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Abstract: γ-Secretase is an intramembrane aspartyl protease that is important in regulating normal
cell physiology via cleavage of over 100 transmembrane proteins, including Amyloid Precursor
Protein (APP) and Notch family receptors. However, aberrant proteolysis of substrates has implications in the progression of disease pathologies, including Alzheimer’s disease (AD), cancers, and
skin disorders. While several γ-secretase inhibitors have been identified, there has been toxicity
observed in clinical trials associated with non-selective enzyme inhibition. To address this, γ-secretase
modulators have been identified and pursued as more selective agents. Recent structural evidence
has provided an insight into how γ-secretase inhibitors and modulators are recognized by γ-secretase,
providing a platform for rational drug design targeting this protease. In this study, docking- and
pharmacophore-based screening approaches were evaluated for their ability to identify, from libraries of known inhibitors and modulators with decoys with similar physicochemical properties,
γ-secretase inhibitors and modulators. Using these libraries, we defined strategies for identifying
both γ-secretase inhibitors and modulators incorporating an initial pharmacophore-based screen
followed by a docking-based screen, with each strategy employing distinct γ-secretase structures.
Furthermore, known γ-secretase inhibitors and modulators were able to be identified from an external
set of bioactive molecules following application of the derived screening strategies. The approaches
described herein will inform the discovery of novel small molecules targeting γ-secretase.
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1. Introduction
γ-Secretase is an intramembrane aspartyl protease that performs regulated intramembrane proteolysis of Type-I transmembrane (TM) proteins [1], processing over 100 functionally diverse substrates [2,3]. It is a heterotetrametric enzyme complex [4] composed
of presenilin (PS, of which there are two homologues, PS1 and PS2) [5], nicastrin (Nct) [6],
anterior pharynx defective-1 (Aph-1) [7], and presenilin enhancer-2 (Pen-2) [8]. The most
noTable Substrates of γ-secretase are Amyloid Precursor Protein (APP) [9] and Notch family
receptors 1–4 [10]. Due to its role in APP processing, γ-secretase has been investigated for
the development of disease-modifying therapeutics for Alzheimer’s Disease (AD), amongst
other γ-secretase related disorders [11]. These molecules are classified as γ-secretase inhibitors (GSIs), which target the enzyme active site, and γ-secretase modulators (GSMs)
that bind to an allosteric site [12,13].
Numerous GSIs, including avagacestat and semagacestat [14,15], have progressed to
clinical trials; however, they have shown off-target effects, including worsening in cognition, the development of cancers, subcutaneous tissue disorders, and gastrointestinal
problems [15,16]. These associated complications are believed to be mediated by GSIs
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broadly inhibiting, and thereby precluding, the release of biologically important intracellular domains (ICDs) [17]. Many first generation GSIs, including L-685,458, were peptidic
transition state analogs that feature hydroxyethylene dipeptide isostere moieties, allowing
them to bind to γ-secretase in a way that mimics the α-helical nature of the APP TM
domain [18]. However, these molecules lack Notch-sparing activity and thus have not
been pursued for development as therapeutic agents [19]. The identification of a region
on the γ-secretase surface which is responsible for initial substrate binding [20] led to
a focus on identifying GSIs that target the substrate-docking site of the enzyme. DAPT
(N-[N-(3,5-diflurophenacetyl)-1-alanyl]-S-phenylglycine t-butyl ester), which binds at a site
that is close to the enzyme catalytic site, but remains pharmacologically distinct, was the
first orally active GSI [21]. Continued optimization of this GSI class led to the development
of semagacestat (a carboxamide) and avagacestat (an arylsulphonamide). These GSIs have
been assessed in clinical trials against AD, showing a dose-dependent decrease in the production of Aβ40 and Aβ42 in vitro and in vivo [14,15,22]; however, participants receiving
various dosages of treatments showed a higher occurrence of health complications than the
placebo group and, hence, were discontinued [15,16].
In recognition of problems related to the broad inhibition of cleavage, an alternative
approach was proposed to identify molecules that selectively inhibit (i.e., modulate) the
production of longer neurotoxic Aβ species while maintaining ICD generation from all
substrates. Non-steroidal anti-inflammatory drugs (NSAIDs) were the first molecules seen
to modulate Aβ levels [23,24], such that there is a decrease in Aβ42 production alongside a
simultaneous increase in the production of the shorter, less pathogenic Aβ38 [25]. Numerous
GSMs have since been identified with this type of activity toward γ-secretase [12,26].
Neurogenetics developed the first non-NSAID GSMs, which were based around aryl- or
heteroarylimidazoles and anilinothiazoles and led to the development of NGP555 [26]. This
molecule binds to an allosteric interface of γ-secretase between Pen-2, Nct, and the TM 3-4
loop of PS1-NTF [27]. In vitro activity assessment by ELISA has shown NGP555 to afford a
dose-dependent decrease in Aβ42 and Aβ40 production, while increasing the production
of Aβ38 , and having no significant change to the Aβ total or the generation of ICDs from
other substrates [26]. This GSM has shown no associated toxicity in animal studies and has
since progressed to Phase I clinical trials [27]. Analogs of the NGP555 scaffold have been
identified and generally afford increased structural rigidity and metabolic stability through
structural replacement and rearrangements [26,28]. However, these derivatives are similar
in structure to NGP555, and there has been limited progression in the identification of new
GSM molecular scaffolds.
As a multi-subunit TM protein, γ-secretase has eluded structural characterization until
recently. Bai et al. characterized a series of γ-secretase apo-state ensembles (PDB 5FN3,
5FN4, 5FN5) [29] by cryoelectron microscopy, alongside a complex with the GSI DAPT
(PDB 5FN2, although the DAPT molecule could not be atomically resolved [29]). Of note,
among these structures is the presence of a density in two apo-state ensembles (PDB 5FN3,
PDB 5FN4) that could not be ascribed to γ-secretase, and is hypothesized to be unidentified
co-purified substrates [29]. Compounding this, TM2, a region believed to be important
for substrate binding, is missing from several of these structures (PDB 5A63, PDB 5FN4,
PDB 5FN5) [29,30]. More recently, atomic structures of γ-secretase enzymes in a complex
with APP (PDB 6IYC [31]) and Notch (PDB 6IDF [32]) substrates have been determined.
These structures reveal the formation of an antiparallel three-stranded β-sheet between
the C-terminal portion of substrates, with two induced β-strands, β1 (residues 287–290
when bound with APP) and β2 (377–381) from TM6 and TM7 of PS1. This structural
rearrangement was not evident in the DAPT-bound γ-secretase [29] and thus is predicted to
be important in substrate proteolysis and/or recognition [31,32]. The most recent structures
of γ-secretase feature bound inhibitors (semagacestat, avagacestat, L685,458) and a bound
modulator (E2012) (Figure 1), providing a basis to pursue structure-based drug design
targeting γ-secretase [33].
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Figure 1. Co-complex of γ-secretase, L685,458, and E2012 (PDB 7D8X), illustrating the locations of
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Molecules 2022, 27, 176

4 of 18

semagacestat against all structures, although, in some circumstances (PDB 6IYC and 6LGQ),
slightly better fitting poses are found lower down the ranked list (but nonetheless, still
within the three best-ranked poses). Glide SP generated well-fitting poses of L685,458
only against the structure of γ-secretase representing the APP-bound conformation (PDB
6IYC), however, these are not highly ranked by GlideScore, and docking to either cognate structure (PDB 7C9I and PDB 7D8X) failed to produce well-fitting poses. While
pose prediction via ePharmacophore models generally performed poorly (Figure 2I–L;
Supplementary Materials Table S3), a noteworthy exception was seen for E2012 against the
cognate structure (PDB 7D8X), where a well-fitting pose was achieved and ranked at the
top of the list by PhaseScreenScore. Taken altogether, these results suggest the ability of
Glide SP to reproduce the bound structures of traditionally drug-like γ-secretase inhibitors,
while the ePharmacophore approach is preferred for predicting the bound structures of
γ-secretase modulators.
2.2. Derivation of Virtual Screening Strategies for γ-Secretase Inhibitors and Modulators
As Glide HTVS and ePharmacophore screening are relatively fast approaches, it is
preferable to perform an initial screen of a large library by either of these methods, select
highly ranked molecules, then screen the selected molecules with a slower/more accurate
approach, such as Glide SP or more thorough approaches to determining binding free
energy [34,35]. Thus, optimal virtual screening approaches for γ-secretase inhibitors and
modulators were investigated and designed with this in mind.
The ability of Glide HTVS and ePharmacophore screening to identify known inhibitors
and modulators of γ-secretase from decoys generated by DUD-E was initially investigated
(Table 1, Supplementary Materials Figures S1–S4). The best performing structure–method
combinations for identifying γ-secretase inhibitors were to use Glide HTVS against the
APP-bound conformation of γ-secretase (PDB 6IYC; AUC = 0.67, optimal MCC = 0.16 for
top 7% of screen) and to screen against the ePharmacophore derived from the L685,458bound conformation of γ-secretase (PDB 7C9I; AUC = 0.63, optimal MCC = 0.17 for top
6% of screen); the latter approach is preferred as it achieves a slightly higher MCC within
a slightly smaller range of the screen. When screening for γ-secretase modulators, Glide
HTVS fares poorly regardless of the structure employed, with optimal MCCs in all cases
determined to be less than 0.1, suggesting near-random performance for this approach. In
selected cases—specifically, PDBs 6IYC and 7D8X (γ-secretase in complex with L685,438
and the modulator E2012)—optimal MCCs above 0.1 are obtained by ePharmacophore
screening, with the best performance achieved using the 7D8X-derived ePharmacophore
(AUC = 0.73, MCC = 0.16 for top 7% of screen). Thus, in the context of screening for
both γ-secretase inhibitors and γ-secretase modulators, the ePharmacophore approach
was preferred for the initial stage of screening, although with different structures being
preferred for each ligand class.
Table 1. Virtual screening performance for fast screening approaches for each molecule type 1 .
Inhibitors

