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ABSTRACT

Calcineurin (CaN) is a calcium/calmodulin-dependent serine/threonine phosphatase with a crucial role in cellular homeostasis. It is also the target of the Food and
Drug Administration (FDA) approved immunosuppressant drugs FK506 and cyclosporine A. Recent work from our group and others indicated that an uncontrolled
increase in CaN activity causes synaptic dysfunction and neuronal death in various models of neurodegenerative diseases associated with calcium dysregulation.
Furthermore, pharmacological normalization of CaN activity can prevent disease progression in animal models. However, none of the FDA-approved CaN inhibitors
bind CaN directly, leading to adverse side effects. The development of direct CaN inhibitors is required to reduce off-target effects, but its highly conserved active site
and similar mechanism of action with other protein serine/threonine phosphatases impose a significant challenge. In this work, we developed a novel pharmacophore
model to screen for CaN-specific inhibitors. Then, we performed a virtual screen for molecules having the pharmacophore model. We also show that the molecules
identified in this screen can inhibit CaN with a low micromolar ICs. Interestingly, the inhibitors identified from the screen do not inhibit phosphoprotein phos-
phatase 2A, a member of the serine/threonine phosphatase family that shares 43% sequence identity with the CaN active site. The pharmacophore model that we

developed and validated in this work may help to accelerate the development of specific CaN inhibitors.

1. Introduction

Calcineurin (CaN), a serine/threonine phosphatase of type 2B
(PP2B), plays a key role in orchestrating the function of different tran-
scription factors, ion channels and other cellular targets under oscil-
lating bivalent calcium (Ca®") concentration [1,2]. It is a heterodimeric
enzyme composed of a 60 kDa catalytic subunit (calcineurin A; CnA) and
an 18 kDa regulatory subunit (calcineurin B; CnB) [3]. In resting con-
ditions, an auto-inhibitory domain (CnAI) blocks the active site of the
enzyme, rendering it almost inactive [4]. Ca%*-dependent binding of
calmodulin (CaM) to the CnA-CnB complex removes CnAl from the
catalytic ~site and activates the enzyme in a Ga®'
concentration-dependent manner [3,5].

Optimum CaN activity is vital in various biological processes,
including immune responses, muscle development, cardiac hypertro-
phy, neurodevelopment and memory formation [1,6]. Being the only
Ca2+—dependent and most abundant phosphatase present in neurons,
CaN plays a crucial role in synaptic plasticity and neuronal survival [2,
7]. However, uncontrolled CaN activity alters the balance of the phos-
phorylation states for its targets, thus leading to the dysregulation of
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neuronal homeostasis [7,8]. Chronic CaN activity up-regulation is
associated with synaptic impairment and neuronal death in Alzheimer’s
disease (AD), Parkinson’s disease (PD) and prion diseases [8-17]. CaN is
an ideal candidate for therapeutic intervention because of its
well-established crystal structure and dual activity on synaptic alter-
ation and neuronal death.

Pharmacological normalization of chronically upregulated CaN has
exhibited beneficial effects for neurodegenerative diseases in both
experimental and clinical settings [9-18]. However, FDA-approved CaN
inhibitors, FK506 and cyclosporine (CyA), are currently used to prevent
post-transplant immune response [3,19]. Furthermore, instead of bind-
ing CaN directly, FK506 and CyA form complexes with their respective
cognate immunophilins, FKBP12 and cyclophilin, which inhibit sub-
strate entry into the CaN active site [19,20]. Unfortunately, long-term
use of FK506 or CyA produces many different side effects, including
nephrotoxicity, hypertension, hypercholesterolemia, diabetes and/or
tremors. Some of these effects are attributed to the drug binding to
immunophilins [21,22].

In the search for a direct CaN inhibitor, we recently developed a
high-throughput screening assay to unbiasedly screen for CaN inhibitors
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[23]. However, CaN shares a highly conserved active site and similar
catalytic mechanisms with other serine-threonine protein phosphatases
(PSPs) from the phosphoprotein phosphatase (PPP) family, which im-
poses a serious challenge in CaN-specific inhibitor development
[24-27]. Although several approaches are under investigation,
CaN-specific inhibitor development continues to remain an unmet need
[28-32].

