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Abstract: We herein report on the synthesis of a pentacyclic triterpene functionalized through
derivation of betulinic acid with hydroxybenzotriazole. The compound was fully characterized
by proton (*H-NMR), carbon-13 (:3C-NMR), heteronuclear single quantum coherence (HSQC) and
distortionless enhancement by polarization transfer (DEPT-135 and DEPT-90) nuclear magnetic
resonance. Ultraviolet (UV), and Fourier-transform infrared (FTIR) spectroscopies as well as and high-
resolution mass spectrometry (HRMS) were also adopted. Computational studies were conducted to
foresee the interactions between compound 3 and phosphodiesterase 9, a relevant target in the field
of neurodegenerative diseases. Additionally, preliminary calculation of physico-chemical descriptors
was performed to evaluate the drug-likeness of compound 3.

Keywords: betulinic acid; phosphodiesterases; dementia; molecular docking; drug discovery

1. Introduction

Dementia is a syndrome that has become a public health problem, affecting approx-
imately 47 million people [1], and it is the result of a combination of diseases, such as
Alzheimer’s disease (AD) and vascular dementia (VaD) [1,2]. The symptoms that character-
ize this condition are losses of memory, attention, speech ability, personal identity, and a
progressive cognitive decline [3].

Given the high incidence of AD, many studies have been carried out over the years, and
they point out abnormal amyloid (3 neuritic plaques, neurofibrillary tangles containing tau
protein, and degeneration of cholinergic neurons at the cerebral level [3,4]. According to the
described evidence, different drugs (e.g., galantamine, rivastigmine, and donepezil) have
been designed to address several targets, such as acetylcholinesterase, which hydrolyzes
acetylcholine (ACh) and contributes to preventing the loss of cholinergic neurons [5].
VaD, the second most common form of senile dementia [2], is closely associated with
ischemic strokes. Indeed, 25-30% of survivors develop immediate or delayed vascular
dementia, which nowadays does not have a specific real therapy [6]. This effect is also
because pathophysiologic mechanisms of VaD are knotty and involve alteration of many
homeostatic processes coordinated by many signaling pathways. One of the most important
is the cyclic nucleotide signal system constituted by cyclic adenosine 3',5'-monophosphate
(cAMP) and cyclic guanosine 3/,5'-monophosphate (cGMP) [1,7,8]. This system is involved
in cell proliferation and differentiation, gene expression, and inflammation processes [9].

cAMP and cGMP are synthesized by adenylyl cyclase or guanylyl cyclase, and trans-
duce the signal to several cellular effectors, such as neurotransmitters and cyclic nucleotide
phosphodiesterases (PDEs) families [6]. PDEs hydrolyze these second messengers with
different degrees of selectivity according to the family in which they belong [10] to obtain 5'-
AMP and 5'-GMP, contributing to cellular regulation [8,11]. There are eleven PDEs (PDEI1 to
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11); among them PDES5, PDE6, and PDE9 are cGMP-selective, while PDE4, PDE7, and PDES
are cAMP-selective. Further, some PDE families have double selectivities (PDE1, PDE2,
PDE3, PDE10, and PDE11) [12]. From a structural point of view, these eleven families share
a conserved catalytic domain (C domain) and a sequence identity of 75% [13]; however,
the amino acid sequence can differentiate enzymes belonging to different families in the
outer zone of the protein. These structural differences are also related to the functionality
and affinity of one substrate over another [8,11]. Given their relevance in modulating the
cellular signal transduction systems, PDEs have become the target for designing small
molecules capable of inhibiting their action and leading to neuroprotective effects.

