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Abstract

There is a myriad of enzymes within the body responsible for maintaining homeostasis by providing the means
to convert substrates to products as and when required. Physiological enzymes are tightly controlled by many
signaling pathways and their products subsequently control other pathways. Traditionally, most drug discovery
efforts focus on identifying enzyme inhibitors, due to upregulation being prevalent in many diseases and the
existence of endogenous substrates that can be modified to afford inhibitor compounds. As enzyme
downregulation and reduction of endogenous activators are observed in multiple diseases, the identification of
small molecules with the ability to activate enzymes has recently entered the medicinal chemistry toolbox to
afford chemical probes and potential therapeutics as an alternative means to intervene in diseases. In this review
we highlight the progress made in the identification and advancement of non-kinase enzyme activators and their

potential in treating various disease states.
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Introduction

The pursuit of small molecules that provide therapeutic effect makes up a significant part of the
pharmaceutical industry, resulting in 21 of the 37 (57%) drugs approved by the U.S. Food and Drug
Administration (FDA) in 2022 being part of this category. ' Off these 21 compounds, the majority are enzyme
inhibitors (8) and receptor antagonists or agonists (6) acting by positive allosteric modulation (PAM). Only one
acts by activating an enzyme. ' This trend has been consistent over the past five years with enzyme modulators
being represented by more than 50 inhibitors gaining clinical approval and yet only two enzyme activators or
stimulators have been approved in that same time period (Figure 1). '

2018 2019 2020 2021 2022

Total=59 Total=48 Total=47 Total=50 Total=35
[0 Receptor (Antagonist/Antagonist/PAM) [ Inhibitor [ Peptide Il other
I Activator Il Antibacterial/Antimicrobial/Antiparasitc =~ [0 RNA-related
[0 Antibody/Antibody Drug Conjugate [ Enzyme Replacement Therapy

Figure 1. Distribution of FDA approved drugs from 2018 to 2022. During this period over 50 inhibitors have been
approved as therapies, but only two enzyme activators have been approved during the same period.

Although enzyme activation has been slow to gain traction for therapeutic use, this method has potential
in many areas of disease including; cancer, cardiovascular, neurodegeneration and aging and, represents a
largely unexplored area with unexploited opportunity. & 7 There are two categories of enzyme activation, non-
essential and essential with small molecules providing the opportunity to modulate activity through both of these
methods. & In non-essential activation the catalytic reaction can occur with and without the presence of the
activator molecule, often increasing activity beyond existing basal level however, with essential activation, the
catalytic reaction will not occur without the activator. & ° Essential activation occurs physiologically for some
enzymes with cofactors, substrates and metal ions acting as an endogenous activator. Thus, small molecule
activators can act through replacement of essential physiological molecules required for enzyme activity or by

alternate mechanisms and sites on the enzyme surface.
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Many prior reports focus on kinase activation, ®'2 inhibition, '3-'¢ or a small cohort of kinase and non-
kinase activators. "7 This review aims to highlight the potential and progress of small molecule non-kinase
enzyme activators. For a detailed synopses of kinase activators, the reader is directed to an excellent recent
review. '7 This review is structured to briefly describe the function and disease potential of each enzyme, the
structures for the main published activators or activator chemotypes will then be discussed alongside a summary

of their in vitro and in vivo activity.

Identifying Enzyme Activators

Whereas enzyme inhibitors can bind in either the active site, to hinder substrate binding, or at allosteric

sites to modulate inhibition, enzyme activators can only bind to an allosteric site to achieve upregulation or by

binding other requlatory subunits that interact with the enzyme to facilitate the catalytic process. Endogenously,

enzymes are activated using ions, post-translational modifications (phosphorylation) and gaseous molecule

binding.'8-2' Therefore, identifying both the allosteric site and a molecule that interacts with this site that provides

the same activating effect as an endogenous molecule can be challenging.

Similar to inhibitors, activators can be classified by how they affect Michaelis constant (K., the
concentration of substrate which permits the enzyme to achieve half of the maximum reaction rate) and maximum
rate of reaction (Vhax). Activators that decrease K, are referred to as K-type and those that increased V.« as V-
type activators and therefore both of these parameters must be assessed to characterize activators.® 22
Traditional methods for identifying inhibitors can also be employed for the identification of enzyme activators.
Fluorescence resonance energy transfer (FRET) and other fluorescent based assay, activity-based protein
profiling (ABPP) are some of the methods that have proved successful in the literature.?3-25 There are however
aspects that make enzyme activation more challenging and thus require additional considerations. Firstly, there
is a lack of tool compounds that can be used for the development of enzyme activation assays. % ' 20 This is not
always an issue for identifying inhibitors, as there are alternate ways to identify an expected decrease in reaction
rate when the enzyme is fully inhibited. Secondly, as activators increase the reaction rate, the reaction curve
changes; thus, the portion of the reaction curve where steady-state kinetics can be applied is smaller. ® Therefore,
this shortens the window for measuring initial rate and steady states which in turn decreases reliability. The

mechanism of action is also important for understanding and identifying activators as they may bind or interact

4
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with the enzyme before or after substrate binding. Additionally, the substrate concentration used to run the assay

will affect the ability to detect compounds that activate. % 26 It is also possible that while an activation occurs

initially, past a certain concentration point, the compound acts as an inhibitor.