Virtual screening is an in-silico method used to filter and select
compounds from large chemical spaces. Although there are limitations
[33], it has been widely and successfully applied to identify biologically
active compounds [34]. In this work, we describe a novel pharmaco-
phore model that mimics the blockage of the active site by the
auto-inhibitory domain, a unique domain for CaN compared to other
phosphatases in the PPP family. After performing virtual screening, the
small molecules selected were tested in vitro and shown to specifically
inhibit CaN. These results suggest that our pharmacophore model could
serve as a powerful tool to accelerate the discovery of novel CaN-specific
inhibitors.

2. Results

Pharmacophore design: The CnAl is known to block CaN phos-
phatase activity by interacting with the CaN active site during the
absence of Cat/calmodulin [20]. Therefore, we designed pharmaco-
phore models to mimic this interaction based on the crystallized
three-dimensional structure of the human CaN heterodimer (PDB: 1AUI)
using a ligand (CnAlI) - receptor (active site) based methodology [35].
We identified the following amino acids as part of the active site: Asp90,
His92, Aspl118, Argl22, Asnl50, His151, Leul56, Phel60, His199,
Trp232, Asp234, Asn251, Thr252, Val253, Arg254, Phe259, His281,
Glu282, Ala283, Phe306, Tyr311, Leu312 and Tyr315. The following
amino acids were identified as part of the CnAl: Ser469, Phe470,
Glu471, Glu472, Ala473, Lys474, Glu475, Leud76, Asp477, Asp477,
Arg478, 1le479, Asn 480, Glu481, Arg482, Pro484 and Pro485. We
identified the exact intramolecular interactions (aromatic centers, hy-
drophobicity, hydrogen bonding, salt bridges and the van der Waals
surface) of the active site with the CnAl domain (the van der Waals
surfaces are shown in Fig. 1A). We calculated the van der Waals surface
at 4.5 A of the active site. Then, we analyzed its shape and composition.
All calculations were performed using the Chemical Computing Group’s
Molecular Operating Environment software (MOE 2011). As described
in the LigandScout user manual, the following distance constraints were
used to define the interactions: aromatic 2.8-4.5 A, hydrophobic
1.0-5.9 A, salt bridge 1.5-5.5 A and hydrogen bond 2.2-3.8 A. A total of
three-dimensional pharmacophore models were generated based on
different combinations of the observed interactions. Pharmacophore
selection was conducted through a retrospective virtual screening using
a conformational database, which was able to distinguish the CnAI
domain from a subset of unrelated compounds with similar molecular
properties. The selected pharmacophore model is shown in Fig. 1B. In
this model, the amino acids in the CaN active site that were determined
to be critical for binding CnAl were Arg122, Tyr315, Glu282 and Thr252
(Table 1). Importantly, all of these amino acids were specific for the CaN
active site except Arg122, which is shared with other phosphatases (PP1
and PP2A).

Virtual screening and validation of candidates: To perform the
prospective virtual screening, we used the Molecular Operating Envi-
ronment database (MOE), which contains 653,233 Oprea lead mole-
cules. After the virtual screening, our pharmacophore model selected 33
candidates. Since eight of these candidates were commercially available,
we tested their inhibitory potential with a 12-point dose-response assay
against CaN. To perform the inhibition assays, we first determined the
Ky, value of CaN for the well-established substrate RIIP (a 19 amino acid
peptide fragment [81-99aa], phosphorylated at the serine residue, from
regulatory subunit type II of the CaN substrate cAMP-dependent protein
kinase [PKA]) using similar conditions as published previously [23]. All
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Fig. 1. Pharmacophore design and in silico analysis. A) Van der Waals surface
at 4.5 A of the active site. Color code: magenta, H-bonding regions; green,
hydrophobic regions; blue, mild polar regions. The alpha-helix of the auto-
inhibitory domain is colored in red. B) Selected pharmacophore model
designed on the basis of the CnAlI interactions with the active site. 1 Cationic, 2
Anionic, 3 Hydrophobic/Aromatic, 4 Anionic and Hydrogen bond acceptor, 5
Hydrogen bond donor, 6 Anionic and Hydrogen bond acceptor, 7 Aromatic.

Table 1
Observed intramolecular interactions between calcineurin autoinhibitory
domain (CnAl) and calcineurin.