In this work, we focused on PDEY, a studied target to counteract diabetes mellitus,
obesity, cardiovascular diseases, and dementia, since this enzyme is highly expressed in
the brain of patients affected by AD [10,14,15]. As with other PDEs, PDE9 is constituted by
a catalytic domain (C domain) formed by 16 helices (residue 181-506) and associated as
dimers. Of note, two important residues (GIn453 and Phe456) for ligand-target interaction
are present and conserved among PDEs families [13,16]. Moreover, metal ions, such as
zinc and magnesium, are present in PDE9 and have a role in activating the enzyme. The
magnesium ion is reported to be coordinated by Asp293 and five molecules of water,
while the zinc ion is noted to be coordinated by His256, His292, Asp293, Asp402, and two
molecules of water [13,17].

Many studies have reported how treatment with inhibitors of PDE9 could lead to
neuroprotective effects [13,18] through treatments with small molecules that can be of
natural or synthetic origin [6,10]. Moreover, the designed synthetic small molecule PF-
04447943, entered Phase II trials as a drug for treating AD since it was found to cross the
blood-brain barrier (BBB) and reach the central nervous system (CNS) [19,20]. This way,
through a preclinical evaluation of the cerebrospinal fluid, it was reported that PF-04447943
could improve cGMP concentration and lead to beneficial effects [21].

Pentacyclic triterpenoids are a class of pharmacologically active and structurally rich
natural products with privileged motifs for further modifications [22]. The structure of
these compounds contains substituents, such as isopropenyl moiety and hydroxyl and/or
carboxyl groups, that can be easily functionalized [23]. Betulinic acid (BA, Figure 1), a
lupane-type pentacyclic triterpenoid, is widespread in many plants, including Betula cordifo-
lia [24]. BA and its derivatives demonstrate multiple bioactivities, particularly an antitumor
effect and antimicrobial, anti-inflammatory, anti-HIV, antimalarial, and anthelmintic activi-
ties (Figure 1) [25-27]. More specifically, in the context of identifying novel anti-dementia
agents, BA has neuroprotective properties and was reported to reduce toxic amyloid 3
oligomers [6,26,28].

In this work, we report the preparation of compound 3 (Figure 1) since, based on
previous reports demonstrating the activity of BA on PDEs [6,29], this derivatization of BA
could represent a good starting point for obtaining a molecule aimed at PDE9 inhibition.
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Figure 1. Synthesis of betulinic acid (BA) derivatives: (a) (i) TBTU, DIPEA, THF (ii) amine, K,CO3,
DMF, 1 h; (iii) CuSO4, Na ascorbate, THF- water and (b) (iv) halogen derivatives, DMF, K,CO3;
(c) Example of betulinic acid derivatives [30,31]); Square: structure of BA and compound 3 reported
in this paper.

2. Results and Discussion

The synthetic route of the BA derivative, 3-[(1H-benzo[d][1,2,3]triazol-1-yl)oxy]propyl 9-
hydroxy-5a,5b,8,8,11a-pentamethyl-1-(prop-1-en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-
3a-carboxylate (3), started from 1H-benzo[d][1,2,3]triazol-1-o0l (HOBt, 1) (Scheme 1).
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Scheme 1. (a) Synthesis of 1-(3-bromopropoxy)-1H-benzo[d][1,2,3]triazole (2) (i) BrCH,CH,CH,;Br,
K,COj3, DMF (b) Synthesis of 3-[(1H-benzo|d][1,2,3]triazol-1-yl)oxy]propyl 9-hydroxy-5a,5b,8,8,11a-
pentamethyl-1-(prop-1-en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-3a-carboxylate (3); (ii) 2,
K,CO3, DME
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1-(3-Bromopropoxy)-1H-benzo[d][1,2,3]triazole (2) was prepared by the reaction of
1 with 1,3-dibromopropane (2 eq) in anhydrous DMF at 65 °C for 4 h (Scheme 1a) [32].
The crude product was purified by column chromatography to afford 2 in 70% yield.
The structure of 2 was confirmed by 'H and '3C NMR spectra (Supplementary material,
Figures 53 and 54).