Screening for Nuisance Compound

With high-throughput screening, the most common method for identify activators and inhibitors, high
numbers of hit compounds are generated. Pfizer has reported that to identify one hit compound an average of
120,000 compounds need to be screened. 2 False hits can occur due to multiple reasons including activity,
absorbance wavelength, aggregation and redox-cycling. 283! It Is important to be aware of ‘promiscuous enzyme
activators’ when embarking on enzyme activation projects. Like pan-assay interference compounds,3? these
molecules can provide false hits in high-throughput screening that, when further investigated, provide a general
activation to multiple enzymes. ‘Surfactant-like’ compounds were identified to possess promiscuous activation
effect, possibly through the masking of hydrophobic patches on protein surfaces, by enzyme stabilization in
solution, or loosening the protein’s secondary structure. 33 A rough pharmacophore for these promiscuous
activators was proposed; a polar or charged headgroup and a large hydrophobic tail however, these features
can be included within ‘drug-like’ molecules. 33

To identify these false hits before and after the initial screening a number of methods can be applied that
are identical to those employed in the search for inhibitors. Firstly, by creating computational filter sets, these
promiscuous compounds can be flagged and removed from the screening collections in silico. 3 Secondly,
applying appropriate orthogonal assays to confirm compound activity should be standard for all campaigns for

identifying both activators and inhibitors. 34

Angiotensin-converting enzyme 2

Angiotensin-converting enzyme 2 (ACE2) is a zinc-dependent monocarboxypeptidase plays a critical role
in the control of the renin-angiotensin system and in balancing overexpression of angiotensin Il (Ang Il). 3537 As
ACE2 possesses a highly conserved sequence identity (41%) and sequence similarity (61%) with Angiotensin-

converting enzyme (ACE) in the regions surrounding the active site, supported by modeling of the ACE2 active
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site, it is proposed that the catalytic mechanism of ACE2 resembles that of ACE. 3 However, due to
differences in substrate specificity it is certain there are distinct differences in the active site of ACE2, one of

which is the smaller pocket size. 38

ACE2
N-Asp-Arg-Val-Tyr-lle-His-Pro-Phe-His-Leu-C —————— N-Asp-Arg-Val-Tyr-lle-His-Pro-Phe-C
Ang | Ang i

Figure 2. Hydrolysis of Ang | to Ang Il catalyzed by ACE2.

The ACE2 enzyme hydrolyzes the C-terminal residue Ang | to produce the cardioprotective peptide Ang
Il (Figure 2).3° The hydrolysis occurs through a water mediated nucleophilic attack of the peptide bond resulting
in formation of a non-covalent tetrahedral intermediate. 38 40 Activation of the water occurs by the pentacoordinate
zinc ion and water molecules within the active site. Additionally, it has been shown that ACE2 activity is highly
dependent on pH, hydrolysis occurs between pH 6.5 and 8, with minimal activity being observed at pH 8. 4!

Altered expression of ACE2 is associated with cardiac, vascular, and renal dysfunctions, as it has been
demonstrated that ACE2 plays an essential role in anti-hypertensive, anti-fibrotic, anti-oxidant, anti-inflammatory,
and anti-atherosclerosis effects. 35 3% 42 The activation of ACE2 has also been identified to protect against

amyloid-related hippocampal pathology and cognitive impairment in preclinical Alzheimer’s disease models. 43
/ 1

B o=t

Xanthenone Diminazane aceturate Resorcinolphthalein
ECs5020.1 uM ECso 8.04 uM ECgq 19.5 uM
1 2 3

Figure 3. Chemical structures of Angiotensin Converting Enzyme 2 activators 1-3, and their activities.

Three small molecules, Xanthenone (1) (ECs, of 20.1 uM), Diminazene aceturate (2) (ECs, of 8.04 uM)
and Resorcinolphthalein (3) (ECs, of 19.5 uyM) (Figure 3), have been identified to activate ACE2. 44 These
molecules have been shown to attenuate diabetes-induced cardiac dysfunction and mitigable neuroinflammatory

burden in Parkinson’s Disease. 3% 3 4% |t has been suggested that 1 activates ACE2 by binding the structural
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pocket in the open confirmation, whereas 2 activates ACE2 by binding Ang (1-7) with receptor Mas (MASR). 3%
45,

In vivo assessment of 1 in spontaneously hypertensive rats (SHR) showed a reduction in blood pressure
(BP) of 71 mm/Hg at 10 mg/kg, and in wistar kyoto rats (WKR) resulted in a decrease in BP of 21 £8 mm/Hg. 3%
39 Acute administration of 1 was shown to induce a dose-dependent hypotensive response, and chronic
administration results in the reversal of cardiac and renal fibrosis in SHR. This highlights the ability of these
ACE2 activators to be potential antihypertensive treatment options. Furthermore, 1 can attenuate diabetes-
induced cardiac dysfunction. 3°

Assessment of 2 (25 uM) in vitro, in 6-hydroxydopamine (6-OHDA)-induced dopaminergic neurons,
enhanced glutathione (GSH) and reversed 6-OHDA-induced damage in cells and brain tissues. 45 Additionally,
in vivo treatment with 2 (10 mg/kg) also resulted in a reduction in Glial Fibrillary acidic protein (GFAP) (in C6
cells and SNpc brain region) and IbA1 (in BV2 cells and SNpc brain region), and reduced neuroinflammation. 4
Finally, 2 activates the ACE2/Ang (1-7)/MASR axis resulting in the downregulation of the RAS pathway, and
enhances the neuroprotective, antioxidative, and anti-inflammatory effects of 2.

This assessment highlights the role of ACE2 enzyme activators in numerous disease areas. Further
exploration of targeted small molecule enzyme activators can provide a potential avenue of treatment for different

disease types associated with the altered expression of ACE2.

Carnitine Palmitoyltransferase One

The carnitine palmitoyltransferase (CPT) system assists in the transport of long-chain acyl-Coenzyme A
(CoA) esters into the mitochondrial matrix for entry into the fatty acid b-oxidation (FAO) cycle. 46 47 Three
enzymes make up the CPT system: CPT1, CPT2 and acylcarnitine translocase (ACT). 4850 Located on the outer
mitochondrial membrane, CPT1A (one of three CPT1 isoforms) is responsible for the conversion of long-chain
acyl-CoA into long-chain acylcarnitines. 5% 52 CPT1 is considered as the rate controlling enzyme for the CPT
system and the FAO cycle. 535 Therefore, the activation of CPT1 has been identified as a mechanism to promote

FAO, which results in the reduction of lipid accumulation and a decreased tendency for metabolic disorders. %