6IYC
6IDF
6LQG
6LR4
7C9I
7D8X
1

Modulators

Glide HTVS

ePharmacophore

Glide HTVS

ePharmacophore

0.67 (0.16, 7%)
0.56 (0.06, 5%)
0.56 (0.06, 24%)
0.50 (0.02, 9%)
0.45 (0.10, 7%)
0.48 (0.07, 5%)

0.35 (0.06, 15%)
0.45 (0.03, 5%)
0.60 (0.12, 12%)
0.45 (0.11, 12%)
0.63 (0.17, 6%)
0.38 (0.07, 5%)

0.65 (0.04, 20%)
0.64 (0.05, 10%)
0.51 (0.02, 10%)
0.58 (0.02, 6%)
0.56 (0.08, 12%)
0.63 (0.06, 23%)

0.80 (0.11, 19%)
0.54 (0.02, 23%)
0.76 (0.06, 13%)
0.72 (0.07, 12%)
0.57 (0.00, 5%)
0.73 (0.16, 7%)

For each case, the area under the curve is presented, followed in parentheses by the best Matthews correlation
coefficient within the top 5–25% of the screen and the percentage of the screen at which this MCC is observed.
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(C). Semagacestat docked by Glide HTVS to PDB 6LR4 (RMSD = 0.6 Å). (D). L685,458 docked by
Glide HTVS to 6IYC (RMSD = 2.9 Å). (E). E2012 docked by Glide SP to PDB 6LQG (RMSD = 7.8 Å)
and PDB 6IYC (RMSD = 2.2 Å for 22nd ranked pose). (F). Avagacestat docked by Glide SP to PDB
6LQG (RMSD = 1.9 Å). (G). Semagacestat docked by Glide SP to PDB 6LR4 (RMSD = 1.0 Å and 0.8 Å
for 3rd ranked pose). (H). L685,458 docked by Glide SP to PDB 7D8X (RMSD = 4.0 Å) and PDB 6IYC
(RMSD = 2.3 Å for 12th ranked pose). (I). E2012 fitted to ePharmacophore derived from PDB 7D8X
(RMSD = 1.9 Å). (J). Avagacestat fitted to ePharmacophore derived from PDB 6LQG (RMSD = 3.1 Å
and 2.9 Å for 3rd ranked pose). (K). Semagacestat fitted to ePharmacophore derived from PDB 7C9I
(RMSD = 1.5 Å). (L). L685,458 fitted to ePharmacophore derived from PDB 7D8X (RMSD = 5.1 Å) and
PDB 6IYC (RMSD = 4.1 Å).

The respective sets of top ranked molecules following screening by the ePharmacophore approach were then screened by Glide SP at each of the γ-secretase structures
(Table 2, Supplementary Materials Figures S5–S8). Noting that the correct poses for E2012
could only be accurately generated and ranked by screening against the 7D8X-derived
ePharmacophore (Figure 1; Supplementary Materials Table S3), it was decided to examine
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whether allowing Glide SP to sample ligands in a fully flexible fashion (as is the default)
or whether only to refine ePharmacophore-derived poses led to an improved enrichment
of actives. When full ligand flexibility is allowed during rescreening by Glide SP, the
APP-bound conformation of γ-secretase (PDB 6IYC) gives near perfect enrichment to the
remaining γ-secretase inhibitors (AUC = 0.99, MCC = 0.93 for top 11% of screen). With the
exception of the avagacestat-bound conformation (PDB 6LQG), the remaining structures
all perform excellently for enriching the remaining γ-secretase inhibitors, achieving AUCs
between 0.74 and 0.97, and peak MCCs between 0.65 and 0.83. In comparison, refining the
initial ePharmacophore-derived poses achieves poorer, although still excellent, results for
enriching γ-secretase inhibitors from the set of top ranked molecules remaining following
screening against the 7C9I-derived ePharmacophore; notably, vastly improved results are
seen for screening against PDB 6LQG. In contrast to enriching γ-secretase inhibitors, the
best strategy for enriching γ-secretase modulators appears to be to refine by Glide SP (i.e.,
not to incorporate flexible ligand sampling) the initial ePharmacophore-derived poses
against PDB 7D8X (AUC = 0.70, MCC = 0.39 for top 9% of screen), which achieves a modest
improvement over the best performing structure when full ligand flexibility is incorporated
(for PDB 7C9I; AUC = 0.64, MCC = 0.26 for top 10% of screen).
Table 2. Performance for enrichment of actives by Glide SP following initial ePharmacophore screening 1 .
Inhibitors 2

6IYC
6IDF
6LQG
6LR4
7C9I
7D8X

Modulators 3

SP Flexible

SP Refine Only

SP Flexible

SP Refine Only

0.99 (0.93, 11%)
0.95 (0.74, 6%)
0.74 (0.27, 23%)
0.97 (0.83, 7%)
0.80 (0.65, 7%)
0.94 (0.74, 6%)

0.97 (0.75, 9%)
0.71 (0.83, 7%)
0.77 (0.74, 5%)
0.63 (0.74, 5%)
0.82 (0.83, 7%)
0.83 (0.83, 7%)

0.65 (0.19, 15%)
0.61 (0.15, 10%)
0.56 (0.10, 6%)
0.50 (0.07, 8%)
0.64 (0.26, 10%)
0.57 (0.00, 17%)

0.54 (0.28, 12%)
-4
0.36 (−0.06, 5%)
0.44 (−0.03, 5%)
0.35 (0.00, 5%)
0.70 (0.39, 9%)

1

For each case, the area under the curve is presented, followed in parentheses by the best Matthews correlation
coefficient within the top 5–25% of the screen and the percentage of the screen at which this MCC is observed.
2 The input library for these screens was the top 6% ranked ligands following screening of the initial γ-secretase
inhibitor library against the PDB 7C9I-derived ePharmacophore. 3 The input library for these screens was the top
7% ranked ligands following screening of the initial γ-secretase modulator library against the PDB 7D8X-derived
ePharmacophore. 4 No actives returned.

The poses of the top ranked ligands obtained from the optimal Glide SP re-screens
for γ-secretase inhibitors and γ-secretase modulators were then further rescored by Prime
MMGBSA. This rescoring gives further enrichment of γ-secretase modulators, but fails to
further enrich γ-secretase inhibitors (Table 3, Supplementary Materials Figure S9).
Table 3. Performance of Prime MMGBSA for further enrichment of actives.
Performance 1
Inhibitors 2
Modulators 3

0.14 (0.14, 5%)
0.81 (0.47, 24%)

1 The area under the curve is presented, followed in parentheses by the best Matthews correlation coefficient
within the top 5–25% of the screen and the percentage of the screen at which this MCC is observed.2 The input
library was the top 11% ranked ligands following re-screening at PDB 6IYC by Glide SP with a flexible ligand
sampling of the top 6% ranked ligands screened at the PDB 7C9I-derived ePharmacophore.3 The input library was
the top 9% of ranked ligands following re-screening at PDB 7D8X by Glide SP without flexible ligand sampling
(i.e., refinement only) of the top 7% ranked ligands screened at the PDB 7D8X-derived ePharmacophore.