Finally, the hybrid compound 3 was obtained using a protocol reported recently by
Zhang et al. [33]. A mixture of BA (1 g, 0.002 mol, 1 eq) and potassium carbonate (0.33 g,
0.002 mol, 1.2 eq) in DMF (20 mL) was stirred at 85 °C. Next, 2 was added to this mixture at
85 °C, and the reaction was stirred for 4 h and then left overnight at room temperature. The
mixture was washed twice with water. Combined organic layers were dried over Na;SO4
and concentrated under reduced pressure to obtain the crude product. The residue was
purified by column chromatography (dichloromethane) in a high yield (68%).

The structure of 3 was determined by 'H and *C-NMR spectroscopy (Supplementary
material, Figures S5 and S6). The 'H-NMR spectrum of 3 showed peaks above 7 ppm
corresponding to aromatic protons of the benzotriazole ring and methylene groups (7/-9')
corresponding to the three chain groups at 4.66, 4.33, and 2.26 ppm.

For the 13C-NMR signals, the shift of peaks of the acid group (179.19 ppm) to an
ester (175.96 ppm), the appearance of six C-13 aromatic signals at 108-144 ppm, and the
C-7'-9" methylene signal at 70.5, 59.8 and 27.8 ppm were considered as relevant to assess
product formation.

Heteronuclear single quantum coherence spectroscopy (HSQC) and distortionless
enhancement by polarization transfer (DEPT-135 and DEPT-90) were also used to assign
13C signals of compound 3, as shown in Table S1 (see Supplementary material for 2D
spectra, Figures S7-S9). The 13C-NMR spectrum of 3 exhibited 39 carbon signals, classified
by DEPT experiments as six methyl groups, thirteen methylenes, six methines, one olefinic
methylene, four aromatic, and nine quaternary carbons.

HRMS of 3 was also obtained for further characterization, validating the proposed
structure determined by NMR spectra (Supplementary material, Figure S10).

The IR spectrum of compound 3 showed characteristic OH stretching at 3549 cm ™1,
C-H stretching at 2939 and 2870 cm~!, and C=O stretching at 1689 cm~! (Supplementary
material, Figure S11). Other vibrational peaks at 1450 and 1373 cm ™! corresponded to the
methyl group’s C-H bending.

The UV spectrum of compound 3 showed an absorption peak at 257 nm and another
lower absorption peak at 285 nm (n— 7 transition) (Supplementary material, Figure 512).

The interaction of compound 3 with PDE9 was evaluated through computational
investigation. Firstly, molecular modeling studies were done. X-ray structure, composed
of crystallized PDE9 enzyme and co-crystallized PF-04447943 ligand, were retrieved from
RCSB Protein Data Bank (PDB ID: 4E90) [21]. Once that site-specific molecular docking
was performed, the obtained PF-04447943 docked pose (—9.7 kcal/mol) was compared to
the co-crystallized one to confirm the method’s reliability. Root-mean-square deviation
(RMSD) parameter was then calculated (2.271 A).

Then, the same molecular docking protocol was used to obtain the best-docked pose
of compound 3 (—9.1 kcal/mol, Figure 2). According to the predicted model, the bicyclic
aromatic systems of compound 3 and PF-04447943 colocalized within the binding pocket
of PDE9 (Figures 513 and S14 in the Supplementary material).

Once both docked poses of PF-04447943 and compound 3 ligands were obtained,
protein-compound interaction profiler tool (PLIP) [34] was used to evaluate and compare
established interactions between PDE9 and ligands.
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Figure 2. Predicted interaction motif for compound 3 (magenta) with PDE9 and best-docked pose of
PF-04447943 (—9.7 kcal /mol; orange) within PDE9 (light blue, PDB ID: 4E90) (a); detailed view of
compound 3 (magenta) in the active site of PDE9 and comparison with PF-04447943 (orange), the
residues present in a zone of 5 A radius from the center of the ligand have been labeled (b).

Since, in literature, it is reported that GIn453 and Phe456 residues are important in the
catalytic site for achieving inhibitory effects of the PDE9 enzyme, interactions with these
residues were evaluated [13,21].