57
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The Catalytic mechanism of CPT1 is unknown to date as crystal structure information is not available.
However, three mechanisms have been proposed with Hiss73 being identified as a key residue for catalytic
activity. %8-60 One proposed mechanism suggests that the Cys;os Hiss73 and Aspys, residues form a catalytic triad
responsible for acyl transfer. 8" Whereas another proposes His,7z and Aspg77 are catalytic residues. ¢ The final
proposed mechanism is based on the model of carnitine acetyltransferase where His,;3 deprotonates carnitine.
58

Although there are multiple structures suggested to activate CPT1, it has been indicated that some of
these activators achieve upregulation by the displacement of malonyl-CoA, a known inhibitor of CPT1 and
therefore, do not act directly on the enzyme. Baicalin (4) and C89b (5) (Figure 4) have both been identified as
CPT1 activators. 6264 Baicalin is predicted to bind to an orthosteric site of CPT1 (Figure 5), with key residues
Leyags, lleagq, Glusgg and Hiss,; interacting with 4. 62 Shift assays have determined that the binding of 4 affects the

thermal stability of CPT1A however not actin control. The binding site for C89b remains unknown.

OH

HO,,, e
o

HO” > HO

A
HO™ 0

Baicalin C89b
7 fold increase at 100 uM estimated EC5q 3 uM
4 5

Figure 4. Chemical structures of carnitine palmitoyltransferase activators 4 and 5, and their activities.
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Figure 5. (Left)) Structural overview of a CPT1A—4 predicted complex mode, residues around the predicted area
are colored green. (Right) Magnified view of predicted CPT1A-4 interface with key interface residues; Leuogs,
llesgq, Glusgg, and Hiss,z shown (labelled by residue name and position). Reproduced from ref. 62 with permission

from The U.S. National Academy of Sciences, copyright 2018.

Assessment of CPT1 activation by 4 is demonstrated by multiple in vitro assays resulting in an increase
(7-fold at 100 uM) in CPT1A activity from the direct addition of 4 to cell lysate, and a reduction in free fatty acids
(50% at 100 puM) in HeLa Cells. 82 In vivo studies reported (for H327E mice following a high-fat diet) a decrease
in body weight (-12.5 g) and body fat percentage (-0.085%), restoration of insulin sensitivity to normal, and
improvements in other diet induced obesity (DIO) markers when receiving a daily dose of 4 (400 mg/kg). 62 The
results from the in vivo experiments suggested that more fat is used as the energy source for animals receiving
chronic treatment of 4. 62 Activation of CPT1 by 5 was measured by increased levels of radiolabelled
palmitoylcarnitine in MCF-7 cells and the increased oxidation of fatty acids (177% at 31 uM, estimated ECs, of
3.0 uM). 83 The data surrounding these CPT1 activators have shown their potential to be used for the treatment
of diabetes and obesity. However, increased potency may be required to fully explore the potential of these

activators.

Caseinolytic Protease P

Caseinolytic protease P (ClpP), an Adenosine triphosphate (ATP)-dependent serine protease, is a
mitochondrial protein that catalyzes the hydrolysis of peptide bonds. 8567 Therefore, ClpP helps to maintain
protein homeostasis and quality and, when misfolded and non-functional proteins accumulate, ClpP expression
is increased. %5 68, Additionally, ClpP has been identified to regulate the production of reactive oxygen species
(ROS) by association with the enzymes of the electron transport chain. 6°

Mitochondrial ClpP forms a stable heptamer ring, through hydrophobic interactions, that possesses
peptidase activity. However, substrate degradation by ClpP is dependent on ClpX and ATPase. ° Alone, ClpP
with Fourteen internal catalytic cleavage sites located within the heptamer has the capability of only digesting
small peptides. Binding of ClpX to ClpP, and in the presence of ATPase, the active tetradecameric state is

stabilized, possessing the unfoldase activity and is able to degrade full length proteins with Ser;s3, Hisq7s, and
9
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Aspa,; acting as the catalytic residues within the active site. 672 Activation of ClpP can be achieved by the
physical displacement of ClpX from ClpP whilst CIpP is maintained in its active state, this allows proteins to enter

the active site non-specifically. 7375

o}
0] N J\ro cl (0]
: < H N\ /
HNW o} - @/\N | /’t
N N\ N
o]
F _/
ADEP-28 D9 ONC201
Ko.5 0.44 uM ECso 110 uM ECs 12.5 uM
6 7 8

\ o}
X

N | N

/)

N cl
TR-107
ECs 0.14 uM
9

Figure 6. Chemical structures of caseinolytic protease P activators 6-9, and their activities.

ADEP-28 (6) (Ko5 = 0.44 uM), D9 (7) (ECso = 110 uM), ONC201 (8) (ECso = 12.5 uM) and TR-107 (9)
(ECso = 0.14 uM) (Figure 6) have all been identified to bind ClpP by the same mechanism and activate CIpP in
a dose-dependent manner. 767° These activators all fit into a hydrophobic pocket of the enzyme. The opposing
hydrophobic difluorophenyl moiety and the hydrophobic tail of 6 along with the far left and right aryl portions of
7, 8 and 9 are buried in CIpP while the main part of 6, and the mid sections of 7, 8 and 9 rest horizontally or close
to the surface of the enzyme. 7® Due to the suggestion that these activators have the potential to be used for the
treatment of cancer, the apoptotic nature of these compounds have been assessed in various cancer cell lines;
HEK293 T-REx (6 I1C5, = 0.36 uM, 8 IC5o = 1 uM), TEX (8 ICs = 0.7 uM), OCI-AML3 (8 IC5o = 1.2 uM), Z-138 (8
ICs0 = 1.0 uM), SUM159 (8 IC50 = 0.3 uM, 9 IC5o = 12 nM), MDA-MB-231 (9 IC5, = 3.0 nM). 76. 7880 |t has been
highlighted that apoptosis occurs via intrinsic caspase-dependent apoptosis, which is ClpP dependent, due to
both 6 and 8 showing no effect on cell viability in HEK293 T-REx CLPP~~ cells. 8 Furthermore, oral gavage of
8, a close analogue, and 9, have shown both a time- and dose-dependent reduction of tumor burden in mice

xenograft models using OCI-AML2, Z138 and MDA-MB-2 cells, respectively. 78 8 |n addition to anti-cancer
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therapies, these compounds can also be employed as antibiotics due to 6 exhibiting bactericidal effects against