Considering the results, the optimal strategy for screening for γ-secretase inhibitors
was thus chosen as being to select the top 6% of molecules obtained from screening at the
7C9I-derived ePharmacophore, followed by selecting the top 11% of this subset of molecules
rescreened at PDB 6IYC by Glide SP with full ligand flexibility with no further rescoring.
The γ-secretase inhibitors remaining following the application of this strategy include
DAPT and semagacestat, as well as molecules with related scaffolds (Figure 3). L685,458
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Figure 4. γ-secretase modulators identified from the validation library following application of
the optimised virtual screening strategy. Aβ42 IC50 values listed as reported in [28]: (A). Eisai
morpholinone (5 nM). (B). Merck 1,2,3-triazole (2.245 nM). (C). Roche pyrimidine (70 nM). (D). Merck
aminopyridone (101 nM). (E). Schering keto-linked modulator (2.5 µM). (F). Roche thiazole (210 nM).
(G). Eisai bicyclic morpholinone (201 nM). (H). Eisai bicyclic triazole (6 nM). (I). Merck 1,2,3-triazole
with bicyclic substituent (80 nM).
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in Table 4 and the docked conformations of avagacestat, semagacestat, and L685,458 to
Shape similarity calculations between the docked solutions of the molecules listed in
PDB 6IYC best fitting the respective co-complex structures (see Supplementary Materials
Table 4 and the docked conformations of avagacestat, semagacestat, and L685,458 to PDB
Table S2; these structures representing suitably refined conformations of these molecules in
6IYC best fitting the respective co-complex structures (see Supplementary Materials Table
the field of the receptor structure being used for the screen) reveal similarity between some
S2; these structures representing suitably refined conformations of these molecules in the
of the selected molecules with known γ-secretase inhibitors (Supplementary Materials
field of the receptor structure being used for the screen) reveal similarity between some
Table S4). Specifically, limited similarity between oxacillin and avagacestat was identified
of the selected molecules with known γ-secretase inhibitors (Supplementary Materials Ta(similarity score = 0.200), and limited similarity between droxinavir and L685,458 was identible S4). Specifically, limited similarity between oxacillin and avagacestat was identified
fied (similarity score = 0.200). Several molecules were identified to have limited to moderate
(similarity score = 0.200), and limited similarity between droxinavir and L685,458 was
similarity to semagacestat, specifically Foxy-5 (similarity score = 0.216), oxacillin (similarity
score = 0.264), droxinavir (similarity score = 0.302), oprozomib (similarity score = 0.410),
and the known γ-secretase inhibitor crenigacestat (similarity score = 0.605). Analysis of the
interactions made by the molecules bearing at least limited similarity to known γ-secretase
inhibitors (>0.200) with γ-secretase (Supplementary Materials Figure S11) reveal that the
majority of these molecules bear polyamide functionality (or a related functionality, such
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as sulfonamide in the case of avagacestat, keto in the case of oprozomib, and carboxylate
in the case of oxacillin) that forms hydrogen bonds with one or more of Lys380, Gly382,
Leu432, and Ala434 of presenilin. Further notable interactions are made by oxacillin, which
forms hydrogen bonds with the catalytic Asp385 of presenilin (modelled as neutral by
PROPKA) and Foxy-5, which forms a salt bridge with Arg377 of presenilin.
Table 4. Molecules identified from screening the ZINC15 investigational set using the γ-secretase
inhibitor screening strategy.
ZINC ID

Generic Name

Target Class(es)

Specific Target(s)

ZINC000003919807
ZINC000085548251
ZINC000043202141
ZINC000068077856

AG7088
A-77003
Oprozomib
Foxy-5

Protease
Protease, lyase
Protease
Class F GPCR, kinase, co-receptor 1

ZINC000082138051

PF-03715455

Kinase

ZINC000169345692
ZINC000095586643

Surface antigen
Protease
Transferase 2

Penicillin-binding proteins 2 [58]

ZINC000090636091
ZINC000003935423

Peptide T
Crenigacestat
Cefcanel
daloxate
-3
Droxinavir

Human rhinovirus A protease [50]
HIV-1 protease [51], carbonic anhydrase II [52]
Proteasome subunits beta type 5 and 8 [52]
Frizzleds, Ryk, RORs, LRP 1 [53,54]
VEGFR1 [54], MAP kinase p38 beta [55],
misshapen-like kinase 1 [55]
CD4 [56]
γ-secretase [57]

Kinase
Protease

ZINC000027657184

Modipafant

Class A GPCR, voltage-gated
ion channel

ZINC000003830407
ZINC000003917787

Cefazolin
-3

Transferase
Protease

ZINC000001541366

Ticolubant

Class A GPCR, reductase

ZINC000002012859
ZINC000005599165
ZINC000200259560

Halofenate
Doreptide
MK-0767

Transcription factor
Class A GPCR 2
Transcription factor

ZINC000003915259

Telinavir

Protease

ZINC000206178236
ZINC000118795962
ZINC000028257302
ZINC000004392972

Navarixin
Itacitinib
-3
CP-195543

Class A GPCR
Kinase
Protease
Class A GPCR

ZINC000000600399

Lixivaptan

Class A GPCR

ZINC000003807687
ZINC000003831243

JTP-4819
Oxacillin

Protease
Transferase

G protein-coupled receptor kinases [59]
HIV-1 protease [60]
Platelet-activating factor receptor [61],
voltage-dependent L-type calcium channel
subunit α1D [61]
Penicillin-binding proteins [62]
Renin [63], cathepsin D [64]
Leukotriene B4 receptor 1 [65], arachidonate
5-lipoxygenase [65]
PPARγ [66]
Dopamine receptors2 [67,68]
PPARα [69], PPARγ [69]
Human rhinovirus A protease [70], HIV-1
protease [70]
CXCR2 [71], CXCR1 [71]
JAK1 [72], JAK2 [72]
Renin [73]
Leukotriene B4 receptor [74]
Vasopressin receptors (V1a, V2) [75], oxytocin
receptor [76]
Prolyl endopeptidase [77]
Penicillin-binding protein [78]

ZINC000049694463

1

Mimic of Wnt5a; targets listed are possible targets.
not identifiable in ZINC15, ChEMBL, or PubChem.

2

Target assignment based on chemical class.

3

Generic name

The molecules identified from the ZINC15 Investigational set following application
of the optimal virtual screening strategy for identifying γ-secretase modulators are listed
in Table 5 (and displayed in Supplementary Materials Figure S12). As per the screen
of this library for identifying γ-secretase inhibitors, several of the molecules identified
by the screen are also known as inhibitors of proteases. The γ-secretase modulator
E2012 is among the molecules identified by the screen. Shape similarity calculations
(Supplementary Materials Table S5) between the docked solutions of the molecules listed
in Table 5 and the top pose of E2012 derived from fitting to the 7D8X-derived ePharmacophore (see Supplementary Materials Table S3; this structure representing the E2012 pose
is the most similar to the conformation in the co-complex structure) reveal some similarity
between E2012 as placed following the screen (similarity score = 0.317) and ocinaplon
(similarity score = 0.244). Interaction analysis (Supplementary Materials Figure S13) reveals
that E2012 and ocinaplon both form π–π interactions with Phe177 of presenilin, while E2012
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also forms hydrogen bonds with Tyr106 and Tyr240 of presenilin. In all cases, a substantial
portion of the molecules extends out into space likely occupied by membrane lipids.
Table 5. Molecules identified from screening the ZINC15 investigational set using the γ-secretase
modulator screening strategy.
ZINC ID

Generic Name

Target Class(es)

Specific Target(s)

ZINC000117704832
ZINC000003919807
ZINC000034285235
ZINC000067172224
ZINC000000005014

PF-04691502
AG7088
AMG-208
E2012
Ocinaplon

Kinase
Protease
Kinase
Protease
Protease

AKT [79], PI3Kα [80], mTOR [79,80]
Human rhinovirus A protease [50]
MET [81]
γ-secretase [82]
SARS-CoV-2 main protease [83]