Compound 3 displayed hydrophobic interactions, m—m stacking interactions, and
hydrogen bonds. Interestingly the ligand established twelve hydrophobic interactions with
PDEY at the level of Asn300 (3.42 A), Met365 (3.66 A), Tle403 (3.63 A), Tyr424 (3.76 A and
3.98 A), Phed41 (3.65, 3.72, and 3.83 A), Phe456 (3.12, 3.69, and 3.88 A), and Val460 (3.66 A).

One further m—m stacking interaction was found at the level of Phe251 (center
distance = 5.24 A). Again, one hydrogen bond was established with residue GIn453
(291 A) (Table S2 in the Supplementary material). Together these interactions suggest
that compound 3 could be a considerable ligand candidate for PDE9 enzymes since rel-



Molbank 2022, 2022, M1419

6 of 10

evant interactions with residues GIn453 and Phe456 are established (Figure S15 in the
Supplementary material).

Then, absorption, distribution, metabolism, and excretion characteristics were checked
for compound 3 (see Materials and Methods section). Firstly, compound 3 was evaluated for
its drug-likeness properties through SwissADME [34]. Under the Lipinski’s rule, the molecule
can make at most one violation to be considered as drug-like. The parameters are the follow-
ing: (1) an octanol-water partition coefficient logP < 5, (2) molecular weight < 500 g/mol,
(3) hydrogen bond donors < 5, and (4) hydrogen bond acceptors < 10 [35]. According to
SwissADME data, compound 3 has two violations since it has (1) an octanol-water par-
tition coefficient logP = 5.83, (2) molecular weight = 631.89 g/mol, (3) hydrogen bond
donors = 1, and (4) hydrogen bond acceptors = 6 (Table S3 in Supplementary material). As
expected, according to these criteria, prediction of pharmacokinetic properties reports that
compound 3 can be passively absorbed in a limited manner through the gastrointestinal
tract and the BBB [36]. Pajouhesh and Lenz [37] efficiently determined the chemical and
structural features of a successful CNS drug candidate. The conditions that should be
respected are: (1) the molecular weight < 400 g/mol, (2) the number of hydrogen bond
donors < 7, (3) the number of hydrogen bond acceptors < 3, and (4) the topological polar
surface area should be < 140 or ideally < 60 A2. Consistently, compound 3 satisfies these
requirements except for the molecular weight.

Thus, since the localization of the target is found at the level of CNS and requires the
crossing of the BBB, optimization of this small molecule is needed to reach the target and
obtain beneficial effects.

3. Materials and Methods
3.1. Chemistry

Silica gel (FCP 230-400 mesh) was used for column chromatography. Thin-layer
chromatography was carried out on E. Merck pre-coated silica gel 60 Fps54 plates and
visualized with phosphomolybdic acid, iodine, or a UV-visible lamp.

All chemicals were purchased from Bide Pharmatech., Ltd. (Shanghai, China) and | &
K scientific (Hong Kong, China). 'H-NMR and *C-NMR spectra were collected in CDCl3
at 25 °C on a Bruker Ascend®-600 NMR spectrometer (600 MHz for 'H and 150 MHz for
13C). All chemical shifts were reported in the standard & notation of parts per million using
the peak of residual proton signals of CDCl3 or DMSO-dg as an internal reference (CDCls,
d¢c 77.2, by 7.26; DMSO-dg, d¢ 39.5, 6y 2.50). High-resolution mass spectra (HRMS) were
measured using electrospray ionization (ESI). The measurements were done in a positive
ion mode (interface capillary voltage 4500 V); the mass ratio was from /z 50 to 3000 Da;
external/internal calibration was done with Electrospray Calibration Solution.

HRMS analyses were performed by an Agilent 6230 electrospray ionization (ESI) time-
of-flight (TOF) mass spectrometer with an Agilent C18 column (4.6 mm x 150 mm, 3.5 pm).
The mobile phase was isocratic (water + 0.01% TFA; CH3CN) at a flow rate of 0.35 mL/min.
The peaks were determined at 254 nm under UV.