Neisseria Meningitidis H44/76 (Minimum inhibitory concentration of 0.125 mg/mL). &

Cyclic adenosine monophosphate response element-binding protein binding protein

Histone acetyltransferases (HATSs) are vital in the regulation of gene transcription by making epigenetic
modifications. 8 Consequently, the dysregulation of HAT’s is observed across multiple neurodegenerative
diseases including: Huntington’s disease, amyotrophic lateral sclerosis, and Parkinson’s disease, which
suggests a causative role. &

Cyclic adenosine monophosphate response element-binding protein-binding protein (CBP), also known
as CREB-binding protein or CREB-BP, is a transcriptional co-activating protein that contains a HAT domain, a
bromodomain (BRD) and a plant homeodomain (PHD) finger motif. 8 8 Both transcription factors and DNA
histones are acetylated by CBP. 8-°0 The regulation of gene expression by CBP occurs by two mechanisms;
acetylation of histones and by acting as a protein scaffold, recruiting, and constructing the complexes required
for transcription or modification of chromatin. °'-3 It is the HAT domain of CBP that catalyzes the transfer of an
acetyl group from acetyl-Co-A to lysine side chains found on proteins. In the absence of a cofactor the acetyl-
Co-A binding site remains stable however, the BRD is essential for histone H3 acetylation. ®* Both the Really
Interesting New Gene (RING) domain, located within the second cysteine/histidine-rich domain, and
autoinhibitory loop (AIL) are identified to regulate the access to the active site. %% The RING domain restricts
bulky substrates accessing the active site. The AIL, when hypoacetylated, occupies the active site but on
hyperacetylation is displaced leaving the active site accessible to substituents.

Current data shows that gene expression is promoted by the CBP enzyme and that the cyclic adenosine
monophosphate (cCAMP)/CBP signaling pathway is strongly associated with long term memory and other learning
processes through promotion of neuron survival and synaptic plasticity. 7-1°° Furthermore, CBP is critical in
hippocampal long-term potentiation and the overexpression of CBP in neurodegenerative models delays cell
death. 10%. 192 |n vijtro data suggests mutant a-synuclein exerts some toxicity by the direct inhibition of histone

acetylation, further supporting the activation of HATs for neurodegenerative diseases. '3
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Figure 7. Chemical structures of cyclic adenosine monophosphate response element-binding protein-

binding protein activators 10 and 11.

Two activators of CBP, analogues TTK21 (10) and CTPB (11) (Figure 7) have been identified, however
10 requires conjugation to a glucose-derived carbon nanosphere (CSP) for cell permeation. 1%+ 195 Both 11 and
the 10-CSP conjugate achieve significant acetylation of histone H3, however the mechanism to achieve this
increased acetylation is yet to be elucidated. 19 1% |ncreased gene expression of neuroD1 (1.34-fold) and Brain
Derived Neurotrophic Factor (>two-fold) is observed with the 10-CSP conjugate alongside increased histone
acetylation of their respective promoter regions, 1% suggesting histone acetylation is associated with transcription
of genes required for neuron growth and survival. The in vitro treatment of 11 showed promotion of neurite
growth, indicating an increase of neuronal growth factors. 1% Furthermore, in vivo treatment of the 10-CSP
conjugate in B57BL6/6J male mice resulted in increased dendritic branching. However, this may be a result of
increased gene expression of neural growth factors. % In vivo assessment of the 10-CSP conjugate in a
behavioral assay using B57BL6/6J male mice showed an improvement in memory duration but no improvement
in learning or retention. This improvement has been associated with neuroprotection from cell death rather than
the promotion of cell proliferation. 1% Finally, qRT-PCR experiments revealed a significant increase in DCX and
TUC4 mRNA, which suggests the induction of maturation in progenitor cells, however, immunohistochemistry
contradicted this. % This data shows that activation of CBP may provide a way to treat the degradation of

neurons associated with aging and neurodegenerative diseases.

Glucose-6-Phosphate Dehydrogenase

Glucose-6-phosphate dehydrogenase (G6PD) is a rate-limiting, ubiquitous cytoplasmic enzyme that

converts glucose-6-phosphate into 6-phosphogluconate (G6P) in the pentose phosphate pathway (PPP) (Figure
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8). 107109 The enzyme achieves the catalytic oxidation of G6P with coenzyme NADP* which results in the

formation of nicotinamide adenine dinucleotide phosphate (NADPH).

HO\P/OH
~N
g o OH OH O
G6PD OH :
HO_1_O : _
o OH OH
G6P

NADP* NADPH
Glucose-6-phosphate

Figure 8. Conversion of glucose-6-phosphate to G6P Catalyzed by G6PD and coenzyme NADP*.

The enzyme exists in an equilibrium of tetramer (dimer of dimers) and dimer with the equilibrium position
shifting to the tetramer at low pH. % X-ray crystallography has shown that NADP* binds to each of the dimers,
providing structural stability to the enzyme, additionally these two NADP* molecules also allosterically modulate
the enzyme. "% """ An additional NADP+ binding site is present on each dimer near to the active site which acts
as the coenzyme for the catalytic reaction. Density functional theory experiments have identified that proton
extraction from Hiszgg by Aspoyz is crucial and responsible for a step-wise catalytic process. 2 Studies show that
G6DP deficiencies are related to mutations of the enzyme affecting the catalytic and NADP+ sites. 113

Since G6PD uses NADP* as a coenzyme, resulting in the formation of NADPH, it therefore plays an
important role in redox homeostasis and maintaining the NADPH levels which are essential for numerous cellular
systems, including antioxidant pathways, nitric oxide synthase, NADPH oxidase, and the cytochrome p450
system. 14118 The cofactor NADPH is also crucial in counterbalancing cells from oxidative stress and is important
in glutathione regeneration, an essential component for the reduction of hydrogen peroxide to balance oxidative
stress. 107.114 A deficiency in GBDP is detrimental in erythrocytes and is the most common human enzyme defect
with a prevalence of more than 400 million people worldwide. %8 115 Essential for cell survival, G6PD is highly
regulated by numerous signals that affect transcription, post-translation, intracellular location, and interactions
with other proteins. 114119