CnAI Calcineurin Interaction Distance (A)
Phe470 Tyr315 Aromatic 3.28
Ala473 Tyr315 Hydrophobic 3.66
Lys474 Glu282 Salt bridge 5.52
Asp477 Tyr315 Hydrogen bond 2.71
Asp477 Argl22 Salt bridge 2.79
Glu481 HOH Hydrogen bond 2.60
Arg482 Thr252 Hydrogen bond 2.50

of the inhibition assays were performed at the Ky, concentration of the
substrate. One out of eight molecules (PMDO0011) inhibited CaN with an
ICsp of 56.62 + 1.22 pM (Fig. 2). The structure and physicochemical
properties of the active compound is presented in Table 2.
Structure-Activity Relationship studies: We attempted to improve
the inhibition potential of PMDO0011 by using its scaffold to produce
derivatives with elevated potency and solubility. For this purpose, we
chose modifications expected to significantly alter its structure and
physicochemical properties (Table 3). To determine the requirement of
the fluoro group, a few commercially available compounds were
selected, in which the fluoro group was replaced by 2-Nitro (PMD0033),
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Fig. 2. Inhibitory potential of selected molecules against CaN. Inhibition po-
tentials for the two out of eight candidates with the best dose responses in the
CaN phosphatase inhibition assay: PMD0011, ICsq = 56.62 + 1.22 pM. Each
data point represents the mean + SEM of duplicates.
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3,4-Dihydroxy (PMDO0022) or 4-N-dimethyl (PMDO0026). All re-
placements exhibited decreased potency, as respectively indicated by
the high ICso values of 63, >200 and > 500 pM (Table 3). However,
substituting the fluoro group with a heterocyclic thiophene ring
(PMDO0024), containing an electron-rich S atom in the aromatic ring,
increased the potency 7 times to an ICsq of 8.56 + 1.41 pM (Fig. 3). To
confirm the requirement of carboxylic group in the PDM0024 molecule,
the carboxylic group was replaced with a 3,4-Dichloro group
(PDM0023). This single replacement led to a loss of activity with an ICsq
greater than 200 pM. Our results clearly indicate that the most potent
structure requires a carboxylic group at the para position of the left-hand
phenyl ring and a thiophene group on the right-hand side. Although we
were able to significantly improve the potency of the CaN inhibitor by
rationally modifying the structure, it, unfortunately, did not improve the
solubility.

Specificity of the inhibitors: PMD0011 and PMD0024 should be
specific CaN inhibitors based on the filters used to generate our phar-
macophore model. In order to confirm CaN specificity, we tested the
inhibition potential of these two compounds against PP2A, a PPP family
member possessing 43% sequence identity with the CaN active site [26,
27]. First, we determined the K, value for PP2A and the RIIP substrate.
Next, the inhibitory potential for PMD0011 and PMDO0024 against PP2A
were tested using the 12-point dose-response assay. Both PMD0011 and
PMDO0024 failed to inhibit PP2A activity (Fig. 4A and B), even at the
highest concentrations tested. Importantly, these concentrations were
approximately 6 and 30 times higher than the IC5y observed with CaN,
respectively.

3. Discussion

Unregulated increase in cytoplasmic Ca®" leads to sustained

Table 2
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Table 3
Seven different derivatives of the lead compound were tested to study the effect
of different functional groups in the core structure..

' (@]
R \@\ o NH  N=
D=N R
N S
H
Code R R’ R” ICso (1M)
PMDO0033 2-Nitro -COOH H 63
PMDO0022 3,4-Dihydroxy -COOH H >200
PMDO0026 4-N-(CHjs)2 -COOH H >500
R
' O
R 0 NH  N=(
>:N R"
N S
H
Code R R R” ICso (M)
PMDO0024 — -COOH CHs 8.6
Qs
PMDO0023 — 3,4-Dichloro CHj >200
Qs
100+
] I
0 1 2 3
-20-

Log:,[PMD0024]uM

Fig. 3. Improved potency of derivatives of PMDO0011 inhibitor. We generated
several derivatives of PMDO0011 for improved inhibitory potential and solubility
(also see Table 3). PMD0024 showed a nearly 7 times increase in inhibition
potential with ICso = 8.56 + 1.41 pM. Each data point represents the mean +
SEM of duplicates.

Structure and molecular properties of the prospective virtual screening hits that were used to perform the first set of in vitro assays.

