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Abstract:

Phosphodiesterase-2A (PDE2A) is a potential therapeutic target for treatment of Alzheimer’s
disease and pulmonary hypertension. However, most of the current PDE2A inhibitors have the
moderate selectivity over other PDEs. In the present study, we described the discovery of novel
PDE2A inhibitors by structure-based virtual screening combining pharmacophore model screening,
molecular docking, molecular dynamics simulations, and bioassay validation. Nine hits out of 30
molecules from the SPECS database (a hit rate of 30%) inhibited PDE2A with affinity less than 50
uM. Optimization of compound AQ-390/10779040 (ICsyp = 4.6 uM) from the virtual screening,
which holds a novel scaffold of benzo[cd]indol-2(1H)-one among PDE inhibitors, leads to discovery
of a new compound LHB-8 with a significant improvement of inhibition (ICso = 570 nM). The
modeling studies demonstrated that LHB-8 formed an extra hydrogen bond with Asp808 and a
hydrophobic interaction with Thr768, in addition to the common interactions with GIn859 and
Phe862 of PDE2A. The novel scaffolds discovered in the present study can be used for rational

design of PDE2A inhibitors with high affinity.
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1. Introduction

Phosphodiesterases (PDEs) are a super family of enzymes hydrolyzing the intracellular second
messengers cyclic guanosine and adenosine monophosphate (cGMP and cAMP).'"? It has been
shown that decreased cGMP and cAMP concentrations are the main courses of certain diseases.
PDEs, for their modulation of the level of cGMP and cAMP, are thus potential therapeutic targets for
treatment of many diseases.”™! Several PDEs inhibitors have been approved as clinical drugs. For
example, sildenafil (a PDES inhibitor) is widely used for treatment of male erectile dysfunction and
pulmonary hypertension.'®!

Human PDEs are encoded by 21 genes and divided into 11 families which have different
substrate specificity. Nevertheless, they share structural similarity in catalytic domains and possess a
highly conserved hydrophobic clamp and bimetal ion binding center at the active sites.!""'*'"' PDE2
is a dual-specific enzyme that hydrolyzes both cGMP and cAMP,!"J and mostly distributes in the
central nervous system (CNS), with relatively low expression in peripheral tissues. Several studies
demonstrated that PDE2 modulates neuronal signalings involved in emotion, perception,
concentration, learning and memory, thus made it a potential therapeutic target for treatment of CNS
diseases such as Alzheimer’s disease, mild cognitive impairment, and depression.!*"*!

Although several efficient PDE2 inhibitors have been developed in recent years, there is still no
PDE?2 inhibitor on the market now (Fig. SI. ESI).'""*! The first generation of PDE2 inhibitors is
EHNA, which lacks the selectivity over other PDEs.!'" ' BAY-60-7550, a specific PDE2 inhibitor
with 1Csy of 2 nM, showed good curative effect on the rodent behavioral models in learning and
memory, and improved the acquisition and consolidation phases of novel object memory in
age-impaired rats.”?) However, the pharmacokinetic properties of BAY-60-7550 are poor, which
limited its clinical application.!'”) Thus, discovery of novel PDE2 inhibitors is highly in demand.

Structure-based drug design has been considered as a rational strategy and widely applied in the
drug discovery in recent years. The X-ray crystal structure of PDE2 in complex with BAY-60-7550

was reported in 2013. It supported the conserved glutamine switch mechanism for substrates-PDEs

binding and revealed that a hydrophobic pocket may play an important role in the improvement of
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binding affinity and selectivity for PDE2.?°*% This structural evidence may contribute to the
computer-aided inhibitor design for PDE2. Herein, our work on discovery of novel PDE2 inhibitors
started from a structure-based virtual screening to select potential leads from the commercial
database SPECS. Nine hits out of 30 molecules (a hit rate of 30%) were identified to be PDE2
inhibitors by subsequent bioassay, 5 of which possess novel scaffolds. Further structural optimization
of AG-390/10779040 led to a new compound LHB-8, giving an ICsy of 570 nM. The novel scaffolds
for PDE2 inhibitors reported in this paper might be valuable for development of PDE2 selective

inhibitors.

2. Methods and materials
2.1. Molecular modeling

In the first step, a pharmacophore model was generated for an expeditious screening of the
small-molecule database SPECS, in order to significantly reduce the size of the database. In the
second step, molecular docking was applied for a preliminary prediction of binding modes and
energies between the protein and molecules. The molecules in the dataset were further reduced in
this step. In the last step, molecular dynamics (MD) simulations, together with the molecular

mechanism/Poison-Boltzman surface area (MM-PBSA) method***!

were performed for a more
precise prediction of binding modes and corresponding binding energies. The 30 molecules with
proper binding patterns and top binding energies made up the final dataset, followed by subsequent
enzymatic bioassay.
2.1.1. Database preparation

The database SPECS (http://www.specs.net), consisting of almost 200,000 small molecules, was

selected for our virtual screening and filtered by Lipinski's Rule of Five!*®

using the modeling
software Molecular Operating Environment (MOE 2008.10), to form the initial dataset Dataset0.
Then multiple conformations for compounds were generated with the "conformation import" method

in MOE.