The pathophysiological role of G6PD has been identified in numerous acute and chronic diseases
associated with oxidative stress including hemolytic anemia, bilirubin-induced neurological damage, diabetes
mellitus, viral infections, and cardiovascular diseases; such as coronary heart disease, cerebrovascular disease,

peripheral arterial disease, and aortic atherosclerosis. 4 120122 Fyrthermore, G6PD inhibition in neurons
1
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increases (ROS), induces apoptosis, and induces neurodegeneration in aging and neurodegenerative disease
models. 2° There is no current treatment for GBPD deficiency; however, small molecule activators have been

studied for the regulation of G6PD. 123

HN
@J\/\/\
y g N | OMN1</ \;
N\/\S/s\/\N = NH N
| H Y |

HN

AG1
ACs( 0.80 uM CID6917760 ClD9820229
-6.1 kcal/mol -8.9 kcal/mol -7.6 kcal/mol
12 13 14

Figure 9. Chemical structures of Glucose-6-phosphate dehydrogenase activators 12-14, and their activities.

G6PD activator AG1 (12) (Figure 9), ACs, = 0.80 uM, was identified using high-throughput screening. 124
Subsequently, by using machine learning approaches of the AG1 pharmacophore, multiple additional activators
were identified including CID6917760 (13) and CID9820229 (14) (Figure 9). These new activators had improved
binding energies over 12 (-6.1 kcal/mol) achieving binding energies of -8.9 kcal/mol and -7.6 kcal/mol for 13 and
14, respectively. 17 123 These small molecules activate G6PD by binding to the active site of the dimer, and
consequently bridging the dimer interface at NADP* binding sites. ' Compound 12 was able to selectively
promote G6PD dimerization in a G6PD deficient cell model (HG 02367), resulting in an ECsy of 3 mM, and, in
G6PD deficient lymphocytes, 12 showed an increase in lysate activity of 78%. Furthermore, in vivo assessment
of 12 with zebrafish embryos has been shown to decrease the level of reduction in relevant ROS. Similar results

are observed in human erythrocytes, providing translational validity of 12. 123

Histone Deacetylase |

Histone deacetylases (HDACs) are a class of enzymes that act on both histone and non-histone proteins
by catalyzing lysine residue deacetylation. 125127 The acetylation and deacetylation of lysine residues is a
dynamic, post-translational modification that is required for the regulation of various cellular processes. 128 129
Primarily located in the nucleoplasm, HDAC1 acts on lysine residues within histone tails resulting in the
suppression of transcription and also regulates enzyme activity through direct deacetylation. 130-132

Belonging to Class | of the HDAC family, HDAC1 shares a common catalytic mechanism with the other

members of HDAC Class I, Il and IV, requiring a zinc ion for catalysis. 32 Zinc ion access is essential for activity,
1
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with identified small molecule inhibitors exerting their effects by either binding to the zinc ion or spanning the
channel to the catalytic site thereby bocking substituent access. '3* Structural studies of HDLP has conferred
information into the catalytic mechanism of HDAC1 as they have nearly the same catalytic domain structure with
a conservation of resides in the active site. Mutation studies identified that amino acids lining the active site (14
A) are not only critical for the activity of the enzyme but also acetate competition. 3¢ Additionally, HDAC1 enzyme
activity is enhanced when incorporated with silencing mediator of retinoic acid and thyroid hormone receptor

(SMRT), a co-repressor, to form a complex and regulated by inositol-tetraphosphate. 136

OH O
HO ! ! OH
HO OH
OH

Exifone
ECsp 0.045 uM
15

Figure 10. Chemical structure of histone deacetylase class | activator 15, and its activity.

Exifone (15) (Figure 10), was identified as an activator of HDAC1 from in vitro enzymatic activity assay
(ECso = 0.045 uM), where the activation was identified to occur dose-dependently. '3 Furthermore, it was
identified that 15 acts as a mixed, non-essential activator, such that it has the ability to bind both the free and
substrate-bound enzyme. 37 Pre-treatment of 15 in induced pluripotent stem cell (iPSC)-derived neuronal cells
from a frontotemporal dementia patient, followed by stress induction by rotenone, resulted in the rescue of cell
viability to approximately 80%. '3 It was also identified that 15 is capable of partially reversing HDAC1 inhibition.
137 The results suggest that HDAC1 activators may provide protection against neurotrophic stress and have the

potential to be developed for central nervous systems disorders.

Indoleamine 2,3-dioxygenase 1

The intracellular heme-containing enzyme indoleamine 2,3-dioxygenase (IDO1), is one of three enzymes
present in the kynurenine pathway, which plays a dominant role in the conversion of tryptophan (trp), an essential
amino acid in mammals, to N-formylkynurine (N-formyl Kyn) (Figure 11). 138141 The rate-limiting first step in the

break-down of trp is controlled by IDO1 and, this trp depletion combined with kynurenine production is involved

1
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in the conversion of CD4* T-cells into Foxp3* regulatory T-cells. 142 143 Due to defective IDO1 occurring in
autoimmune and neuroinflammatory diseases, it is possible this enzyme provides a druggable target for these

diseases. However, IDO1 inhibitors are more commonly studied for their effectiveness in cancer therapy.

0 o)
OH r/
IDO1 NH
NH, —m———
\ OH
” O NH,
Trp N-formyl Kyn

Figure 11. Conversion of trp to N-formyl Kyn catalyzed by IDO1.