Code Structure Drug like properties
PMDO0011 F, MW 414
LogP 1.51

RB 7
o Hdon 3
HO M‘:‘* r(N_ Hacc 6

MW = molecular weight, LogP = octanol/water partition coefficient, RB = number of rotatable bonds, Hdon = number of H-bond donors,

Hacc = number of H-bond acceptors.
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Fig. 4. CaN inhibitors do not inhibit PP2A. We tested the inhibition potential of
both A) PMDO0011 and its derivative B) PMD0024 against PP2A. Both of them
failed to inhibit PP2A. Each data point represents the mean + SEM
of duplicates.

activation of CaN. Chronically active CaN results in synaptic abnor-
malities and neuronal apoptosis observed in a spectrum of neurode-
generative diseases [7,8]. Although a potential therapeutic target, CaN
has a remarkably conserved active site with other members of the PPP
family, which imposes a challenge in developing a CaN-specific in-
hibitors. Attempts to inhibit CaN with small molecules targeting the
active site will likely inhibit other phosphatases of the PPP family, thus
leading to deleterious consequences in cells. In this work, we developed
and validated a unique strategy to identify CaN-specific inhibitors. We
and others have demonstrated that chronic upregulation of CaN leads to
synaptic impairment and neuronal death in AD, PD, and prion diseases
[8-17]. We hope that our work will facilitate the development of a novel
class of anti-CaN therapeutics for these devasting disorders of the brain.

The functional diversity and specificity of CaN originates from its
unique regulatory subunits, domains and binding partners [24,25]. In
contrast to the other PPP members, the binding of CaN to Ca%*/CaM
results in the displacement of CnAl resulting in enzyme activation.
Targeting CaN-CaM binding as a mechanism to inhibit CaN activity may
produce off-target effects by inhibiting CaM binding to its other known
partners. Moreover, it has been shown that in AD, proteolytic truncation
of the CnAl domain makes CaN constitutively active, without the
requirement of Cat/CaM binding [36]. Since CnAlI occlusion of the
active site is unique to CaN, we developed a novel pharmacophore
model to screen for specific CaN inhibitors by mimicking the blockage of
the CnA active site with CnAl. The pharmacophore models were
generated using a ligand (CnAl)-receptor (active site) based
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methodology, where the intermolecular interactions were evaluated and
determinant pharmacophore features were included in the filters. The
combination of both approaches allows a detailed and precise descrip-
tion of the binding mode between the CnAI and the active site of the
protein, therefore leading to specific screening for new inhibitors [33,
35].

An in-silico screen with our pharmacophore model identified 33
candidate molecules, 8 of which were commercially available. Two out
of eight candidate molecules produced a dose-dependent inhibition of
CaN in an enzyme assay. Moreover, the potency of the inhibitors was
significantly improved by modifying the active compound. Importantly,
our newly identified CaN inhibitors (PMDAMO0011 and PMDAMO0024)
did not inhibit the activity of PP2A, another closely related member of
the PPP family. Taken together, these results strongly indicate the
specificity of these inhibitors for CaN, validating our pharmacophore
model.

Development of specific serine/threonine phosphatase inhibitors for
therapeutic purposes has traditionally been difficult [37]. The similarity
in the active site imposed a risk that even the low-affinity nonspecific
inhibition of the off-target phosphates may produce devastating effects.
Further work is needed to validate the general specificity of the novel
CaN inhibitors developed in this work against other PPP family mem-
bers. However, our work provided proof of concept demonstration of
specificity that these novel CaN inhibitors do not inhibit PP2A activity.
In addition, targeting protein-protein interactions with small molecules
is considered to be a challenging strategy with limited success [38]. The
pharmacophore model we developed and validated in this work may
help to overcome both of these obstructions to accelerate the discovery
of specific CaN inhibitors.