2.1.2. Structure-based virtual screening

3
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Crystal structures of PDE2A with bound inhibitors were used to build a well-performed 3D
pharmacophore model for screening of Dataset0. Five crystal structures were downloaded from
Protein Data Bank (PDB ID: 4HTX, 4JIB, 4D08, 4D09, and 4C11) ****?7 and applied to establish
the pharmacophore model. On basis of superposition of these five crystal structures, the spatial
positions and interactions between the ligands and the protein were carefully analyzed and common
structures in ligands such as aromatic rings, hydrophobic side chains, hydrogen bond donor and
acceptor groups were defined as pharmacophore features. The volume of the amino acid residues was
also applied as an exclusion feature to filter the compounds in the dataset. A test set, consisting of 30
active compounds (ICsp < 10 uM) and 174 inactive compounds (ICso = 10 pM) which were
randomly picked from the CheMBL database (http://www.ebi.ac.uk/chembl), was built for the
Goodness of hit (GH) test.”®! The resulting pharmacophore model was utilized to filter compounds
in Dataset0 and to save as Datasetl.

The false positive compounds in virtual screening may interfere with other detecting methods,

leading to fake hits or lead compounds.”*

Thus, PAINS (pan-assay interfering compound
substructures) screening was applied to removing possible false positive compounds to build up
Dataset2.

Molecular docking was performed for the compounds in Dataset2. Those with higher scores
than the reference thresholds and optimal binding patterns made up Dataset3. Worthy to be
mentioned is that the invariant residue GIn859 in the binding pocket may have two conformations for
its side chain, as depicted in Fig. S2. Thus, two crystal structures (4HTX and 4C1I) were utilized as
reference structures for molecular docking. The two metal ions in the binding pocket were kept as it
is in the crystal structures of PDE families.!"?! Water molecules coordinating the two metal ions were
also retained after which hydrogen atoms were complemented by using H++ webserver
(http://biophysics.cs.vt.edu/) and protonation states were corrected.

Next, MD simulations were carried out to more precisely predict their binding patterns. The

software AMBER 10.0°% was used to simulate binding of molecules in Dataset3 with PDE2A. The
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docking poses of molecules in Dataset3 were first calculated for the partial atomic charges by using
the Hartree-Fock method at the 6-31G* level with Gaussian 03”"!. Then Antechamber” was applied
to fit the restricted electrostatic potential (RESP) and assign the general amber force field (GAFF)
parameters. The amber03 force field was utilized for this protein. The force field parameters for Zn*"
and Mg”" were assigned with the "non-bond model" method.”* This simple model reproduced the
structural and energetic properties of the solvated ions in MD simulations. The results of simulations

1°*in this and our previous study.’> **! His660 and

agreed with experimental results in genera
His696, which coordinate with two metal ions, were protonated at the ¢ positions. The oxygen atom
bridging the two metal ions was treated as a hydroxide ion. His656, which is closest to the hydroxide
ion and able to capture a proton, is treated as HIP (protonated histidine). An 8 A TIP3P water box in
the form of a truncated octahedron with Na (for 4HTX) or CI (for 4C1I) ions was added for
neutralizing.

Such modified ligands and protein were then submitted to MD simulations. Eight ns MD
simulations were carried out in the NPT ensemble with a constant pressure of 1 atm and a constant
temperature of 300 K. The periodic boundary conditions were adopted, along with a 8 A cutoff for
long-range electrostatic interactions with the partial mesh Ewald (PME) method.®**7! The SHAKE

algorithm?*>"!

were utilized for restriction of all bonds involving hydrogen atoms, and thereby the
time step was set to 2 fs. Since the graphics processing units (GPUs) are available in performing
floating-point calculations, an Intel Xeon E5620 CPU and an NVIDIA Tesla C2050 GPU were
applied to accelerate the process of MD simulations for each system. Subsequent routine included
the extraction of 100 snapshots of the last 1 ns trajectories and MM-PBSA binding free energy
calculations with default parameters assigned.

In light of the MM-PBSA method™ 2> ***%], the binding free energy (AGuing) can be calculated by
the following equation 1: in which Gcomp, Grec and Giig represent the free energies of complex,
receptor and ligand, respectively.

AGing = Geomp = Grec= Giig e))

Geomp 15 calculated by the sum of the MM energy Emw, the solvation free energy Gioly, comp, and

5
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the entropy contribution Scom, by equation 2. The same calculation can be applied to Gy and Gy
Geomp = Evm + Gsoly, comp = T'Scom (2
Equation 3 can be obtained from above:
AGying= AEvm + AGion- TAS 3)
AEwm represents the gas phase interaction energy and can be decomposed into Envim, comp, EMM, rec a0d
Enw, tig- Solvation free energy can be represented by the sum of the electrostatic solvation free energy
and nonpolar solvation free energy. The electrostatic solvation free energy, AGpg, can be calculated
by the Poisson Boltzmann (PB) equation, while the nonpolar solvation free energy is proportional to
the solvation accessible surface area (SASA) and is calculated by the following equations:
AGsory=AGpp + AGnp “4)
AGn,=y SASA+b (5)

The calculation of the entropy contribution for the PDE2-ligand complexes was omitted, since it
is extremely time-consuming for large protein-ligand systems.

After MD simulations, the compounds in Dataset3 with negative binding energies at top rank
and optimal binding patterns as inspected visually formed Dataset4. Finally, all of the compounds in
Dataset4 were purchased from SPECS and subjected to bioassay for their inhibition on PDE2A.