Crystal structure data has shown IDO1 is folded into two domains, a large catalytic C terminal domain
and small N-terminal domain that is not catalytically active. '#4 In the large domain, IDO1 converts trp to N-formyl
kyn using its dioxygenase activity to oxidatively cleave the 2,3 double bond of the indole moiety present in trp.
44 The literature for this enzymatic mechanism is conflicting as mechanisms propose both sequential and
concerted addition of two atoms of oxygen from one oxygen molecule. 44 145 Additionally, some literature
proposed base assisted abstraction of the indole NH of trp by the protein structure whereas mutational analysis
shows that no polar or charged protein side chains act as a catalytic base and therefore, proton abstraction
occurs by the iron bound oxygen. 46 The small non-catalytic domain plays a part in regulation of the enzyme.
Within this domain two immunoreceptor tyrosine-based inhibitory motifs (ITMs) exist which, on phosphorylation
can result in upregulation of enzyme expression or enzyme proteasomal degradation. '** The reader is directed

to an excellent review covering IDO1 and its regulatory role. 147

0]

i

A\

N
H
N-acetylserotonin
ECsq 20.95 uM
16

HO

Figure 12. Chemical structure of indoleamine 2,3-dioxygenase 1 activator 16, and its activity.
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The trp metabolite, N-acetylserotonin (16) (Figure 12) was identified as a PAM of IDO1 (mouse IDO1
ECso = 19.56 uM, human IDO1 ECs = 20.95 uM) without increasing enzyme affinity for trp. 4 Furthermore, it
was identified that 16 exhibits anti-ischemic and antioxidant effects and restrains neuroinflammation in mice.
However, in mice lacking IDO1 expression, these neuroprotective effects were lost. 48 Although 16 up-regulates
IDO1 catalytic activity in CD11c* dendritic cells, resulting in immunosuppressive effects, it does not modulate

IDO1 transcripts and protein expression. 148

Figure 13. Best energy-scored binding mode of 16 in the allosteric pocket of IDO1 (ligand and protein are
colored by atom types, with yellow carbon the former and gray carbon the latter). Key hydrogen-bond
interactions are shown with yellow dashed lines. Reproduced from ref. 148 with permission from The U.S.
National Academy of Sciences, copyright 2020.

It is suggested from docking studies that 16 could bind to the allosteric pocket of IDO1 with Pheyy
interacting through a n— n edge-to-face with the indole ring and Asp,74 by hydrogen bonding with the phenol
hydroxy (Figure 13). '*® Due to the inactivity of similar analogues it was identified that the Asp,74 hydrogen bond
to 16 is fundamental for IDE activity. It was also identified that this Phe,, interaction is within the binding pocket
and important for the binding of 16, as a Phe,7g mutant mouse model showed loss of enzyme activating effect.

48 These results highlight the potential for using IDO1 activators to treat neuroinflammation and autoimmune

diseases.
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Insulin-Degrading Enzyme

Insulin-degrading enzyme (IDE), belonging to the M16A family of metallopeptidases, is a ubiquitous,
endogenous, multifunctional and multi-substrate protease. 49151 Differentially distributed within cells and tissues,
IDE primarily degrades insulin, glucagon and the protein amyloid beta (Ap). 152-155

Crystal structures of IDE have identified the enzyme adopting two conformations, open and closed, for
the internalization, catalysis of substrates at the active site, and release of products. %6 A secondary binding site
is located 30 A away from the active site and plays a role to suitably arrange the substrates for cleavage within
the active site. 157158 This is not the case for substrates of less than 12 amino acids as they are unable to reach
between both sites. Mutagenic experiments established that chelation of zinc occurs with Hisqgg, His112 and Glu4gg
and that Glu44 is responsible for the deprotonation of water in the active site to complete the coordination sphere
of zinc. 9 Like many zinc metallopeptidases the activated water molecule (hydroxide ion) is used for the
nucleophilic attack of the targeted peptide bond carbonyl, resulting in weakening of the peptide C-N bond, leading
to peptide bond cleavage. '%0-163 Computational analysis provides a four-step mechanism for IDE’s degradation
of AB40 and it is likely this mechanism is consistent for insulin and glucagon. %7 Additional to the internal active
site, IDE has an allosteric site allowing ATP to attach which accelerates short peptide degradation. 64 165
Conflictingly, ATP has also been shown to inhibit IDE. 66

Due to the importance of IDE in the degradation of Insulin and AB, there is interest in identifying small

molecules that activate the enzyme. Furthermore, an increase in IDE expression has been linked to tissue
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Figure 14. Chemical structures of insulin degrading enzyme activators 17 and 18, and their activities.
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High-throughput screening identified compounds possessing the ability to interact with the allosteric site
of IDE, resulting in LDN-1487 (17) and LDN-1844 (18) (Figure 14) being identified as activators. These activators
were assessed in fluorogenic peptide substrate assay and increased activity of IDE by 500% at 200 uM and 60%
at 6.25 uM for 17 and 18, respectively. '8 It was identified that although these activators bind to the same
allosteric site used by ATP, they provide a synergistic activation effect with ATP, resulting in an increase in IDE
activity to ~1000% with 17. '68 Disappointingly, these activators failed to increase the degradation of AB alone or
in combination with ATP, however, when in combination with a short fluorogenic substrate, degradation of Ap is
increased. '8 Although it is unknown how these small molecules are activating IDE and the optimum
concentration of activators are yet to be elucidated, these molecules provide a possibility for therapeutic

development in Alzheimer’s disease.

Lysophospholpase-like 1

Lysophospholpase-like-1 (LYPLAL1), a serine hydrolase, which although belonging to a different
subclass of the lysophospholpase family, contains the same a/f hydrolase fold and catalytic triad observed in
acyl protein thioesterase one and two. '%%-17" Acyl protein thioesterase one and two are responsible for cleaving
lipid modifications of cystine residues in proteins and it is thought that LYPAL1 has a comparable cellular
function. 171172 Mutagenic experiments have identified that Ser;19, Asp174, and Hisygg are not only found within the
active site but are essential for activity. '3 174 These residues, although separated significantly in LYPAL1’s
protein sequence, orientate themselves in the ternary structure in such a way that they provide a charge relay
required for catalysis. Interestingly, although LYPAL1 shows no regiospecificity for substrates, the enzyme does
have size specificity due to the closed tunnel of the active site, resulting in a preference for short chain substrates.
171,174 Genetic variants in 19 loci near the LYPLAL1 gene were associated with fat distribution, waist-to-hip ratio,

and nonalcoholic fatty liver disease. 175177
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Figure 15. Chemical structures of lysophospholpase-like-1 activators 19 and 20, and their activities.