3. Discussion
The virtual screening performances for the optimal approaches largely reflect the
pose prediction performance, reinforcing the importance of accurate structural predictions in achieving high performing virtual screening approaches. In particular, accurate
structural predictions for γ-secretase modulators are only possible via the pharmacophorebased approach, with the best virtual screening performances being centered on the use of
pharmacophore-derived poses and their subsequent refinement, rather than redocking with
full ligand flexibility. The γ-secretase modulator site is unusual among drug-binding sites
in that it is anticipated to be partly membrane-exposed. By comparison, the γ-secretase
inhibitor site is largely enclosed within the protein, similar to the typically druggable
sites of membrane proteins such as G protein-coupled receptors. Thus, the modulator site
represents a type of site that is unlikely to be considered in the development of molecular
docking and scoring approaches, which, in turn, may connote the use (and indeed, preference) of pharmacophore-derived poses and further refinements to these in screening
for modulators. For γ-secretase inhibitors, there is a slight preference towards the use of
pharmacophore-based virtual screening in the initial stage of screening, although docking
generally achieves much better pose prediction performance. A challenge remains in
accurately predicting the structures of peptide-like inhibitors, which may be overcome
through using specialized peptide docking approaches [84–86], although there is evidently
no difficulty in selecting such molecules by the screening approaches presented here. The
virtual screening strategies presented here incorporate both ligand- and structure-based
approaches, whereas these have been investigated individually in previous studies [87,88].
A further consideration of the derived strategies is that the γ-secretase structures used
in this study are all bound to either drug-like ligands or substrates, which, in turn, will
promote the selection of specific γ-secretase conformations and may bias certain ligand
classes. In particular, where pharmacophore models are derived from considering a bound
ligand, this may result in the exclusive identification of ligands similar to that against which
the pharmacophore was generated. This, in turn, may account for the particular screening
strategy derived for the identification of γ-secretase modulators, which centers on the use
of the E2012-bound structure. While the chemotypes of γ-secretase modulators identified
thus far largely center around molecules similar to E2012, the present strategy identifies
molecules featuring diverse variations on this scaffold (Figure 4). We anticipate that by
selecting ligands/poses satisfying a majority of pharmacophore points rather than all
points (as done throughout this study), and by incorporating structures bound to different
ligands/substrates (as performed for γ-secretase inhibitors), possible bias can be reduced.
The application of the derived virtual screening approaches to the ZINC15 Investigational set suggests the possible general utility of the approaches. The majority of
top-ranking molecules selected from the ZINC15 Investigational set in the context of
screening for either γ-secretase inhibitors or γ-secretase modulators target proteases, illustrating the ability of the approaches to identify molecules with similar pharmacological
functions, and the possibility of a conserved chemotype among these. Indeed, molecules
previously identified as protease inhibitors at other proteins are substantially enriched
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by the screening approaches relative to their presence in the ZINC15 Investigational set
(Supplementary Materials Figure S14). In addition to protease inhibitors, a substantial
proportion of top-ranking molecules identified from the ZINC15 investigational set in
the application of the γ-secretase inhibitor screening strategy target G protein-coupled
receptors. While this could be a consequence of the frequent investigation of GPCRs as
drug targets, it is notable, as the drug-binding sites of most GPCRs and the inhibitor site
of γ-secretase are similar in that they both occur in protein cavities within the membrane,
suggesting a degree of physicochemical similarity between sites and, hence, the selection
by the screening approach of GPCR-targeting molecules. While the set contains a variety of
γ-secretase inhibitors, including all of those co-complexed with the γ-secretase structures
utilized in this study, only crenigacestat, an inhibitor under investigation for its activity
against Notch [89], was identified by the virtual screen. This, in turn, suggests a degree of
possible bias for the selection of particular chemotypes in the virtual screening strategy,
which is anticipated to be able to be addressed as new structures of γ-secretase bound to
different ligands and different substrates are solved.
In conclusion, we have developed multi-staged virtual screening strategies for predicting γ-secretase inhibitors and modulators. We have explored the application of dockingand pharmacophore-based approaches for both accuracy of pose prediction and screening
for identifying both γ-secretase inhibitors and modulators. The derived strategies are
anticipated to inform the discovery of new molecules targeting γ-secretase.
4. Materials and Methods
4.1. Selection and Preparation of γ-Secretase Structures
Unless otherwise noted, all calculations in this study were performed using tools from
Schrodinger Suite 2019-4 (Schrodinger LLC, New York, NY, USA). Structures of γ-secretase
were obtained from the Protein Data Bank and are detailed in Supplementary Materials
Table S6. Structures were prepared using the Protein Preparation Wizard within Maestro
12.2. Missing side chains and loops (exempting the very large intracellular loop of presenilin
and the presenilin N-terminal domain) were added using Prime, and protonation states for
titratable residues were determined using PROPKA [90]. Structures were subject to Impref
minimization, constraining atomic coordinates to a root-mean-squared deviation (RMSD)
of 0.3 Å from their starting locations. For substrate-bound structures, the substrate was
removed following Impref minimization. All structures were then aligned to the structure
of γ-secretase in complex with APP (PDB 6IYC).
4.2. Molecular Docking
Glide High Throughput Virtual Screening (HTVS) and Standard Precision (SP) modes
were considered in this study [91,92]. Docking to the inhibitor site (where L685,458, avagacestat, and semagacestat bind) and the modulator site (where E2012 binds) was performed.
For γ-secretase structures with small molecules bound at either of the relevant sites, the
small molecule was used to define the centroid of the docking grids. Where small molecules
were not available to guide grid placement, the docking grid centroid was defined as the
centroid of residues found to be within 4.0 Å of L685,458 (to define the γ-secretase inhibitor site) or E2012 (to define the γ-secretase modulator site) in PDB 7D8X (listed in
Supplementary Materials Table S7). For both modes of Glide docking, all settings were
retained as defaults, with the exception that the Coulomb–van der Waals cutoff limit for
pose reporting was raised to +20kcal/mol. For validation of pose prediction, it was additionally specified to report and minimize up to 100 poses per ligand, clustered to an
RMSD threshold of 2.0 Å; for docking-based virtual screening, only one pose per ligand
was reported (the default) and sampling was adjusted to be either Flexible (the default) or
None (Refine Only). Poses were sorted by GlideScore.
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4.3. Pharmacophore Modelling and Screening
The ePharmacophore feature of Phase [93] was used to generate pharmacophore models against the various γ-secretase structures. For sites with bound ligands, the ligand was
used directly to generate the pharmacophore model. For sites without bound ligands, pharmacophore generation was centered at the coordinates of the centroid of the residues listed
in Supplementary Materials Table S7. Poses were selected that satisfied at least half of the
pharmacophore points and were sorted by PhaseScreenScore [94]. Pharmacophore models
derived at the γ-secretase inhibitor site are shown in Supplementary Materials Figure S15,
while those derived at the γ-secretase modulator site are shown in Supplementary Materials
Figure S16.
4.4. Validation of Pose Prediction
The ligands bound to the various γ-secretase structures were used to facilitate validation of pose prediction by the various methods against the various structures. The
RMSDs of atomic coordinates of all poses of all ligands obtained by each method against
each structure were computed against the bound ligand structures. The RMSD of the
top-ranked pose obtained by each method is reported, as well as the lowest RMSD for any
pose obtained (referred to as best pose). Docking successes were considered RMSD values
below 2.5 Å.
4.5. Optimisation of Virtual Screening for Identifying γ-Secretase Inhibitors and
γ-Secretase Modulators
To optimise virtual screening for identifying γ-secretase inhibitors and γ-secretase
modulators, a library containing known GSMs and relevant decoys was prepared, and
a library containing known GSIs and relevant decoys was prepared. Known GSMs and
GSIs were obtained from recent comprehensive reviews [28,45], while decoys with similar
physicochemical properties to the known molecules were generated using the Database of
Useful Decoys: Enhanced (DUD-E) [95]. The GSM library consisted of 78 known GSMs and
6948 decoy molecules, while the GSI library consisted of 23 known GSIs and 1173 decoy
molecules. Three-dimensional (3D) structures of all molecules were prepared using LigPrep.
One structure per molecule was used; if applicable, only the most likely tautomeric state at
physiological pH was retained, and structures featuring the lowest energy ring conformers
were retained.
A multi-stage virtual screening procedure was envisioned, wherein virtual screening
by one of the faster approaches (Glide HTVS or ePharmacophore screening) was applied,
followed by the re-screening of selections of top-ranked ligands by progressively more thorough approaches (Glide SP, followed by Prime MMGBSA). Following this, re-screening of
the top-ranked selection of ligands identified using the optimal structure–method combination by Glide SP (considering both fully flexible ligand sampling and refinement only) was
performed at all structures. Finally, top ranked ligands selected by the optimal combination
of structure with the Glide SP sampling approach were subject to further rescoring by Prime
MMGBSA. An implicit membrane was defined using the locations of the transmembrane
helices of γ-secretase and was used during the Prime MMGBSA calculations. Optimal
cutoffs for selecting ligands for each stage of screening were identified using MCC, as
described in “Evaluation of virtual screening performance”.
4.6. Evaluation of Virtual Screening Performance
Virtual screening performances were evaluated using receiver operating characteristic
(ROC) curves. Performance was assessed in the context of screening by each method at
each protein structure/pharmacophore model at each of the inhibitor and modulator sites.
Ligands were ranked according to the relevant scoring function for the method. The rates
of discovery of hits and decoys were calculated at each point of the ranked list and plotted
against one another, with the rate of discovery of hits considered as the true positive rate
(TPR; y-axis) and the rate of discovery of decoys considered as the false positive rate (FPR;
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x-axis). The area under the curve (AUC) of the plots was determined by applying the
trapezoid rule. The Matthews correlation coefficient (MCC; (1)) was calculated at each point
of the ranked list, assuming the current position on the list as a cutoff for designating true
positives (TP), false positives (FP), true negatives (TN), and false negatives (FN).
MCC = p

TP × TN − FP × FN

( TP + FP)( TP + FN )( TN + FP)( TN + FN )

(1)