2.2. Bioassay
2.2.1. Protein expression and purification
The recombinant pET15b-PDE2A plasmid for expression of the catalytic domain (residues

d B* #46 and was

580-919) was subcloned and purified following protocols previously reporte
transferred into E. colistrain BL21 (Codonplus, Stratagene). The E. colicells carrying the
recombinant plasmid were grown in an 2XYT medium (containing 100 pug/mL ampicillin and 20
pg/mL  chloramphenicol) at 37 °C untili ODgyoy = 0.6-0.8. Then, 0.1 mM
isopropyl-B-D-thiogalactopyranoside was added to induce the PDE2A protein expression at 16 °C for
24 h. The nickel nitriloacetic acid (Ni-NTA) column (Qiagen) was used to purify PDE2A proteins.

The concentration of the PDE2 fractions was estimated according to the absorbance at 280 nm

(calculated by the ProtParam software). A typical batch of purification yielded 10-20 mg PDE2A
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protein from a 1.0 L cell culture. The PDE2A proteins had purity greater than 90% as shown by
SDS-PAGE.
2.2.2. Enzymatic assays

The enzymatic activities of the catalytic domain of PDE2A were measured with *H-cGMP as
the substrate in buffer of 50 mM Tris pH = 8.0, 10 mM MgCl, and 0.5 mM dithiothreitol, 20,000 -
30,000 cpm *H-cGMP per assay. Inhibitors solution (DMSO) in different concentration was added to
PDE2A enzyme. The enzymatic reaction was performed at room temperature of 25 °C for 15 min
and then terminated by addition of 0.2 M ZnSQ,. The reaction product was precipitated out by 0.2 N
Ba(OH), and the unreacted *H-cGMP remained in the supernatant. The radioactivity in the
supernatant was measured in 2.5 ml of Ultima Gold liquid scintillation cocktails (PerkinElmer) by a
PerkinElmer 2910 liquid scintillation counter. At least eight concentrations of inhibitors were used
for measurement of inhibitors ICsy value. Each measurement was repeated three times, and ICs
values were calculated by nonlinear regression. The mean values of the measurements were
considered as the final ICsy values with the SD values of the measurements. In this assay, EHNA
purchased from SIGMA was used as the reference compound.
2.3. General chemistry

'H NMR and *C NMR spectra were recorded on a BrukerBioSpin GmbH spectrometer at 400.1
and 100.6 MHz, respectively. Coupling constants are given in Hz. High-resolution mass spectra
(HRMS) were obtained on an IT-TOF mass spectrometer. Flash column chromatography was
performed using silica gel (200-300 mesh) purchased from Qingdao Haiyang Chemical Co. Ltd.
Thin-layer chromatography was performed on precoated silica gel F-254 plates (0.25 mm, Qingdao
Haiyang Chemical Co. Ltd) and visualized with UV light. All the starting materials and reagents
were purchased from commercial suppliers and used directly without further purification.
2.3.1. General procedures"”' for synthesis of compounds LHB-1 to LHB-8

To the solution of Benzo[cd]indol-2(1H)-one (10 mmol) in CHCI; (30 mL), chlorosulfonic Acid
(30.0 mmol) was added dropwise in 10 min. The mixture was then stirred at room temperature for 6

h and poured into ice water to quench. The residue was extracted with 10 mL dichloromethane twice,
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washed with brine, dried over anhydrous Na,SO,. The solvent was removed in vacuum to give the
crude product M1 (46%). The corresponding amine (1.2 mmol) was added to the M1 (1 mmol) in
pyridine (10 mL). After the mixture was stirred at room temperature for 24 h, the reaction was
diluted with ethyl acetate, washed with saturated sodium bicarbonate solution, and brine, dried over
MgSO,. The solvent was removed in vacuum. The crude product was purified by silica gel
chromatography with ethyl acetate/methanol (100:1) to give the final compound. Bioassay was then
performed for compounds LHB-1 to LHB-8 with the protocol described above.

2.3.2. N-(2-isopropylphenyl)-2-0xo0-1,2-dihydrobenzo[cd]indole-6-sulfonamide (LHB-1)

Yellow solid, 68%; 'H NMR (400 MHz, DMSO) ¢ 11.12 (s, 1H), 9.80 (s, 1H), 8.55 (d, J = 8.3
Hz, 1H), 8.10 (d, /= 6.9 Hz, 1H), 7.93 — 7.80 (m, 1H), 7.15 (d, /= 4.4 Hz, 1H), 7.06 — 6.96 (m, 1H),
6.91 (d, J = 7.8 Hz, 1H), 2.96 (dt, J = 13.6, 6.8 Hz, 1H), 0.67 (d, J = 6.8 Hz, 6H); >*C NMR (101
MHz, DMSO) ¢ 168.76, 145.75, 142.68, 132.64, 132.59, 130.26, 129.49, 128.64, 127.88, 127.27,
126.68, 126.18, 126.06, 125.86, 124.78, 124.54, 104.62, 26.48, 23.21; LC-MS (ESI), m/z for
C20H18N203S ([M - H]- ): Caled 365.43, found 365.4.

