as well as the presence of H-donor and H-acceptor units. The basic -
carboline skeleton fulfills this criterion. Analyzing the structures of cholinesterase inhibitors
it appears paramount to have a relatively extended structure that is able to span the active
center of the cholinesterases involving a variety of hydrophobic units. For this reason the
original three ring system has been extended with an additional aromatic ring either directly
or viaa carbonyl linker to test the role of molecular flexibility on the efficacy of anti-
cholinesterase activity. The extended aromatic structures are also expected to contribute to
the potential antioxidant activity. The compounds that were designed using the above
principals have been synthesized using our previously developed environmentally benign
method.36 The synthetic procedure and preliminary set of -carbolines are shown in Fig. 1.

The compounds were synthesized by a 3-step-one pot domino reaction by using a special
mixture of commercially available 5% Pd/C and K-10 montmorillonite as a bifunctional
catalyst. The first condensation step between the aldehyde and tryptamine was catalyzed by
the solid acid K-10. The imine formed immediately underwent a cyclization also by K-10
catalysis. The resulting tetrahydro-p-carbolines were dehydrogenated by the Pd metal to
provide the aromatic B-carbolines. Each product was characterized by 1H and 13C NMR
spectroscopy and mass spectrometry (GC-MS). The spectroscopic characterization of the
compounds was in agreement with their structures and the literature data.

After the completion of the synthesis the compounds were evaluated in several assays to test
the design hypothesis. Assays included the inhibition of A fibrillogenesis and oligomer
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formation, modulation of cholinesterase activity of AChE and BUChE enzymes, the
determination of the antioxidant properties, high resolution mass spectrometry and
molecular docking.

To determine the activity profile of the compounds they were first subjected to Ap
fibrillogenesis assays. The quantitative Thioflavin-T (THT) fluorescence assay was applied
to determine the antifibrillogenic potency of the compounds.3” The data were compared to
the fluorescence of the inhibitor-free control (Igontro1) @nd the observed decrease in
fluorescence in the presence of the inhibitors was normalized to a scale of 0-100% and was
tabulated as % inhibition in Table 1.

The data indicate that the compounds had a moderate effect on the fibril formation of Ap.
While based on the limited number of compounds a clear structure-activity relationship
cannot be drawn, it appears that the larger structures (6—10, 14) act as better inhibitors. The
best performance was shown by 6 (39%) and 14 (40%), which has an approximately 110 pM
ECgg value.

As soluble Ap oligomers are more neurotoxic than their insoluble fibril counterparts, the
activity of the compounds in the inhibition of oligomer formation was also assessed by the
biotinyl-Ap single-site streptavidin-based assay.38 Similarly to anti-fibrillogenesis assays,
the intensity of the inhibited samples was normalized to the inhibitor-free control sample
and the inhibition was expressed in % compared to the uninhibited sample. The data are
summarized in Table 1.

As the data show the compounds were highly active in preventing the formation of soluble
AP oligomers. A majority of the compounds produced more than 50% inhibition (1, 3, 4, 7,
11, 12 and 14). The activity comparison of the compounds in the Ap fibril and oligomer
formation inhibition assays are in agreement with previous findings namely that a compound
is either a fibril inhibitor or an oligomer inhibitor as shown by the respective behaviors of 1,
11 or 12.3% However, compounds 7 and 14 appear to provide a reasonable protection against
both forms of self-assembled Ap.

High resolution mass spectrometry data reveal a convincing evidence that 14, which is able
to block both fibril and oligomer formation of Ap, forms a complex with the peptide in the
solution (Fig. 2). The most typical complex appears to be the 1:1 ratio of Ap:14, although
another complex with somewhat higher ratio (1:2) can be observed. The spectrum, however,
shows that Ap is still overwhelmingly in an uncomplexed form, indicating that a limited
amount of inhibitor could modify the self-assembly process by partially complexing/
blocking the peptide.