Optimal cutoffs were reported based on the maximum MCC observed within the
top 5% to top 25% of the screen. The optimal structure to use with a given approach was
designated as the structure yielding the largest MCC within the lowest cutoff, i.e., an optimal
result would be an MCC of 1 (perfect classification; no false positives or false negatives) at
5% of the screen. ROC and MCC calculations were conducted using LibreOffice Calc (The
Document Foundation, Germany).
4.7. Application of Optimised Virtual Screening Procedures to an External Test Set
The ZINC15 [96] Investigational set, which contains a wide range of molecules with
known bioactivity at diverse targets, was used to validate the optimized virtual screening
procedures. The set was downloaded from ZINC15 and prepared using LigPrep, as
described in “Optimization of virtual screening for identifying γ-secretase inhibitors and
γ-secretase modulators”. Data on molecule generic naming and molecular targets was
sourced (in order of preference) from ZINC15, ChEMBL [97], and PubChem [98]. Shape
similarity calculations between the poses of the top remaining ligands and co-complexed
γ-secretase inhibitors and modulators were conducted using Shape Screening within the
Schrodinger Suite [99]. Calculations were conducted maintaining the molecules in place
and using the typed pharmacophore volume scoring approach.
Supplementary Materials: The following supporting information can be downloaded at, Table S1:
RMSD data for evaluation of Glide HTVS docking for reproducing bound structures of γ-secretase
inhibitors and modulators, Table S2: RMSD data for evaluation of Glide SP docking for reproducing
bound structures of γ-secretase inhibitors and modulators, Table S3: RMSD data for evaluation
of ePharmacophores for reproducing bound structures of γ-secretase inhibitors and modulators,
Table S4: Shape similarity of molecules remaining after applying γ-secretase inhibitor screening strategy to ZINC15 Investigational set compared to co-complexed γ-secretase inhibitors, Table S5: Shape
similarity of molecules remaining after applying γ-secretase modulator screening strategy to ZINC15
Investigational set compared to E2012, Table S6: Structures of γ-secretase used in this study, Table S7:
γ-secretase residues defining the ligand binding sites, Figure S1: Receiver operating characteristic
plots and Matthew’s correlation coefficients over the top 5–25% of screens for Glide HTVS screening
of library of γ-secretase inhibitors and corresponding decoys from DUD-E, Figure S2: Receiver
operating characteristic plots and Matthew’s correlation coefficients over the top 5–25% of screens
for ePharmacophore-based screening of library of γ-secretase inhibitors and corresponding decoys
from DUD-E, Figure S3: Receiver operating characteristic plots and Matthew’s correlation coefficients
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characteristic plots and Matthew’s correlation coefficients over the top 5–25% of screens for Glide SP
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screening of library containing γ-secretase inhibitors and decoys from DUD-E, Figure S6: Receiver
operating characteristic plots and Matthew’s correlation coefficients over the top 5–25% of screens
for Glide SP (refine only) screening of top 6% of molecules obtained following ePharmacophorebased screening of library containing γ-secretase inhibitors and decoys from DUD-E, Figure S7:
Receiver operating characteristic plots and Matthew’s correlation coefficients over the top 5–25% of
screens for Glide SP (with flexible sampling) screening of top 7% of molecules obtained following
ePharmacophore-based screening of library containing γ-secretase modulators and decoys from
DUD-E, Figure S8: Receiver operating characteristic plots and Matthew’s correlation coefficients
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from DUD-E, Figure S9: Receiver operating characteristic plots and Matthew’s correlation coefficients
over the top 5–25% of screens for Prime MMGBSA rescreening of Glide SP-based selections derived
from the optimally performing structures, Figure S10: 2D structures of the molecules identified
following application of the γ-secretase inhibitor screening protocol to the ZINC15 Investigational
Set, Figure S11. Ligand interaction diagrams for known γ-secretase inhibitors and molecules selected
from the ZINC15 Investigational set with at least limited shape similarity (>0.200) to these, Figure S12:
2D structures of the molecules identified following application of the γ-secretase modulator screening
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ligand structure to γ-secretase, E2012 as posed following application of the γ-secretase modulator
screening protocol, and ocinaplon, Figure S14: Distributions of targets reported for molecules in the
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set following application of the modulator screening strategy, Figure S15: ePharmacophores generated at inhibitor-binding site of each γ-secretase structure, Figure S16: ePharmacophores generated at
modulator-binding site of each γ-secretase structure.
Author Contributions: A.I. and M.A. devised and performed the calculations throughout this work.
A.I., M.E., D.G.; G.V. and M.A. contributed to preparing and critically revising the manuscript. All
authors have read and agreed to the published version of the manuscript.
Funding: M.A. is a recipient of a Curtin Research Fellowship (CRF130006) and a Raine Priming
Grant (Raine Medical Research Foundation). M.E. is a recipient of a Dementia Australia Research
Foundation PhD Scholarship.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available on request from the
corresponding author.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.

7.
8.

9.
10.

11.

Lichtenthaler, S.F.; Steiner, H. Sheddases and intramembrane-cleaving proteases: RIPpers of the membrane. Symposium on
regulated intramembrane proteolysis. EMBO J. 2007, 8, 537–541. [CrossRef] [PubMed]
Haapasalo, A.; Kovacs, D.M. The many substrates of presenilin/γ-secretase. J. Alzheimers Dis. 2011, 25, 3–28. [CrossRef] [PubMed]
Lleó, A. Activity of γ-secretase on substrates other than APP. Curr. Top. Med. Chem. 2008, 8, 9–16. [CrossRef]
Kimberly, W.T.; LaVoie, M.J.; Ostaszewski, B.L.; Ye, W.; Wolfe, M.S.; Selkoe, D.J. γ-Secretase is a membrane protein complex
comprised of presenilin, nicastrin, Aph-1, and Pen-2. Proc. Natl. Acad. Sci. USA 2003, 100, 6382–6387. [CrossRef]
De Strooper, B.; Saftig, P.; Craessaerts, K.; Vanderstichele, H.; Guhde, G.; Annaert, W.; Von Figura, K.; Van Leuven, F. Deficiency
of presenilin-1 inhibits the normal cleavage of amyloid precursor protein. Nature 1998, 391, 387–390. [CrossRef]
Yu, G.; Nishimura, M.; Arawaka, S.; Levitan, D.; Zhang, L.; Tandon, A.; Song, Y.Q.; Rogaeva, E.; Chen, F.; Kawarai, T.; et al.
Nicastrin modulates presenilin-mediated Notch/glp-1 signal transduction and βAPP processing. Nature 2000, 407, 48–54.
[CrossRef]
Goutte, C.; Tsunozaki, M.; Hale, V.A.; Priess, J.R. APH-1 is a multipass membrane protein essential for the Notch signaling
pathway in Caenorhabditis elegans embryos. Proc. Natl. Acad. Sci. USA 2002, 99, 775–779. [CrossRef]
Francis, R.; McGrath, G.; Zhang, J.; Ruddy, D.A.; Sym, M.; Apfeld, J.; Nicoll, M.; Maxwell, M.; Hai, B.; Ellis, M.C.; et al. Aph-1 and
pen-2 are required for Notch pathway signaling, γ-secretase cleavage of βAPP, and presenilin protein accumulation. Dev. Cell
2002, 3, 85–97. [CrossRef]
Kimberly, W.T.; Xia, W.; Rahmati, T.; Wolfe, M.S.; Selkoe, D.J. The transmembrane aspartates in presenilin 1 and 2 are obligatory
for γ-secretase activity and amyloid β-protein generation. J. Biol. Chem. 2000, 275, 3173–3178. [CrossRef]
De Strooper, B.; Annaert, W.; Cupers, P.; Saftig, P.; Craessaerts, K.; Mumm, J.S.; Schroeter, E.H.; Schrijvers, V.; Wolfe, M.S.; Ray,
W.J.; et al. A presenilin-1-dependent γ-secretase-like protease mediates release of Notch intracellular domain. Nature 1999, 398,
518–522. [CrossRef] [PubMed]
Golde, T.E.; Koo, E.H.; Felsenstein, K.M.; Osborne, B.A.; Miele, L. γ-Secretase inhibitors and modulators. Biochim. Biophys. Acta
2013, 1828, 2898–2907. [CrossRef]

Molecules 2022, 27, 176

12.

13.

14.

15.
16.

17.
18.

19.

20.

21.

22.
23.
24.
25.
26.

27.

28.
29.
30.
31.
32.
33.
34.
35.