2.3.3. 2-0x0-N-(3,4,5-trimethoxyphenyl)-1,2-dihydrobenzo[cd]indole-6-sulfonamide(LHB-2)

Yellow solid, 53%; '"H NMR (400 MHz, DMSO) ¢ 11.15 (s, 1H), 10.34 (s, 1H), 8.67 (d, J = 8.3
Hz, 1H), 8.16 (d, J = 7.6 Hz, 1H), 8.10 (d, J = 6.9 Hz, 1H), 7.94 (t, /= 7.7 Hz, 1H), 7.06 (d, J = 7.6
Hz, 1H), 6.31 (s, 2H), 3.57 (s, 6H), 3.50 (s, 3H); °C NMR (101 MHz, DMSO) ¢ 169.21, 153.36,
143.56, 134.31, 133.86, 131.14, 129.53, 127.69, 127.23, 126.35, 125.43, 124.85, 105.13, 97.97,
60.50, 56.16; LC-MS (ESI), m/z for C»0HsN2O¢S ([M - H]- ): Calcd 413.43, found 413.4.

2.3.4. N-(3,5-dichloro-4-hydroxyphenyl)-2-oxo0-1,2-dihydrobenzo|cd]indole-6-sulfonamide
(LHB-3)

Yellow solid, 61%;'H NMR (400 MHz, DMSO) § 11.20 (s, 1H), 10.53 (s, 1H), 10.04 (s, 1H),
8.62 (d, J= 8.4 Hz, 1H), 8.12 (d, /= 7.0 Hz, 1H), 8.07 (d, J = 7.6 Hz, 1H), 8.01-7.89 (m, 1H), 7.06
(d, J = 7.6 Hz, 1H), 6.96 (s, 2H); °C NMR (101 MHz, DMSO) § 169.16, 146.48, 143.82, 134.24,
131.31, 130.60, 129.31, 127.37, 127.01, 126.42, 125.55, 124.63, 123.01, 120.98, 105.16; LC-MS

(ESI), m/z for C17H10C12N204S ([M - H]- )Z Calcd 40824, found 408.2.
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2.3.5. N-(3-chloro-4-fluorophenyl)-2-0x0-1,2-dihydrobenzo[cd]indole-6-sulfonamide (LHB-4)

Yellow solid, 81%;'H NMR (400 MHz, DMSO) 6 11.18 (s, 1H), 10.74 (s, 1H), 8.64 (d, J= 8.3
Hz, 1H), 8.16 — 8.07 (m, 2H), 7.96 (dd, J = 8.4, 7.1 Hz, 1H), 7.24 (t, J = 9.1 Hz, 1H), 7.16 (dd, J =
6.5, 2.7 Hz, 1H), 7.05 (d, J = 7.6 Hz, 1H), 6.98 (ddd, J = 9.0, 4.1, 2.7 Hz, 1H); >*C NMR (101 MHz,
DMSO) ¢ 169.16, 143.84, 134.40, 131.35, 129.27, 127.36, 126.99, 126.47, 125.54, 124.58, 118.59,
118.41, 116.49, 109.21, 109.01, 105.13; LC-MS (ESI), m/z for C;7H;(CIFN,O3S ([M - H]- ): Calcd
375.79, found 375.7.

2.3.6. N-(3,4-difluorophenyl)-2-0xo0-1,2-dihydrobenzo[cd]indole-6-sulfonamide (LHB-5)

Yellow solid, 72%; "H NMR (400 MHz, DMSO) § 11.19 (s, 1H), 10.77 (s, 1H), 8.65 (d, J = 8.4
Hz, 1H), 8.12 (t, J = 6.9 Hz, 2H), 8.02 — 7.90 (m, 1H), 7.24 (dd, J = 19.5, 9.2 Hz, 1H), 7.11 — 7.00
(m, 2H), 6.84 — 6.76 (m, 1H); *C NMR (101 MHz, DMSO) ¢ 169.16, 143.84, 134.40, 131.35,
129.27, 127.36, 126.99, 126.47, 125.54, 124.58, 118.59, 118.41, 116.49, 109.21, 109.01, 105.13;
LC-MS (ESI), m/z for C17TH10F2N203S ([M - H]- ): Calcd 359.33, found 359.3.

2.3.7. N-(3,5-bis(trifluoromethyl)phenyl)-2-0xo0-1,2-dihydrobenzo[cd]indole-6-sulfonamide
(LHB-6)

Yellow solid, 62%; 'H NMR (400 MHz, DMSO) 6 11.40 (d, J = 57.7 Hz, 1H), 11.21 (s, 1H),
8.65 (t,J=10.0 Hz, 1H), 8.25 (t, /= 10.0 Hz, 1H), 8.11 (d, /= 6.9 Hz, 1H), 7.98 (dd, J= 8.4, 7.1 Hz,
1H), 7.66 (s, 1H), 7.60 (s, 2H), 7.09 (d, J = 7.7 Hz, 1H); °C NMR (101 MHz, DMSO) 6 169.05,
144.38, 140.22, 134.71, 131.83, 131.59, 131.50, 128.90, 127.43, 126.54, 126.30, 125.66, 124.60,
124.46, 121.89, 118.33, 116.84, 104.99; LC-MS (ESI), m/z for C;9H;0F¢N,O3S ([M - H]- ): Calcd
459.35, found 459.3.