Activators of LYPLAL1 were identified using a kinetically controlled ABPP-based fluorescence
polarization assay. 2* The bidirectional assay provided the ability to identify both activators and inhibitors of
LYPLAL1. Compounds showing an increase in the fluorescence polarization signal were identified as activators.
The ABPP assay led to the identification of 19 (ECsy = 0.49 uM) (Figure 15), which was used as the starting
point for a structure-activity relationship study to identify more potent activators, leading to the identification of
20 (ECso = 0.10 uM) (Figure 15). 2* Activity was confirmed using a HEK293 cell-based assay (shown to over
express LYPLAL1) and it was identified that the compounds enhanced activity more effectively in the complex
proteome than the purified enzyme. 2* Gel filtration studies were used to identify the reversible nature of the
LYPLAL1 activators. Furthermore, in vivo studies on DIO mice, resulted in enhanced glucose tolerance and
increased insulin sensitivity, showing that these LYPLAL1 activators could be utilized for the treatment of

metabolic disorders. 24

Nicotinamide Phosphoribosyltransferase

Nicotinamide phosphoribosyltransferase (NAMPT) is responsible for the condensation of nicotinamide
(NAM) and phosphoribosyl pyrophosphate (PRPP) into nicotinamide mononucleotide (NMN) (Figure 16), which
is then converted further to nicotinamide adenine dinucleotide (NAD). '78-180 Widely distributed within the body,
NAD acts as a coenzyme for hundreds of enzymes, resulting in the movement of electrons around the body via

NADH. '81-18 Therefore, NAMPT is a vital enzyme to ensure sufficient levels of NAD within the body. It was
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suggested that NAMPT activators can upregulate NAD presence improving neuronal cell health, memory, and

cognitive function. 187190
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Figure 16. Conversion of PRPP and NAM to form NMN catalyzed by NAMPT.

Structurally NAMPT exists as a dimer with the active site located on the contact surface of the two
monomers (known as A and B). '°" Through n—r stacking NAM is positioned between Phe;g3(s) and Tyrg of the
different monomers and forms hydrogen bonds between Asp,1ga) and Argsq¢(a), of one monomer, with the N and

O atoms of the amide respectively. 191 192 Stabilization of PRPP within the active site occurs through lonic
interactions through Argq74(a) and Lysses@), and hydrogen bonding through Argsqgia) and Serzi4a). Through these
interactions, NAM is positioned with is pyridine N towards the ribose C of PRPP for nucleophilic substitution with

the assistance of the enzyme’s catalytic triad residues Serygyn), HiS247(a) and Aspsyaa). &
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Figure 17. Chemical structures of nicotinamide phosphoribosyltransferase activators 21-23, and their activities.

Compounds NP-A1R (21) (ECs, = 37 nM), NAT (22) (ECso = 6 uM) and SBI-797812 (23) (ECs, = 0.37

M) (Figure 17) have been identified as dose-dependent NAMPT activators. 93197 High-throughput fluorescent
in vitro screening was used to identify both 21 and 22, whereas 23 was first identified to bind NAMPT using a

2
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protein thermal shift assay. An additional secondary fluorometric assay identified that 23 has the potential to both
activate and inhibit NAMPT, with its function dependent on concentration. % Furthermore, a cytotoxicity assay
in U20S cells was used to assess 22 in the presence of a NAMPT inhibitor (80% viability at 10 mM). 93
Additionally, treatment of T98G, SH-SY5Y and HepG2 cells with 22 at concentrations between 0.1-10 uM
resulted in no change in cell viability and therefore, were non-toxic at the effective concentration. %5 Assessment
for the ability of activator 23 to increase NAD* and NMN levels was undertaken in A549 human lung carcinoma
cells and a dose-dependent increase was observed for both NAD* and NMN.

In vivo assessment of 22 (30 mg/Kg) in C57BL/6 J mice revealed that pre-treatment of 22, prior to
treatment of paclitaxel, resulted in restoration of myelin density when compared with just paclitaxel and
significantly increased levels of NAD* in the sciatic nerve. 194 19 Despite the high potency, tissue homogenates
from C57BL/6 J mice treated with 23 (20 mg/Kg) by intraperitoneal injection only showed a significant increase
in NAD* concentration in the liver, with other tissues showing no change in concentration. 1% It has been identified
that ATP is required for 23 to activate NAMPT, and it additionally increases the affinity of NAMPT for ATP
resulting in the increased efficiency of substrate capture and processing. %4

Through crystal structures, it has been identified that these activators, similar to NAMPT inhibitors, bind
to the rear channel of the active site (Figure 18), and that 23 may be activated by other binding mechanisms. 1%
However, the Argsi1/Pheqgs cation m-clamp required for inhibition is not engaged to achieve activation. 19
Additionally, hydrogen bonding (H-bonding) interaction with Lys4gg is common for activators while NAM binding

to the NAMPT active site is not required. 19
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Figure 18. Crystal structure of 21 and NAMPT (A) 21 (gold) and NAM showing key residues and H-bonding
network. B) 21 bound to NAMPT with NAM showing key water molecules. Reproduced from ref. 196 with
permission from The American Chemical Society, copyright 2023.
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These NAMPT activators may provide a means to treat diseases related to the reduction of NAD* which
are associated with ageing and neurodegeneration. However, to date, there is yet to be data presented past
simply ECsy values of the most potent activator 21 and further changes will be required to improve on the

mediocre pharmacokinetic profiles of 23.