15 of 18

Borgegård, T.; Gustavsson, S.; Nilsson, C.; Parpal, S.; Klintenberg, R.; Berg, A.-L.; Rosqvist, S.; Serneels, L.; Svensson, S.; Olsson, F.;
et al. Alzheimer’s disease: Presenilin 2-sparing γ-secretase inhibition is a tolerable Aβ peptide-lowering strategy. J. Neurosci.
2012, 32, 17297–17305. [CrossRef]
Beher, D.; Clarke, E.E.; Wrigley, J.D.; Martin, A.C.; Nadin, A.; Churcher, I.; Shearman, M.S. Selected non-steroidal antiinflammatory drugs and their derivatives target γ-secretase at a novel site: Evidence for an allosteric mechanism. J. Biol.
Chem. 2004, 279, 43419–43426. [CrossRef]
Gillman, K.W.; Starrett, J.E., Jr.; Parker, M.F.; Xie, K.; Bronson, J.J.; Marcin, L.R.; McElhone, K.E.; Bergstrom, C.P.; Mate, R.A.;
Williams, R.; et al. Discovery and evaluation of BMS-708163, a potent, selective and orally bioavailable γ-secretase inhibitor. ACS
Med. Chem. Lett. 2010, 1, 120–124. [CrossRef]
Doody, R.S.; Raman, R.; Farlow, M.; Iwatsubo, T.; Vellas, B.; Joffe, S.; Kieburtz, K.; He, F.; Sun, X.; Thomas, R.G.; et al. A phase 3
trial of semagacestat for treatment of Alzheimer’s disease. NEJM 2013, 369, 341–350. [CrossRef] [PubMed]
Coric, V.; van Dyck, C.H.; Salloway, S.; Andreasen, N.; Brody, M.; Richter, R.W.; Soininen, H.; Thein, S.; Shiovitz, T.; Pilcher, G.;
et al. Safety and tolerability of the γ-secretase inhibitor avagacestat in a phase 2 study of mild to moderate Alzheimer disease.
Arch. Neurol. 2012, 69, 1430–1440. [CrossRef]
Barthet, G.; Georgakopoulos, A.; Robakis, N.K. Cellular mechanisms of γ-secretase substrate selection, processing and toxicity.
Prog. Neurobiol. 2012, 98, 166–175. [CrossRef] [PubMed]
Shearman, M.S.; Beher, D.; Clarke, E.E.; Lewis, H.D.; Harrison, T.; Hunt, P.; Nadin, A.; Smith, A.L.; Stevenson, G.; Castro, J.L.
L-685,458, an aspartyl protease transition state mimic, is a potent inhibitor of amyloid β-protein precursor γ-secretase activity.
Biochemistry 2000, 39, 8698–8704. [CrossRef] [PubMed]
Yang, Z.Y.; Li, J.M.; Xiao, L.; Mou, L.; Cai, Y.; Huang, H.; Luo, X.G.; Yan, X.X. [(3) H]-L685,458 binding sites are abundant in
multiple peripheral organs in rats: Implications for safety assessment of putative γ-secretase targeting drugs. Basic Clin. Pharmacol.
Toxicol. 2014, 115, 518–526. [CrossRef] [PubMed]
Esler, W.P.; Kimberly, W.T.; Ostaszewski, B.L.; Ye, W.; Diehl, T.S.; Selkoe, D.J.; Wolfe, M.S. Activity-dependent isolation of the
presenilin-γ-secretase complex reveals nicastrin and a γ substrate. Proc. Natl. Acad. Sci. USA 2002, 99, 2720–2725. [CrossRef]
[PubMed]
Morohashi, Y.; Kan, T.; Tominari, Y.; Fuwa, H.; Okamura, Y.; Watanabe, N.; Sato, C.; Natsugari, H.; Fukuyama, T.; Iwatsubo, T.;
et al. C-terminal fragment of presenilin is the molecular target of a dipeptidic γ-secretase-specific inhibitor DAPT (N-[N-(3,5difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester). J. Biol. Chem. 2006, 281, 14670–14676. [CrossRef]
May, P.; Yang, Z.; Li, W.; Hyslop, P.; Siemers, E.; Boggs, L. Multi-compartmental pharmacodynamic assessment of the functional
γ-secretase inhibitor LY450139 in PDAPP transgenic mice and non-transgenic mice. Neurobiol. Aging 2004, 25, S65. [CrossRef]
In’T Veld, B.A.; Ruitenberg, A.; Hofman, A.; Launer, L.J.; van Duijn, C.M.; Stijnen, T.; Breteler, M.M.; Stricker, B.H. Nonsteroidal
antiinflammatory drugs and the risk of Alzheimer’s disease. N. Engl. J. Med. 2001, 345, 1515–1521. [CrossRef] [PubMed]
Etminan, M.; Gill, S.; Samii, A. Effect of non-steroidal anti-inflammatory drugs on risk of Alzheimer’s disease: Systematic review
and meta-analysis of observational studies. BMJ 2003, 327, 128–131. [CrossRef]
Weggen, S.; Eriksen, J.L.; Das, P.; Sagi, S.A.; Wang, R.; Pietrzik, C.U.; Findlay, K.A.; Smith, T.E.; Murphy, M.P.; Bulter, T.; et al. A
subset of NSAIDs lower amyloidogenic Aβ42 independently of cyclooxygenase activity. Nature 2001, 414, 212–216. [CrossRef]
Kounnas, M.Z.; Danks, A.M.; Cheng, S.; Tyree, C.; Ackerman, E.; Zhang, X.; Ahn, K.; Nguyen, P.; Comer, D.; Mao, L.; et al.
Modulation of γ-secretase reduces β-amyloid deposition in a transgenic mouse model of Alzheimer’s disease. Neuron 2010, 67,
769–780. [CrossRef] [PubMed]
Kounnas, M.Z.; Lane-Donovan, C.; Nowakowski, D.W.; Herz, J.; Comer, W.T. NGP 555, a γ-secretase modulator, lowers the
amyloid biomarker, Aβ42, in cerebrospinal fluid while preventing Alzheimer’s disease cognitive decline in rodents. Alzheimers
Dement. 2017, 3, 65–73. [CrossRef] [PubMed]
Oehlrich, D.; Berthelot, D.J.; Gijsen, H.J. γ-Secretase modulators as potential disease modifying anti-Alzheimer’s drugs. J. Med.
Chem. 2011, 54, 669–698. [CrossRef]
Bai, X.C.; Rajendra, E.; Yang, G.; Shi, Y.; Scheres, S.H. Sampling the conformational space of the catalytic subunit of human
γ-secretase. eLife 2015, 4, e11182. [CrossRef]
Bai, X.C.; Yan, C.; Yang, G.; Lu, P.; Ma, D.; Sun, L.; Zhou, R.; Scheres, S.H.W.; Shi, Y. An atomic structure of human γ-secretase.
Nature 2015, 525, 212–217. [CrossRef]
Zhou, R.; Yang, G.; Guo, X.; Zhou, Q.; Lei, J.; Shi, Y. Recognition of the amyloid precursor protein by human γ-secretase. Science
2019, 363, eaaw0930. [CrossRef] [PubMed]
Yang, G.; Zhou, R.; Zhou, Q.; Guo, X.; Yan, C.; Ke, M.; Lei, J.; Shi, Y. Structural basis of Notch recognition by human γ-secretase.
Nature 2019, 565, 192–197. [CrossRef]
Yang, G.; Zhou, R.; Guo, X.; Yan, C.; Lei, J.; Shi, Y. Structural basis of γ-secretase inhibition and modulation by small molecule
drugs. Cell 2021, 184, 521–533.e514. [CrossRef] [PubMed]
Genheden, S.; Ryde, U. The MM/PBSA and MM/GBSA methods to estimate ligand-binding affinities. Expert Opin. Drug Discov.
2015, 10, 449–461. [CrossRef] [PubMed]
Williams-Noonan, B.J.; Yuriev, E.; Chalmers, D.K. Free Energy Methods in Drug Design: Prospects of “Alchemical Perturbation”
in Medicinal Chemistry. J. Med. Chem. 2018, 61, 638–649. [CrossRef]

Molecules 2022, 27, 176

36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

47.
48.

49.

50.

51.
52.
53.
54.
55.

56.

57.
58.
59.
60.

61.