2.3.8. 4-amino-2-chlorophenyl 2-oxo0-1,2-dihydrobenzo[cd]indole-6-sulfonate (LHB-7)

Yellow solid, 77%; '"H NMR (400 MHz, DMSO) 6 11.17 (s, 1H), 10.20 (s, 1H), 10.06 (s, 1H),
8.63 (d, J=8.1 Hz, 1H), 8.11 (d, J = 6.4 Hz, 1H), 8.04 — 7.89 (m, 2H), 7.02 (d, /= 7.0 Hz, 1H), 6.93
(s, 1H), 6.74 (s, 2H); >C NMR (101 MHz, DMSO) ¢ 169.18, 150.80, 143.48, 133.98, 131.09, 129.59,
127.57, 127.31, 126.38, 125.41, 124.78, 123.53, 122.10, 119.86, 117.25, 105.12; LC-MS (ESI), m/z

for Ci7H;1CIN,O4S ([M - H]- ): Caled 373.80, found 373.8.
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2.3.9. 4-amino-3-chlorophenyl 2-0x0-1,2-dihydrobenzo|cd]indole-6-sulfonate (LHB-8)

Yellow solid, 81%, '"H NMR (400 MHz, DMSO) d 11.16 (s, 1H), 9.76 (s, 2H), 8.72 (d, J = 8.4 Hz,
1H), 8.14 (d, J= 6.9 Hz, 1H), 8.03 — 7.86 (m, 2H), 7.21 (d, J = 8.5 Hz, 1H), 7.03 (d, /= 7.6 Hz, 1H),
6.81 (dd, J = 8.5, 2.4 Hz, 1H), 6.70 — 6.59 (m, 1H). *C NMR (101 MHz, DMSO) ¢ 169.26, 152.46,
143.18, 133.11, 130.57, 130.52, 130.37, 129.01, 127.58, 127.07, 126.44, 125.15, 123.56, 119.20,
115.51, 104.95, 31.14. HRMS (ESI-TOF) m/z: [M + Na] Calcd for C;7H;;N,0,SCI 397.0020; Found

397.0030.

3. Results and discussion
3.1. Identification of PDE2 inhibitors with novel scaffolds by structure-based virtual screening
and bioassay

A method combining pharmacophore model screening, molecular docking, molecular dynamics
simulations was utilized to screen hits. The schematic diagram of the virtual screening strategy in
this study is presented in Fig. 1.

Insert Fig. 1

The database SPECS of about 200,000 small molecules was pre-filtered by Lipinski’s Rule of
Five with the "conformation import" method in MOE 2008.10, leading to formation of Dataset( that
contains 112,755 molecules passed the filtrations. Dataset) was rapidly screened by the
pharmacophore model and then filtered by PAINS. Our initial pharmacophore model with 4 features
was generated by the consensus strategy from the superposition of five PDE2A crystal structures
(Fig. S6. ESI). However, too many molecules in Dataset( passed the pharmacophore screening and
apparently this pharmacophore model is over-simplified. We manually modified the model by
adding more features and performed the GH test by using known compounds. The pharmacophore
model was tuned by 16 hits out of the 30 active compounds and 6 hits out of the 174 inactive
compounds in the GH test set. The final GH test score of the pharmacophore model was 0.66, which
is significantly better than 0.5, a threshold value regarded as a good model,"*" thus implying that

our pharmacophore model is suitable for screening purpose. The final pharmacophore model
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contained 7 features and the exclusion feature, as shown in Fig. 2. After the pharmacophore
screening, 2,757 molecules fitted all the features in the model and were reserved as Dataset1.

Insert Table I and Insert Fig. 2

To avoid interference of false positive compounds with our subsequent screening, a PAINS
screening on compounds in Datasetl was performed using the online program Free AMDE-Tox
Filtering Tool (FAF-Drugs3, http://fafdrugs3.mti.univ-paris-diderot.fr),*”! leading to 2,603 of the
2,757 compounds, which were deposited to Dataset2.

In order to obtain the optimal parameters for reliable molecular docking, the inhibitors in the
crystal structures (PDB ID: 4HTX and 4C11) were redocked back to the structures. It turned out that
the Surflex-dock”®" method embedded in TriposSybyl 2.0 was suitable for PDE2A. The average
RMSD values between the original X-ray pose and the top 10 docking poses were less than 1.5 A for
the ligands BAY-60-7550 and EHNA, implying the reliability of the docking. Thus, the identical
parameters were used for the docking screening of molecules in Dataset2. Fifty conformations were
randomly generated for each molecule. The means of top ten docking scores for 4HTX (11.13) and
4CI1I (6.33) were used as the thresholds in the docking screening. Since the threshold of 11.13 for
4HTX was too high for most compounds in Dataset2 to pass the docking screening, it was reduced
to 5.40 that was obtained from the test docking of the similar crystal structure 4JIB.