In order to observe the potential multifunctional behavior of the compounds, the B-
carbolines were tested as cholinesterase inhibitors as well. The compounds were subjected to
the Ellman assay using both AChE and BuChE, respectively (Table 1). The compounds were
assayed at the respective 1Csq of galantamine that was used as a reference compound (2 uM
in AChE and 10 uM in BUChE inhibition).40-41
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As shown the p-carbolines have negligible effect on the activity of AChE. In contrast, the
compounds were highly active in the inhibition of BUuChE; over 60% of the studied
compounds appear to be a better inhibitor of BuChE than galanthamine. Several of them
(e.g. 6, 14) show above 80% inhibition of the enzyme at 10 uM concentration.

In order to compare the potency of the compounds to others in the literature the 1Csq values
of compounds that showed >50% inhibition at 10 UM concentration were determined. The
following ICsgq values were obtained: 2-3.06 + 1.27 uM, 3-4.48 £ 0.27 uM, 6-4.27 £ 1.30
UM, 10-1.29 £+ 0.25 pM, 11-1.42 + 0.73 pM, 14-0.225 + 0.03 pM. The data show that, as
expected, these compounds in fact possess a better 1Csq than the reference compound.
Compound 14 was found to be the best inhibitor of BUChE; its 225 nM value is of practical
importance for further lead development. While at this level of the research it is difficult to
make structure-activity relationship predictions it appears that the presence of an electron-
donating substituent (Me, OMe) on the p-carboline ring positively affects the BuChe
inhibition. In addition, considering the lower, additional ring, the bulkier the group, the
better the effect. Compound 14 with the quite large naphthyl group was found to be by far
the most effective inhibitor.

With the aim of understanding the butyrylcholinesterase inhibition property of these
molecules, two among the best compounds (11 and 14) were docked in the active site of
BuChE (PDB code: 1P0I42) using the Glide module of the Schrodinger package.*3 The
superimposition of compound 11 and 14 with donepezil and galantamine (known BuChE
inhibitors) in the active site of the enzyme is shown in Figs. 3 and 4.

The analysis of the docked structures revealed that while 11 is extended through the active
site of BUChE the reference compounds galantamine and donepezil appear to bind in the
right side of the active site in 1POI (Figs. 3 and 4). The indole —-NH of 11 shows a hydrogen
bonding interaction with the Pro285 and Thr120 residues, respectively. In addition to that,
the methoxy oxygen of 11 interacts with the Glu197 residue of the active site. In contrast,
compound 14 appears to bind o the enzyme very similarly to donepezil, which is another
known inhibitor of AChE as well as BUChE. The binding of 14 stretched through the active
site explains the ICsq that is an order of magnitude lower than that of 11. The indole —NH of
14 shows hydrogen bonded interaction with the hydroxyl group of residue Ser198. In
addition to that two rt-m stacking interactions were observed, first between the phenyl ring
of indole and residue Trp231 and the second one between the naphthalene ring of compound
14 and residue His438. Likewise, a cation-t interaction was noticed between quaternary
nitrogen of 14 and residue Trp231. Since the compounds appear to act as selective BUuChE
inhibitors a docking study was carried out with 12 and AChE to observe whether the
compound-enzyme interaction would reveal the reasons (Fig. 5).

Fig. 5 shows that the orientation of 12 is significantly different from those of donepezil and
galantamine. The molecule streches completely through the active site while galantamine
only occupies the right side of the pocket and donepezil also appears on the right side and
turns back to the center. Although 12 shows hydrogen bonding interaction with residues
Phe295, Tyrl124 as well as rt-7t interaction with Trp286, The338 and Tyr337 residues, it is
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likely, that several of these interactions do not block residues that possess a role in the
catalytic action.

Oxidative stress caused by free radicals also plays an important role in the development of
AD. Thus, the potential antioxidant character of the compounds was assessed in three assays
including the scavenging of the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH assay), 2,2’-
azino-bis(3-ethylbenzo-thiazoline-6-sulphonic acid) (ABTS assay) and the peroxyl (ORAC
assay) free radicals.** The data are compared to those obtained with reference compounds
ascorbic acid*®, resveratrol, %6 and trolox,*” all of which are well-known antioxidants (Table
2). The data show that while the compounds have negligible effect in scavenging the large
stable DPPH radical, they exhibited low to moderate scavenging activity against the also
large ABTS radical.