UV analysis was performed by a Shimadzu UV—2600 with 1 cm quartz cell and
a slit width of 2.0 nm. The analysis was carried out using wavelengths in the range of
200-400 nm.

3.1.1. Synthesis of 1-(3-Bromopropoxy)-1H-benzo[d][1,2,3]triazole (2)

1H-Benzo[d][1,2,3]triazol-1-ol (1.8 g, 13 mmol) was dissolved in 10 mL of anhydrous
DME. Anhydrous K,CO3 (2.7 g, 19.5 mmol) was then added to the solution, and the mixture
was stirred at 30 °C for 30 min. 1,3 dibromo propane (2.2 mL, 19.5 mmol) was added slowly
to the reaction mixture and subsequently stirred at 30 °C for 6 h, upon which TLC indicated
completion of the reaction. The reaction mixture was then diluted with 50 mL of water and
extracted with ethyl acetate (3 x 50 mL). These extracts were combined, washed with water
(2 x 50 mL), dried over anhydrous NaySO4, and evaporated in a vaccuum to yield the
product residue that was then recrystallized from CH;,Cl, /hexane 1:1 mixture to yield the
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compound 2 in 80% yield (2.6 g). éy (600 MHz, CDCl3) 2.43-2.44 (2H, m, CHy), 3.73-3.74
(2H, m, CH,-Br), 4.72-4.73 (2H, m, CH,-0O), 7.42 (1H, t, | = 8.04 Hz, Hp,), 7.52 (1H, t,
J=73Hz, Ha,),7.62 (1H, d, ] = 7.3 Hz, Ha,), 8.02 (1H, d, ] =7.3 Hz, Ha,); dc (150 MHz,
CDCl3) 28.7, 30.8, 77.8, 108.5, 120.2, 124.8, 128.7, 143.7.

3.1.2. Synthesis of 3-[(1H-Benzo[d][1,2,3]triazol-1-yl)oxy]propyl 9-hydroxy-
5a,5b,8,8,11a-pentamethyl-1-(prop-1-en-2-yl)icosahydro-3aH-cyclopenta[a]
chrysene-3a-carboxylate (3)

Betulinic acid (BA) in DMF (0.76 g, 1.6 x 1073 mol, 5 mL) was treated with K,COj3
(0.33 g, 0.002 mol, 1.2 eq) and 2 eq of 2 (0.82 g, 3.2 x 1072 mol). After stirring for 24 h at
room temperature, deionized water (15 mL) was added, and the mixture was extracted
with CH,Cly. The combined organic layers were washed with brine, dried using anhydrous
Na,SOy, filtered, and evaporated in a vacuum until dry. The residue was further purified
by flash column chromatography on silica gel (CH,Cl, and MeOH) to produce an oil
sample Yield 75% (0.94 g). dy (600 MHz, CDCl3) 0.66-0.67 (1H, m, H-5), 0.75 (3H, s, Me),
0.79 (3H, s, Me), 0.86 (3H, s, Me), 0.96 (6H, s, Me), 1.03 (1H, dd, H-12), 1.14-1.16 (1H, m,
H-15),1.18-1.21 (1H, m), 1.25-1.27 (1H, m, H-9), 1.30-1.33 (2H, m, H-7), 1.35-1.37 (6H, m),
1.49-1.65 (11H, m), 1.84-1.91 (2H, m, H-21), 2.20 (1H, dd, H-13), 2.22-2.26 (2H, m, H-8'),
3.02-3.04 (1H, m, H-19), 3.18 (H, dd, ] = 11.5 and 4.65 Hz, H-3), 4.35-4.43 (1H, m, H-7'),
4.60 (1H, s, H-30a), 4.66 (1H, t, H-9'), 4.72 (1H, br, H-30b), 7.39 (1H, t, ] = 7.7 Hz, Ha),
751 (1H,t,] =7.1Hz, Hy), 7.59 (1H, d, ] = 8.3 Hz, Har), 8.02 (1H, d, | = 8.4 Hz, Hay); éc
(150 MHz, CDCl3) 14.6 (C-27), 15.3 (C-24), 15.9 (C-25), 16.1 (C-26), 18.2 (C-6), 19.4 (C-29),
20.8 (C-11), 25.5,27.4, 27.8, 27.9, 29.7, 30.6, 32.1, 34.3, 37, 37.1, 38.3, 38.7, 38.8, 40.7, 42 4,
46.9,49.4, 50.5 (C-9), 55.3 (C-5), 56.6 (C-17), 59.8 (C-7"), 77.4 (C-9'), 78.9 (C-3), 108.5 (C-4'),
109.7 (C-30), 120.3 (C-1'), 124.7 (C-3'), 127.2 (C-5'), 128.1 (C-2'), 143.5 (C-6'), 150.3 (C-20),
175.9 (CO); [a]p? = —50 (c = 0.1, MeOH); HRMS-ESI m/z 632.4408 [M + H]* (calcd. for
C39H57N304, m/z 632.4422), 654.4244 [M + Na]+ (CalCd. for C39H57N304, m/z 654.4241),
UV (CH;Cly) peaks 257 (loge = 1.68) and 285 nm (loge = 1.20), IR (KBr) 3549, 2939, 2870,
1689, 1450, 1373 cm ™!