In the hydrophobic clamp of the catalytic site of PDE2, the substrate cAMP or cGMP was
sandwiched between Phe862 and Phe830 and formed hydrogen bonds with GIn859. Similar
interactions were also observed for competitive inhibitors of PDE2. Thus, GIn859 and Phe862 are
recognized as two conservative amino acid residues during the receptor—ligand recognitions. In
addition, the side chain of GIn859 may exist in two conformations, which induces distinct binding
patterns in the PDE2A crystal structures. Accordingly, both the crystal structures of 4HTX and 4C11
were utilized during our docking screening. Only molecules fitting the pharmacophore model were
retained as potential PDE2 inhibitors. We chose the top 211 compounds (134 molecules based on the
crystal structure of 4HTX and 77 molecules based on 4C1I) in view of higher docking scores than

the thresholds and appropriate patterns to compose Dateset3 for further study. The binding poses of
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some molecules are shown in Fig. S3.

To evaluate the stability of each system of PDE2 in complex with small molecules, molecular
dynamics simulations were conducted in Amber 10.0. The results of 8 ns MD simulations and the
MM-PBSA binding free energy calculations with the stable trajectories implied that 30 systems met
the requirements sufficiently to cover both stable binding patterns and higher energies. The RMSD
values of the backbone atoms for 4HTX and 4C1I over MD simulations as references are shown in
Fig. S4. As a result, these 30 compounds were retained to constitute Dataset4. The RMSD curves
during MD simulations and predicted binding energies of the selected 30 compounds with PDE2A
are shown in Fig. S5 and Table S1.

The 30 compounds were purchased from SPECS for subsequent bioassay. EHNA was used as

the reference compound and has an ICsy of 2.6 uM which was comparable to the literature value of

Page 12 of 35

0.8 uM!"L. Nine of 30 tested compounds were confirmed to be PDE2A inhibitors, and inhibited > 50%

PDE2 activity at their 50 uM. Three of them even showed = 50% inhibition at their 10 uM (Fig.3).
Insert Fig. 3 and Fig. 4
3.2. New scaffolds for PDE2 inhibitors and their binding patterns during MD simulations

Among the 9 PDE2 inhibitors we identified, compound AG-690/12244899 gave the best ICs
for PDE2. However, its scaffold is similar to cAMP and cGMPP* and may have low selectivity over
other PDE families. Thus, AQ-390/10779040 and AG-690/10776061, which share the same novel
scaffold of benzo[cd]indol-2(1H)-one, were selected for further structural modification. The
inhibitory profiles of these two compounds with an unambiguous dose-dependent effect are shown in
Fig. 4 (AQ-390/10779040, ICso= 4.6 uM; AG-690/10776061, ICsp= 9.8 puM).

The binding modes of the new PDE2 inhibitors after 8 ns MD were analyzed for further
structural modification. The predicted binding patterns of 4 new inhibitors are illustrated in Fig. 5.
AQ-390/10779040 and AG-690/10776061 interact with PDE2A via two hydrogen bonds and m—n
stacking interactions (picture 1 and picture 2, Fig. 5) The molecules are located in the hydrophobic

clamp: residue Phe862, GIn859, Phe830 are on one end, while Leu770 and I1e866 form another side
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(only Leu770 is shown in the figure). For AG-670/40741585 (picture 3, Fig. 5), two hydrogen bonds
are formed with GIn859 and Tyr827, respectively. The n—n stacking against Phe862 is also observed.
The interactions between AG-690/12244899 and PDE2A include two hydrogen bonds with GIn859
and a stack against Phe862 (picture 4, Fig. 5). Besides, the molecule stretches into the hydrophobic
pocket which was mentioned above.

Insert Fig. 5

In summary, the binding patterns of these four molecules are very similar. One or two hydrogen
bonds with GIn859 and m—r stacking with Phe862 are formed by all of them, which are commonly
considered as conservative interactions for PDE2 inhibitors. All but AG-670/40741585 reach the
hydrophobic pocket in one end and occupy it. This binding mode may indicate a new way for
discovery of novel PDE2 inhibitors.

3.3. Design and synthesis of potent PDE2 inhibitors with the benzo[cd]indol-2(1H)-one scaffold

Based on our experimental results and the binding patterns analysis, we selected the scaffold of
AQ-390/10779040 and AG-690/10776061 for further structural modification (Scheme 1). According
to the binding modes, we kept the benzo[cd]indol-2(1H)-one core to retain the hydrogen bond
interaction with GIn859 and n—n stacking with Phe862, and initially focused on modification of the
phenyl group. We aimed to improve inhibition by adding interactions between the substituent groups

and PDE2.

Insert Scheme 1

Different substituent groups were attached to the phenyl group to explore the effect on the
inhibition (Table 2). Compared with AQ-390/10779040 and AG-690/10776061, LHB-1 and LHB-2
exhibited decrease in potency whereas six other compounds of LHB-4 to LHB-8 demonstrated
potency enhancement to a certain degree. We observed that the halogen groups on the phenyl group
improved inhibition while the methoxy or methyl groups didn’t impact significantly. The best
compound was LHB-8 giving the ICsy value of 570 nM, which exhibited 8-fold increase in the
potency to the hit compound AQ-390/10779040. The inhibitory profiles of these compounds clearly

showed dose-dependent pattern (Fig. S7). PAINS screening was applied to these derivatives and only
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LHB-3 failed to pass the test.
Insert Table 2

Molecular docking method was used to explore interactions of LHB-8 with PDE2 for the
structure-activity relationship (SAR) analysis. The best docked pose of LHB-8 from the
Surflex-dock method was selected and superposed on that of AQ-390/10779040 (Fig.6). In addition
to the common interactions with GIn859 and Phe862, LHB-8 forms an extra hydrogen bond with
Asp808. To further explore contribution of each component of LHB-8 to the inhibition, the binding
free energy was calculated with the MM-PBSA method. Stable MD simulations trajectories were
utilized for data extracting and binding free energy calculating. The predicted binding free energies
were -29.00 and -32.23 kcal/mol for the complexes of PDE2-AQ-390/10779040 and PDE2-LHB-8,
respectively, in agreement with their ICsy values (4.6 uM and 0.57 puM). The energies for
electrostatic interaction (AGg) and polar contribution to solvation (AGee, so)) 0of the complex of
PDE2- LHB-8 are 6.8 and 5.2 kcal/mol lower than those for AQ-390/10779040. We speculated that
the polar contribution may play an important role for the enhanced inhibition.