4. Methods

Retrospective and prospective virtual screening: To construct the
retrospective VS database, the Al of CaN was taken as positive control
and a set of assumed inactive compounds with similar 1D and 2D mo-
lecular properties to Endothall (Molecular weight: 184.147) and Nor-
cantharidin (Molecular weight: 168.148) (known CaN inhibitors) were
selected as negative controls from the PubChem Database (see
Table below). Such controls are listed here: CID_641395, CID_600929
CID_598359, CID_598966, CID 597215, CID_597130, CID_596714,
CID_596646 and CID_595632. A set of different conformations was
generated for each molecule using MMFF94x forcefield. A limit of 4.5
kcal/mol strain energy was imposed with a limit of 500 conformations
per molecule. Duplicate conformations were removed with a heavy atom
RMSD tolerance of 0.6 A. Prospective database included 653, 533
(Oprea) lead-like chemical structures (MW: max. 450, logP: —3,5 to
+4,5, H-bond acceptors: max. 8, H-bond donors: max. 5) from the MOE
molecular database. The structures come from the following sources: A-
Synthese-Biotech, ASDI, Akos, Art-Chem, Asinex, Aurora, Biofocus,
Bionet, Biotech Corp. Of America, Cerep, Chem T&I, Chembridge,
Chemdiv, Chemical Block, Chemstar, Comgenex, EMC Microcollection,
Enamine, Exclusive Chemistry, FCHC, InnovaPharm, InterBioScreen,
Labotest, Life Chemicals, Lithuania, MDD World Molecules, MDPI,
Maybridge, Menai, Moscow MedChem Labs, Nanosyn, Otava, Peakdale,
Pharmeks, Princeton Biomolecular, Pyxis Discovery, Scientific Ex-
change, Sigma-Aldrich, SPECS, Spectrum Info, TimTec, Toslab, Tripos
and Vitas-M Lab. Both retrospective and prospective three-dimensional
virtual screenings were performed. MMFF94x forcefield was used to
generate the conformations of the prospective database. A limit of 4.5
kcal/mol strain energy was imposed with a limit of 500 conformations
per molecule. Duplicate conformations were removed with a heavy atom
RMSD tolerance of 0.6 A (0.75 A for conformations with strain greater
than 3.5 kcal/mol). Selection of the best pharmacophore filter was
conducted through retrospective virtual screening, using a conforma-
tional test database. The selection of the pharmacophore model was
based on the ability to effectively identify positive and negative controls
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from the training database. Once the best filter was selected, prospective
virtual screening was applied to the MOE database, which contains
653,233 lead-like chemical structures (Oprea).

Enzyme assay: The CaN assay was performed as previously
described [23]. In brief, an enzyme master mix was prepared in 2X assay
buffer containing 100 mM HEPES (pH 7.0), 1 mM DTT,1 mM CaCly, 2
mM MnCl,, 16 nM CaN (R&D; Cat # 3160-CA-020) and 32 nM CM (EMD
Millipore; Cat # 208694). As a substrate we used a 19 amino acid
peptide fragment (81-99aa), phosphorylated at the serine residue, from
regulatory subunit type II of the CaN substrate cAMP-dependent protein
kinase (PKA). This peptide fragment is called RIIP. The master mix was
incubated for 30 min at 37 °C. 25 pl of master mix and 25 pl RIIP sub-
strate (in deionized water; American Peptide; Product No. 310258) were
mixed to initiate the reaction. The reaction was stopped by adding 50 pl
of malachite green (BioAssay System; Cat # POMG-25H) reagent. The
absorbance of the phospho-malachite green complex was measured at
620 nm using Molecular Devices’ Gemini Spectromax spectrophotom-
eter. The enzyme assays with PP2A (Cayman chemicals; item #
10011237) were similar and also used RIIP as substrate [31].

Enzyme inhibition assay: Inhibitor stock solution was prepared in
DMSO (Fisher; Cat #D128-500) at a 50 mM concentration. 10 different
concentrations of inhibitor were made by diluting DMSO stock in assay
buffer (1.5 mM - 1.4 pm). 10 pl of each concentration was then incu-
bated with 20 pL of the activated master mix for another 30 min at 37 °C.
The final DMSO concentration in the assay was 0.6%. The positive
controls were prepared in the same way and had only 0.6% DMSO
without any inhibitor. The enzyme reaction was started by adding 20 pL
of 625 pM RIIP substrate. After a 30 min incubation, substrate hydrolysis
was stopped by adding 50 pL of the stop solution. The absorbance value
was recorded in a colorimeter at 620 nm. Absorbance values were
converted to amount of free phosphate released from the phosphate
standard curve. Percentage inhibition was calculated using equation (1).
ICsp values were determined by fitting the data points to log (inhibitor)
vs response-variable slope (four parameters) using equation (2).

% Inhibition = (Positive control —test well)*100/ Positive control equation 1

Y=Bottom + (Top-Bottom)/(1 + 1OA((LogICSO-X)*HillSlope)) equation 2
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