Several compounds showed comparable activity to the reference compounds ascorbic acid
and trolox. The B-carbolines were most active against the much smaller peroxyl radical used
in the ORAC assay. Since this radical is one of the naturally occurring reactive oxygen
species, these data are encouraging.

The analysis of the above data reveals that several of the synthesized substituted p-
carbolines show promising properties in the AD related assays. Compounds 6, 7, 14 were
able to inhibit Ap fibril formation to a meaningful extent, while the majority of the
molecules (1, 3, 4, 7, 8, 11, 12, 14) had a much stronger effect in the inhibition of Ab
oligomer formation. This is in line with our earlier observations: a compound group is either
a strong fibril or oligomer formation inhibitor.3” Although the compounds were inactive in
AChE inhibition, they exhibited a highly selective and efficient inhibition of the BuChE
enzyme. As shown, compounds 10, 11 and 14 exhibited the highest efficiency, 14 having one
order of magnitude lower 1Cgq (225 nM) than the other compounds. The structural
comparisons indicate that the added Ar part (Fig. 1.) appears highly important; the large Ar
groups, such as naphthyl in 14, result in significant activity in the assays except the
antioxidant tests.

In conclusion, a variety of p-carbolines with an extended aromatic ring system were
synthesized and tested with the aim of identifying potential multitarget agents, that can
interfere with Ap self-assembly and cholinesterase activity while exhibiting promising
antioxidant properties, for AD treatment. Based on the analysis of the data compound 14
emerged as a potential lead compound for further structure activity relationship studies. This
molecule exhibited moderate to high activity in a range of assays suggesting that further
modification of its basic ring system could yield a truly efficient candidate to develop
effective drugs for disease management. To improve the drug-like properties of the
compound the introduction of hydrophilic units such as NH (in the form of primary or
secondary amines) or OH are proposed as the presence of these groups would improve water
solubility (increased polarity), and antioxidant activity (presence of X-H bond) and likely
would initiate further interactions with the cholinesterases that could improve the inhibition.
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Synthesis and structure of the designed p-carboline derivatives.
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Fig. 2.

High resolution mass spectrum of the AB-peptide-14 mixture (30 uM to 150 pM). The
relevant signals indicate 1:1 and 1:2 complex formation between the peptide and inhibitor
compound. The intervals highlight the relevant peaks of the charged Ap carrying 4-6
positive charges.
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Fig. 3.
Superimposition of molecule 11 (blue) with donepezil (red) and galantamine (dark green) in

the active site of huBChE (PDB ID: 1P0I). (hydrogens are concealed for clarity.)

Bioorg Med Chem Lett. Author manuscript; available in PMC 2018 January 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Horton et al.

Page 11

Fig. 4.
Superimposition of molecule 14 (blue) with donepezil (red) and galantamine (dark green) in

the active site of huBChE (PDB ID: 1P0I). (hydrogens are concealed for clarity.)
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Figure 5.
Superimposition of molecule 12 (purple) with donepezil (red) and galanthamine (dark green)

in the active site of huAChE (PDB ID-4EY7) (hydrogen’s are concealed for clarity.)
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Radical scavenging activity of g-carbolines (10 pM) in the DPPH, ABTS and ORAC antioxidant assays.
Ascorbic acid, resveratrol and trolox that are well-known antioxidants were used as reference.

Compound % radical scavenging
DPPH ABTS ORAC

1 -7 12 10
2 2 10 10
3 -6 16 35
4 -12 13 28
5 -13 15 41
6 -3 22 54
7 - - -

8 0 15 58
9 -3 6 6
10 -1 7 -10
11 2 3 5
12 -4 5 5
13 - -

14 -6 14 0
Ascorbic acid 15 28 15
Resveratrol 28 88 91
Trolox 23 26 90

— Data not measured due to solubility problems.
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