Insert Fig. 6

Energy decomposition for the binding free energies was also performed to evaluate the
contribution of each residue in the binding pocket of PDE2 with the MM-PBSA method (Fig. 7).
Usually, a residue is considered to be important for recognition of ligands if the interaction energy
with ligand is lower than -1 kcal/mol. Our results suggest that the following residues may be
important for inhibition of AQ-390/10779040 and LHB-8 on PDE2: Ala771 (-2.51 and -2.49
kcal/mol), Asp808 (-1.33 and -1.94 kcal/mol), 11826 (-1.45 and -1.63 kcal/mol), Phe830 (-1.65 and
-1.18 kcal/mol), GIn859 (-4.22 and -4.19 kcal/mol), Phe862 (-3.42 and -3.40 kcal/mol) and Ile866
(-0.93 and -0.95 kcal/mol). Among these residues, GIn859 and Phe862 mostly contributed to the total
binding free energies, in consistence with the binding patterns in which all ligands formed hydrogen
bonds with GIn859 and n—n stacking with Phe862. Thr768 and Asp808 in the hydrophobic pocket
made the major difference in energy contribution. Thr768 and Asp808 contribute to the PDE2-

LHB-8 complex with the binding free energies of 0.7 and 0.6 kcal/mol lower than those of
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PDE2-AQ-390/10779040, which is consistent with the previous result that the polar contribution
accounts for the improved inhibition against PDE2. From the MD binding patterns, one end of
LHB-8 is located in the hydrophobic clamp and another end reached the hydrophobic pocket to form
a hydrogen bond with Asp808 (Fig. 6). Compared with AQ-390/10779040, LHB-8 adopted a
slightly different conformation for stronger interaction with Thr768. The energy decomposition of
residues helps to interpret the binding patterns from the MD simulations and is supplementary to the
binding affinity results.

Insert Fig. 7

4. Conclusions

A structure-based virtual screening method combining pharmacophore model screening,
molecular docking, MD simulations, and bioassay was performed for discovery of novel PDE2A
inhibitors with new scaffolds in this study. Thirty compounds from the SPECS database were picked
out by the screening and 9 of them exhibited the inhibition of < 50 uM on PDE2. Five kinds of new
scaffolds were discovered out of the 9 hits. Structural optimization of AQ-390/10779040 (ICs, = 4.6
uM) led to discovery of a new compound LHB-8 with an improved affinity of 570 nM. The strategy
we used in this study makes a good concession between computational cost and improvement of the

hit ratio of drug discovery and may have a wide application in further rational drug design.
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Table 1. Statistical parameters for the pharmacophore screening of the test set in the GH test.

Parameters Value

Total molecules in dataset (D) 204

©CoO~NOUTA,WNPE

Total number of actives in dataset (A) 30
11 Total hits (H;) 22
13 Active hits (H,) 16
15 % Yield of actives [(Hy/H;)*100] 72.7
18 % Ratio of actives [(Hy/A)*100] 533
20 Enrichment factor (EF) [(H,*D)/(H*A)]* 4.95
3 False negatives [A-H,] 14
25 False positives [Hi-H,] 6

27 Goodness of hit test score(GH test score)b 0.66

20 * EF = (H,*D)/(H*A).
31 b GH test score = [Hy*(3A+H,)/(4H*A)]*[ 1-(H-H,)/(D-A)].
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Table 2. SAR of modified compounds based on the hit compounds AQ-390/10779040 and

AG-690/10776061.

O:$=O
X X
| —+R
=
X PDE2A ICs)*
Compound N
P | JR (M)
|
AQ-390/10779040 “”@\N 4.62+0.78
Me
Hlll OMe
AG-690/10776061 Q 9.78 + 0.34
OMe
LHB-1 HNO > 10
Et
HJ\lilW OMe
LHB-2 (;[ > 10
OMe
OMe
Hl!l Cl
LHB-3 j@[ 3.61+0.39
Cl OH
o
LHB-4 Q 1.83 +0.29
F
Cl
HN
LHB-5 Q 158 +0.29
F
F
HIL CF,
LHB-6 Q 0.98 +0.29
CF4
b
LHB-7 j@ 2.91 +0.34
cl NH,
|
(0]
LHB-8 0.57 +0.03

= :
Z
T
9

* EHNA was used as the reference compound with an ICsy of 2.60 puM.
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Table 3. Predicted free energies (kcal/mol) for binding of AQ-390/10779040 or LHB-8 to human

PDE2 by the MM-PBSA method.