3.2. Computational Studies

The 3D X-ray crystal structure of human PDE9 complexed with PF-04447943 (7RG)
was retrieved from the RCSB Protein Data Bank (www.rcsb.org; accessed on 29 June 2022;
PDB ID 4E90, resolution 2.50 A) [21].

Before site-specific docking studies, PDE9 was prepared, and chains with zinc and
magnesium residues were isolated and considered. Further, the obtained structure was
processed through the DockPrep tool of Chimera to fix potentially missing residues in
the structure [38,39]. A zone within 5 A centered on PF-04447943 ligand was selected to
identify the binding site region.

To perform a site-specific molecular docking study, Chimera software based on AutoDock
Vina was used [38,40]. From this point, a grid-enclosing box was centered on the identified
site and a receptor search volume space was created with the following coordinates and
dimensions: x = 80.4359, y = 57.1372, z = 42.2024; size: 37.0000 x 34.0000 x 44.0000 A. The
number of generated docking poses was set to 10, and the docking energy conformation
value was expressed in —kcal/mol. The best scoring pose was selected for further analysis.
Residue numbering used in the PDB file was adopted.

Further, compound 3 was docked into the previously defined binding site of the
PDE9 enzyme, and the best pose was selected for further studies. To validate the adopted
site-specific molecular docking protocol, the co-crystallized PF-04447943 compound was
redocked, and the root-mean-square deviation (RMSD) value was calculated using the
Chimera rmsd command [38]. UCSF Chimera molecular viewer [38] and PyMol software
(The PyMOL Molecular Graphics System, Version 2.3.5, Schrodinger, LLC.) were used
to produce the artworks. ADME properties for compound 3 were retrieved using the
SwissADME tool [36]. To evaluate interaction pattern data PLIP tool was used [34].


www.rcsb.org

Molbank 2022, 2022, M1419 8 of 10

4. Conclusions

Nowadays, the identification of small molecules able to treat neurodegeneration is one
of the most challenging issues faced by drug discovery. Our work attempted to generate a
small molecule able to bind PDE9 enzyme with the aim of inhibiting it. This was performed
through site-specific molecular docking studies that displayed a good binding energy score.
Then, ligand-target interactions were evaluated and demonstrated that crucial residues
were involved. Further, physical-chemical properties were checked, and results suggested
that, since PDE9 enzyme is located at the level of the CNS, optimization for compound 3
should be considered as a potential anti-neurodegeneration drug.

Supplementary Materials: The following are available online, NMR spectrometry, Mass spectrome-
try, IR spectrometry, UV-VIS spectrometry, Computational studies of the compounds mentioned in
the article are shown in the supplementary materials [41,42].
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