16 of 18

Kimura, T.; Kawano, K.; Doi, E.; Kitazawa, N.; Takaishi, M.; Ito, K.; Kaneko, T.; Sasaki, T.; Sato, N.; Miyagawa, T.; et al. Morpholine
Type Cinnamide. Patent No. US20070117798A1, 17 November 2009.
Kimura, T.; Kawano, K.; Doi, E.; Kitazawa, N.; Takaishi, M.; Ito, K.; Kaneko, T.; Sasaki, T.; Miyagawa, T.; Hagiwara, H.; et al. Two
Cyclic Cinnamide Compound. Patent No. US20070117839, 8 November 2006.
Fischer, C.; Munoz, B.; Zultanski, S.; Fischer, C.; Zhou, H.; Brown, W.C. Triazole Derivatives for Treating Alzheimer’s Disease and
Related Conditions. Patent No. WO2008156580, 9 June 2008.
Huang, X.; Aslanian, R.; Zhou, W.; Zhu, X.; Qin, J.; Greenlee, W.; Zhu, Z.; Zhang, L.; Hyde, L.; Chu, I.; et al. The Discovery of
Pyridone and Pyridazone Heterocycles as γ-Secretase Modulators. ACS Med. Chem. Lett. 2010, 1, 184–187. [CrossRef] [PubMed]
Baumann, K.; Flohr, A.; Jacobsen, H.; Jolidon, S.; Luebbers, T. Hetarylanilines as Modulators for Amyloid Beta. Patent no. WO2008138753,
30 April 2008.
Goetschi, E.; Jolidon, S.; Luebbers, T. Modulators for Amyloid Beta. Patent No. WO2010040661, 29 September 2009.
Fischer, C.; Methot, J.; Zhou, H.; Schell, A.J.; Munoz, B.; Rivkin, A.A.; Ahearn, S.P.; Chichetti, S.; Maccoss, R.N.; Kattar, S.D.; et al.
Triazole Derivatives for Treatment of Alzheimer’s Disease. Patent No. WO2010071741, 7 December 2009.
Kimura, T.; Doi, E.; Doko, T.; Shinmyo, D.; Ito, K.; Sato, N.; Hasegawa, D.; Uemera, T.; Watanabe, T. Aryl Imidazole Compounds
and Their Use as Beta Amyloid Production Inhibitors. Patent No. WO2010098488, 24 February 2010.
Kitazawa, N.; Shinmyo, D.; Ito, K.; Sato, N.; Hasegawa, D.; Uemera, T.; Watanabe, T. Nitrogen Containing Fused Heterocyclic
Compounds and Their Use as Beta Amyloid Production Inhibitors. Patent No. WO2010098487, 24 February 2010.
Gu, K.; Li, Q.; Lin, H.; Zhu, J.; Mo, J.; He, S.; Lu, X.; Jiang, X.; Sun, H. Gamma secretase inhibitors: A patent review (2013–2015).
Expert Opin. Ther. Pat. 2017, 27, 851–866. [CrossRef]
Lan, X.; Kiyota, T.; Hanamsagar, R.; Huang, Y.; Andrews, S.; Peng, H.; Zheng, J.C.; Swindells, S.; Carlson, G.A.; Ikezu, T. The
effect of HIV protease inhibitors on amyloid-β peptide degradation and synthesis in human cells and Alzheimer’s disease animal
model. J. Neuroimmune Pharmacol. 2012, 7, 412–423. [CrossRef] [PubMed]
Höttecke, N.; Liebeck, M.; Baumann, K.; Schubenel, R.; Winkler, E.; Steiner, H.; Schmidt, B. Inhibition of γ-secretase by the CK1
inhibitor IC261 does not depend on CK1δ. Bioorg. Med. Chem. Lett. 2010, 20, 2958–2963. [CrossRef] [PubMed]
Amombo, G.M.O.; Kramer, T.; Lo Monte, F.; Göring, S.; Fach, M.; Smith, S.; Kolb, S.; Schubenel, R.; Baumann, K.; Schmidt,
B. Modification of a promiscuous inhibitor shifts the inhibition from γ-secretase to FLT-3. Bioorg. Med. Chem. Lett. 2012, 22,
7634–7640. [CrossRef] [PubMed]
Narlawar, R.; Baumann, K.; Czech, C.; Schmidt, B. Conversion of the LXR-agonist TO-901317—From inverse to normal modulation
of γ-secretase by addition of a carboxylic acid and a lipophilic anchor. Bioorg. Med. Chem. Lett. 2007, 17, 5428–5431. [CrossRef]
[PubMed]
Dragovich, P.S.; Prins, T.J.; Zhou, R.; Webber, S.E.; Marakovits, J.T.; Fuhrman, S.A.; Patick, A.K.; Matthews, D.A.; Lee, C.A.; Ford,
C.E.; et al. Structure-based design, synthesis, and biological evaluation of irreversible human rhinovirus 3C protease inhibitors. 4.
Incorporation of P1 lactam moieties as L-glutamine replacements. J. Med. Chem. 1999, 42, 1213–1224. [CrossRef]
Greer, J.; Erickson, J.W.; Baldwin, J.J.; Varney, M.D. Application of the three-dimensional structures of protein target molecules in
structure-based drug design. J. Med. Chem. 1994, 37, 1035–1054. [CrossRef] [PubMed]
Kale, A.J.; Moore, B.S. Molecular mechanisms of acquired proteasome inhibitor resistance. J. Med. Chem. 2012, 55, 10317–10327.
[CrossRef]
Asem, M.S.; Buechler, S.; Wates, R.B.; Miller, D.L.; Stack, M.S. Wnt5a Signaling in Cancer. Cancers 2016, 8, 79. [CrossRef]
Säfholm, A.; Tuomela, J.; Rosenkvist, J.; Dejmek, J.; Härkönen, P.; Andersson, T. The Wnt-5a–Derived Hexapeptide Foxy-5 Inhibits
Breast Cancer Metastasis In Vivo by Targeting Cell Motility. Clin. Cancer Res. 2008, 14, 6556–6563. [CrossRef] [PubMed]
Millan, D.S.; Bunnage, M.E.; Burrows, J.L.; Butcher, K.J.; Dodd, P.G.; Evans, T.J.; Fairman, D.A.; Hughes, S.J.; Kilty, I.C.; Lemaitre,
A.; et al. Design and synthesis of inhaled p38 inhibitors for the treatment of chronic obstructive pulmonary disease. J. Med. Chem.
2011, 54, 7797–7814. [CrossRef]
Araya, E.; Rodriguez, A.; Rubio, J.; Spada, A.; Joglar, J.; Llebaria, A.; Lagunas, C.; Fernandez, A.G.; Spisani, S.; Perez, J.J. Synthesis
and evaluation of diverse analogs of amygdalin as potential peptidomimetics of peptide T. Bioorg. Med. Chem. Lett. 2005, 15,
1493–1496. [CrossRef]
Abdel-Magid, A.F. Inhibition of Notch Pathway Signaling: A One Compound Mission to Treat Cancer. ACS Med. Chem. Lett.
2013, 4, 373–374. [CrossRef] [PubMed]
Chin, N.X.; Gu, J.W.; Neu, H.C. In vitro activity of cefcanel versus other oral cephalosporins. Eur. J. Clin. Microbiol. Infect. Dis.
1991, 10, 676–682. [CrossRef]
Delong, M.A.; Sznaidman, M.L.; Oakley, R.H.; Eckhardt, A.E.; Hudson, C.; Yingling, J.D.; Peel, M.; Richardson, T.E.; Murray, C.L.;
Rao, B.N.N.; et al. Isoquinoline Compounds. Patent No. US20070142429, 30 December 2008.
Smidt, M.L.; Potts, K.E.; Tucker, S.P.; Blystone, L.; Stiebel, T.R.; Stallings, W.C.; McDonald, J.J.; Pillay, D.; Richman, D.D.; Bryant,
M.L. A mutation in human immunodeficiency virus type 1 protease at position 88, located outside the active site, confers
resistance to the hydroxyethylurea inhibitor SC-55389A. Antimicrob. Agents Chemother. 1997, 41, 515–522. [CrossRef] [PubMed]
Cooper, K.; Fray, M.J.; Parry, M.J.; Richardson, K.; Steele, J. 1,4-Dihydropyridines as antagonists of platelet activating factor.
1. Synthesis and structure-activity relationships of 2-(4-heterocyclyl)phenyl derivatives. J. Med. Chem. 1992, 35, 3115–3129.
[CrossRef] [PubMed]

Molecules 2022, 27, 176

62.

63.
64.

65.

66.

67.
68.
69.

70.

71.

72.
73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

17 of 18

Yotsuji, A.; Mitsuyama, J.; Hori, R.; Yasuda, T.; Saikawa, I.; Inoue, M.; Mitsuhashi, S. Mechanism of action of cephalosporins and
resistance caused by decreased affinity for penicillin-binding proteins in Bacteroides fragilis. Antimicrob. Agents Chemother. 1988,
32, 1848–1853. [CrossRef] [PubMed]
Bühlmayer, P.; Caselli, A.; Fuhrer, W.; Göschke, R.; Rasetti, V.; Rüeger, H.; Stanton, J.L.; Criscione, L.; Wood, J.M. Synthesis and
biological activity of some transition-state inhibitors of human renin. J. Med. Chem. 1988, 31, 1839–1846. [CrossRef]
Repine, J.T.; Himmelsbach, R.J.; Hodges, J.C.; Kaltenbronn, J.S.; Sircar, I.; Skeean, R.W.; Brennan, S.T.; Hurley, T.R.; Lunney, E.;
Humblet, C.C.; et al. Renin inhibitors containing esters at the P2-position. Oral activity in a derivative of methyl aminomalonate.
J. Med. Chem. 1991, 34, 1935–1943. [CrossRef] [PubMed]
Daines, R.A.; Chambers, P.A.; Foley, J.J.; Griswold, D.E.; Kingsbury, W.D.; Martin, L.D.; Schmidt, D.B.; Sham, K.K.; Sarau, H.M.
(E)-3-[6-[[(2,6-dichlorophenyl)thio]methyl]-3-(2-phenylethoxy)-2- pyridinyl]-2-propenoic acid: A high-affinity leukotriene B4
receptor antagonist with oral antiinflammatory activity. J. Med. Chem. 1996, 39, 3837–3841. [CrossRef]
Deng, G.; Liu, Z.; Ye, F.; Luo, X.; Zhu, W.; Shen, X.; Liu, H.; Jiang, H. Tryptophan-containing dipeptide derivatives as potent
PPARγ antagonists: Design, synthesis, biological evaluation, and molecular modeling. Eur. J. Med. Chem. 2008, 43, 2699–2716.
[CrossRef]
Albrecht, H.P.; Hofman, H.P.; Klebe, G.; Kreiskott, H. L-dopa potentiating analogs of Pro-Leu-Gly-NH2 with oral efficacy. Boll.
Chim. Farm. 1991, 130, 55–59. [PubMed]
Yu, K.L.; Rajakumar, G.; Srivastava, L.K.; Mishra, R.K.; Johnson, R.L. Dopamine receptor modulation by conformationally
constrained analogues of Pro-Leu-Gly-NH2. J. Med. Chem. 1988, 31, 1430–1436. [CrossRef]
Doebber, T.W.; Kelly, L.J.; Zhou, G.; Meurer, R.; Biswas, C.; Li, Y.; Wu, M.S.; Ippolito, M.C.; Chao, Y.S.; Wang, P.R.; et al. MK-0767,
a novel dual PPARalpha/gamma agonist, displays robust antihyperglycemic and hypolipidemic activities. BioChem. Biophys. Res.
Commun. 2004, 318, 323–328. [CrossRef]
Getman, D.P.; DeCrescenzo, G.A.; Heintz, R.M.; Reed, K.L.; Talley, J.J.; Bryant, M.L.; Clare, M.; Houseman, K.A.; Marr, J.J.; Mueller,
R.A.; et al. Discovery of a novel class of potent HIV-1 protease inhibitors containing the (R)-(hydroxyethyl)urea isostere. J. Med.
Chem. 1993, 36, 288–291. [CrossRef]
Dwyer, M.P.; Yu, Y.; Chao, J.; Aki, C.; Chao, J.; Biju, P.; Girijavallabhan, V.; Rindgen, D.; Bond, R.; Mayer-Ezel, R.; et al. Discovery
of 2-hydroxy-N,N-dimethyl-3-{2-[[(R)-1-(5- methylfuran-2-yl)propyl]amino]-3,4-dioxocyclobut-1-enylamino}benzamide (SCH
527123): A potent, orally bioavailable CXCR2/CXCR1 receptor antagonist. J. Med. Chem. 2006, 49, 7603–7606. [CrossRef]
[PubMed]
Huang, T.; Xue, C.-B.; Li, H.-Y.; Li, Q. Piperidin-4-yl Azetidine Derivatives as JAK1 Inhibitors. Patent No. US-201113043986-A,
1 July 2014.
Doherty, A.M.; Kaltenbronn, J.S.; Hudspeth, J.P.; Repine, J.T.; Roark, W.H.; Sircar, I.; Tinney, F.J.; Connolly, C.J.; Hodges, J.C.;
Taylor, M.D.; et al. New inhibitors of human renin that contain novel replacements at the P2 site. J. Med. Chem. 1991, 34, 1258–1271.
[CrossRef]
Reiter, L.A.; Koch, K.; Piscopio, A.D.; Showell, H.J.; Alpert, R.; Biggers, M.S.; Chambers, R.J.; Conklyn, M.J.; Cooper, K.; Cortina,
S.R.; et al. trans-3-Benzyl-4-hydroxy-7-chromanylbenzoic acid derivatives as antagonists of the leukotriene B4 (LTB4) receptor.
Bioorg. Med. Chem. Lett. 1998, 8, 1781–1786. [CrossRef]
Albright, J.D.; Reich, M.F.; Delos Santos, E.G.; Dusza, J.P.; Sum, F.W.; Venkatesan, A.M.; Coupet, J.; Chan, P.S.; Ru, X.; Mazandarani,
H.; et al. 5-Fluoro-2-methyl-N-[4-(5H-pyrrolo [2,1-c]-[1,4]benzodiazepin-10(11H)-ylcarbonyl)-3-chlorophenyl]benzamide (VPA985): An orally active arginine vasopressin antagonist with selectivity for V2 receptors. J. Med. Chem. 1998, 41, 2442–2444.
[CrossRef]
Molinari, A.J.; Trybulski, E.J.; Bagli, J.; Croce, S.; Considine, J.; Qi, J.; Ali, K.; Demaio, W.; Lihotz, L.; Cochran, D. Identification and
synthesis of major metabolites of Vasopressin V2-receptor agonist WAY-151932, and antagonist, Lixivaptan. Bioorg. Med. Chem.
Lett. 2007, 17, 5796–5800. [CrossRef] [PubMed]
Portevin, B.; Benoist, A.; Rémond, G.; Hervé, Y.; Vincent, M.; Lepagnol, J.; De Nanteuil, G. New prolyl endopeptidase inhibitors:
In vitro and in vivo activities of azabicyclo[2.2.2]octane, azabicyclo[2.2.1]heptane, and perhydroindole derivatives. J. Med. Chem.
1996, 39, 2379–2391. [CrossRef]
Williamson, R.; Hakenbeck, R.; Tomasz, A. In vivo interaction of beta-lactam antibiotics with the penicillin-binding proteins of
Streptococcus pneumoniae. Antimicrob. Agents Chemother. 1980, 18, 629–637. [CrossRef]
Cheng, H.; Hoffman, J.E.; Le, P.T.; Pairish, M.; Kania, R.; Farrell, W.; Bagrodia, S.; Yuan, J.; Sun, S.; Zhang, E.; et al. Structure-based
design, SAR analysis and antitumor activity of PI3K/mTOR dual inhibitors from 4-methylpyridopyrimidinone series. Bioorg.
Med. Chem. Lett. 2013, 23, 2787–2792. [CrossRef] [PubMed]
Cheng, H.; Bagrodia, S.; Bailey, S.; Edwards, M.; Hoffman, J.; Hu, Q.; Kania, R.; Knighton, D.R.; Marx, M.A.; Ninkovic, S.; et al.
Discovery of the highly potent PI3K/mTOR dual inhibitor PF-04691502 through structure based drug design. MedChemComm
2010, 1, 139–144. [CrossRef]
Albrecht, B.K.; Harmange, J.C.; Bauer, D.; Berry, L.; Bode, C.; Boezio, A.A.; Chen, A.; Choquette, D.; Dussault, I.; Fridrich, C.; et al.
Discovery and optimization of triazolopyridazines as potent and selective inhibitors of the c-Met kinase. J. Med. Chem. 2008, 51,
2879–2882. [CrossRef]
Kimura, T.; Kawano, K.; Doi, E.; Kitazawa, N.; Shin, K.; Miyagawa, T.; Kaneko, T.; Ito, K.; Takaishi, M.; Sasaki, T.; et al. Cinnamide
compound. Patent No. WO2005115990, 25 May 2005.