Energy Terms

(kcal/mol)

AQ-390/10779040 LHB-8

©CoO~NOUTA,WNPE

10 AGesd 22.61+£245  -29.38+3.37
12 AGygu? 37.74 £2.55 39.45+236
15 AGronpol, sol” -4.06+0.12 4.00+0.11

17 AGee. sorc’ 35.41 +£2.04 40.59 +2.24

19 AGhing. prede’ 229.00£2.53  -32.23+1.98

22 *AGe., electrostatic interactions calculated using the MM force field.
24 bAGVdW, van der Waals’ contributions from MM.

26 CAGnonpOL sol, the nonpolar contribution to solvation.

o8 dAGele,sol, the polar contribution to solvation.

*AGbind, pred = AGele T AGyaw + AGhonpol, sol T AGele, sol, the predicted binding free energies with the
31 entropic contribution omitted.
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Figure Captions

Fig. 1.Workflow of the virtual screening process, combining the pharmacophore model screening,
molecular docking, MD simulations, and bioassay. Nine hits were identified as PDE2 inhibitors in
further bioassay.

Fig. 2. The pharmacophore model used in the screening of PDE2A inhibitors (1) and the
pharmacophore model mapped with the ligands in the training set (2). Don|Acc: hydrogen bond
donor or acceptor; Acc2|Don2: projection of the acceptor or the donor; Don|Acc|Hyd: a unified
feature of the Don|Acc or the hydrophobic centroid one; PiR|Aro: Pi ring center or aromatic center;
Hyd|PiR: hydrophobic centroid or Pi ring center; PiN: normal ring center. The exclusion feature is
not represented in the figure.

Fig. 3. Chemical structures and affinities of the nine PDE2A inhibitors along with their SPECS IDs.
Fig. 4. The inhibitory profiles of hit compounds AQ-390/10779040 and AG-690/10776061 on
PDE2A.

Fig. 5. Binding modes of four most representative inhibitors within the active site pocket of human
PDE2A (PDB ID: 4HTX, color in cyan, key residue in magenta) after 8 ns MD simulations. The
molecules (carbon in slate, oxygen in red, sulfur in yellow, nitrogen in blue and chlorine in green)
are AQ-390/10779040 (1), AG-690/10776061 (2), AG-670/40741585 (3), and AG-690/12244899 (4),
respectively. Hydrogen bonds are represented by dash lines.

Fig. 6. The binding mode of LHB-8 (carbon in slate, oxygen in red, sulfur in yellow, nitrogen in blue
and chlorine in green) within the active site pocket of human PDE2A (PDB ID: 4HTX, color in cyan,
key residue in magenta)after superposition on the binding pose of AQ-390/10779040 (carbon in
green, oxygen in red, sulfur in yellow and nitrogen in blue). Hydrogen bonds are represented by dash
lines.

Fig. 7. Decomposition of the key residue contributions to the binding free energies for the complexes
of PDE2 with AQ-390/10779040 and LHB-8.

Scheme 1. Reagents and conditions: a) Chlorosulfonic acid, rt, 6h; b) Pyridine, rt overnight.
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Fig. 1. Workflow of the virtual screening process, combining the pharmacophore model screening, molecular
docking, MD simulations, and bioassay. Nine hits were identified as PDE2 inhibitors in further bioassay.
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23 Fig. 2. The pharmacophore model used in the screening of PDE2A inhibitors (A) and the pharmacophore

24 model mapped with the ligands in the training set (B). Don|Acc: hydrogen bond donor or acceptor;

25 Acc2|Don2: projection of the acceptor or the donor; Don|Acc|Hyd: a unified feature of the Don|Acc or the

hydrophobic centroid one; PiR|Aro: Pi ring center or aromatic center; Hyd|PiR: hydrophobic centroid or Pi
ring center; PiN: normal ring center. The excluded volume features are not represented in the figure.
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Fig. 3. Chemical structures and affinities of the nine PDE2A inhibitors along with their SPECS IDs.
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22 Fig. 4. The inhibitory curves of hit compounds AQ-390/10779040 and AG-690/10776061 towards PDE2A.
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Fig. 5. Binding modes of four most representative inhibitors within the active site pocket of human PDE2A
(PDB ID: 4HTX, color in cyan, key residue in magenta) after 8 ns MD simulations. The molecules (carbon in
slate, oxygen in red, sulfur in yellow, nitrogen in blue, and chlorine in green) are AQ-390/10779040 (1), AG-
690/10776061 (2), AG-670/40741585 (3), and AG-690/12244899 (4), respectively. Hydrogen bonds are
represented by dash lines.
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Fig. 6. The binding mode of LHB-8 (carbon inslate, oxygen in red, sulfur in yellow,nitrogenin blue and

30 chlorine in green) within the active site pocket of human PDE2A (PDB ID: 4HTX, color in cyan, key residue in
31 magenta) after superposition onthe binding pose of AQ-390/10779040 (carbon in green, oxygen in red,
32 sulfur in yellow and nitrogen in blue). Hydrogen bonds are represented by dash lines.
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Fig. 7. Decomposition of the key residue contributions to the binding free energies for the complexes of

PDE2 with AQ-390/10779040 and LHB-8.
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Scheme 1. Reagents and conditions: a) Chlorosulfonic acid, rt, 6h; b) Pyridine, rt overnight.
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