Molecules 2022, 27, 176

83.

84.
85.
86.
87.
88.
89.

90.
91.

92.

93.
94.

95.
96.
97.
98.
99.

18 of 18

Kuzikov, M.; Costanzi, E.; Reinshagen, J.; Esposito, F.; Vangeel, L.; Wolf, M.; Ellinger, B.; Claussen, C.; Geisslinger, G.; Corona, A.;
et al. Identification of Inhibitors of SARS-CoV-2 3CL-Pro Enzymatic Activity Using a Small Molecule in Vitro Repurposing Screen.
ACS Pharmacol. Translat. Sci. 2021, 4, 1096–1110. [CrossRef]
Arun Prasad, P.; Gautham, N. A new peptide docking strategy using a mean field technique with mutually orthogonal Latin
square sampling. J. Comput. Aided Mol. Des. 2008, 22, 815–829. [CrossRef] [PubMed]
London, N.; Raveh, B.; Cohen, E.; Fathi, G.; Schueler-Furman, O. Rosetta FlexPepDock web server—High resolution modeling of
peptide–protein interactions. Nucleic Acids Res. 2011, 39, W249–W253. [CrossRef]
Lee, H.; Heo, L.; Lee, M.S.; Seok, C. GalaxyPepDock: A protein–peptide docking tool based on interaction similarity and energy
optimization. Nucleic Acids Res. 2015, 43, W431–W435. [CrossRef]
Mehra, R.; Kepp, K.P. Computational prediction and molecular mechanism of γ-secretase modulators. Eur. J. Pharm. Sci. 2021,
157, 105626. [CrossRef]
Santiago, Á.; Guzmán-Ocampo, D.C.; Aguayo-Ortiz, R.; Dominguez, L. Characterizing the Chemical Space of γ-Secretase
Inhibitors and Modulators. ACS Chem. Neurosci. 2021, 12, 2765–2775. [CrossRef]
Mancarella, S.; Serino, G.; Dituri, F.; Cigliano, A.; Ribback, S.; Wang, J.; Chen, X.; Calvisi, D.F.; Giannelli, G. Crenigacestat, a
selective NOTCH1 inhibitor, reduces intrahepatic cholangiocarcinoma progression by blocking VEGFA/DLL4/MMP13 axis. Cell
Death Diff. 2020, 27, 2330–2343. [CrossRef]
Olsson, M.H.M.; Søndergaard, C.R.; Rostkowski, M.; Jensen, J.H. PROPKA3: Consistent Treatment of Internal and Surface
Residues in Empirical pKa Predictions. J. Chem. Theory Comput. 2011, 7, 525–537. [CrossRef] [PubMed]
Friesner, R.A.; Banks, J.L.; Murphy, R.B.; Halgren, T.A.; Klicic, J.J.; Mainz, D.T.; Repasky, M.P.; Knoll, E.H.; Shelley, M.; Perry, J.K.;
et al. Glide: A new approach for rapid, accurate docking and scoring. 1. Method and assessment of docking accuracy. J. Med.
Chem. 2004, 47, 1739–1749. [CrossRef]
Halgren, T.A.; Murphy, R.B.; Friesner, R.A.; Beard, H.S.; Frye, L.L.; Pollard, W.T.; Banks, J.L. Glide: A new approach for rapid,
accurate docking and scoring. 2. Enrichment factors in database screening. J. Med. Chem. 2004, 47, 1750–1759. [CrossRef]
[PubMed]
Dixon, S.L.; Smondyrev, A.M.; Rao, S.N. PHASE: A Novel Approach to Pharmacophore Modeling and 3D Database Searching.
Chem. Biol Drug Des. 2006, 67, 370–372. [CrossRef] [PubMed]
Dixon, S.L.; Smondyrev, A.M.; Knoll, E.H.; Rao, S.N.; Shaw, D.E.; Friesner, R.A. PHASE: A new engine for pharmacophore
perception, 3D QSAR model development, and 3D database screening: 1. Methodology and preliminary results. J. Comput. Aided
Mol. Des. 2006, 20, 647–671. [CrossRef] [PubMed]
Mysinger, M.M.; Carchia, M.; Irwin, J.J.; Shoichet, B.K. Directory of Useful Decoys, Enhanced (DUD-E): Better ligands and decoys
for better benchmarking. J. Med. Chem. 2012, 55, 6582–6594. [CrossRef]
Sterling, T.; Irwin, J.J. ZINC 15 -Ligand discovery for everyone. J. Chem. Inf. Model. 2015, 55, 2324–2337. [CrossRef]
Gaulton, A.; Hersey, A.; Nowotka, M.; Bento, A.P.; Chambers, J.; Mendez, D.; Mutowo, P.; Atkinson, F.; Bellis, L.J.; Cibrián-Uhalte,
E.; et al. The ChEMBL database in 2017. Nucleic Acids Res. 2016, 45, D945–D954. [CrossRef]
Kim, S.; Chen, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; Li, Q.; Shoemaker, B.A.; Thiessen, P.A.; Yu, B.; et al. PubChem in 2021:
New data content and improved web interfaces. Nucleic Acids Res. 2020, 49, D1388–D1395. [CrossRef]
Sastry, G.M.; Dixon, S.L.; Sherman, W. Rapid shape-based alignment and virtual screening method based on atom/feature-pair
similiarities and volume overlap scoring. J. Chem. Inf. Model. 2011, 51, 2455–2466. [CrossRef] [PubMed]