Neurolysin

Peptidase neurolysin (NIn), a zinc metallopeptidase located within the mitochondria, is a member of the
M3 metallopeptidases and is responsible for hydrolyzing neuropeptide bonds, specifically neurotensin to form
shorter inactive fragments. 98201 The enzyme is structured in an ellipsoid shape with a long channel running
through the molecule to the active site. 2°" Three residues, Hiss74, Hisszg, and Glusgs, within the active site co-
ordinate the zinc ion. 202 Additionally, Glus;s provides a hydrogen bond to the zinc which assist in polarizing the
catalytic quantity of water (coordinated to the zinc), to enable nucleophilic attack to the peptide bond and
additionally donates a proton to the leaving chain nitrogen.

Despite the prevalence of NIn, the molecular signaling pathway responsible for the translocation of
cytosolic neurolysin to the cell membranes and the mitochondrial function following stroke, remains unknown.
203 Whilst the inhibition of NIn is a mechanism that has been exploited for the design of therapeutic agents to
target acute myeloid leukemia, 2% it has recently been identified that the activation of NIn may provide a route to

identify therapeutics for the treatment of neurodegenerative diseases, including ischemic stroke. 203. 205, 206,
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Figure 19. Chemical structures of neurolysin activators 24-27, and their activities.
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Activator NSC 374121 (24) (Figure 19) was identified as a hit from a virtual screen with an As, value of

89.7 uM. Detailed SAR studies identified analogues 25-27 with increased activities over the original hit (ACs, of
6.5 uM, 4.2 uM and 7.0 uM for compounds 25, 26 and 27 respectively). 207210 |n vitro metabolic stability studies
reported that each of the three analogues had significantly increased half-lives in mouse plasma compared to
the original hit, which reported a half-life of 34.19 minutes, in comparison to compounds 25 and 26, which
presented the best half-lives of >1000 minutes. 2% The permeabilities of each of the compounds were obtained
within the MDR1-MDCA cell line, in which 26 and 27 presented the best permeability. Compound 26 presented
a permeability greater than 15 x10-¢ cm/s, while 27 presented a permeability of 20 x10-6 cm/s in the basolateral
to apical direction, suggesting a higher efflux ratio, allowing for increased drug concentrations within the brain.
The identified compounds were also assessed for their neurolysin selectivity over the related peptidases thimet
oligopeptidase (TOP), neprilysin, and ACE/ACEZ2, in which all three showed high selectivity towards the target
enzyme neurolysin.

Furthermore, in vivo assessment on C57BL/6 (stroke-induced) mice brain tissue samples, identified a
higher concentration of 27 within damaged brain tissues than in undamaged and a higher localized drug
concentration in the ischemic hemisphere over the non-ischemic hemisphere and control tissue samples. 2% It
was hence determined that compound 27 would advance to further development. This data highlights the
potential for NIn activators to be used for the treatment of stroke and potentially other neurodegenerative

diseases.

8-Oxoguanine DNA glycosylase

The bifunctional enzyme 8-oxoguanine DNA glycosylase (OGG1) catalyzes both glycosylase and abasic
(AP) lyase reactions, with the latter being the rate-limiting step. 2'1-2'3 Mutagenic experiments have identified key
residues in the active site that are crucial for activity, resulting in multiple postulated mechanisms. 2'# Firstly,
Lys,49 acts as a catalytic nucleophile in the glycosylase reaction, this allows for a covalent enzyme-DNA
interaction which can undergo rearrangement. 25> Additionally, Aspaes, Cys1ss and Cys,s5 Cysia0, CySie3, CySaar,
and Cys,s3 have also all been identified as key residues for enzyme activity. 24 216. 217

The enzyme is responsible for performing the first rate-limiting step in the DNA damage control pathway

that replaces the premutagenic base, 8-oxo-7,8-dihydroguanine (8-oxo-G) with guanine and protecting against
2
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the transversion of G-C base pair to T-A within DNA. 28 21° |t has been suggested that OGG1 activation may

result in enhanced base excision repair in cells that are undergoing repetitive oxidative stress.
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Figure 20. Chemical structures of 8-oxoguanine DNA glycosylase activators 28-32, and their activities.

Several diverse small molecules 28-32 (Figure 20) have been identified as activators of OGG1 in a
fluorescent kinetic assay with ECsy’s of 4.1 uM, 5.1 uM, 4.6 uM, and 5.0 uM respectively, for 28-31, and an ACsq
of 0.78 uM for 32. 213220, 221 These compounds were also assessed for their ability to reduce A549 cell injury
caused under oxidative challenge, accumulation of 8-oxo-G, and associated induced cytotoxicity. This
experiment identified compounds 29 and 31 can reduce cell injury by oxidative damage (by 200% and 650%,
respectively). These compounds were also identified to reduce cytochrome ¢ concentration (reduction of mean
nuclear intensity by 550 for both 30 & 31 at 30 uM), which is associated with mitochondrial membrane integrity
and DNA damage. 22 It has further been reported that mitochondrial DNA levels in mouse embryonic fibroblasts
were recovered at a faster rate when treated with 31 than alone when cells are subjected to hydrogen peroxide.
221 To identify the mechanism in which 32 activates OGG1 in vitro, DNA repair studies and cocrystal structure
analysis were undertaken. These studies found that 32 binds to the catalytic site to achieve this activation, and
that 32 acts as an essential cofactor by increasing the enzyme activity through stimulation of substrate turnover.
221 The OGG1-32 co-crystal structure shows the cyclopropyl ring sitting within a shallow pocket of the site, -
stacking interactions between the quinazoline ring and Phesq9, and hydrogen bonding interactions between both
the secondary amine and Gly,,, and pyrimidine-N and Asp.gs. Finally, 32 activates OGG1 by enhancing f-
elimination and inducing &-elimination, which allows for apurinic/apyrimidinic sites as new substrates. 22" These

OGG1 activators could be used to better understand or treat diseases associated with increased oxidative stress
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or reduced OGG1 function, including Alzheimer’s disease, atherosclerosis and chronic obstructive pulmonary

disease. 222224

Phosphodiesterase-4

Phosphodiesterase-4 (PDE4) is one of 11 different cyclic nucleotide phosphodiesterase (PDE) families.
225 PDE4 is constituted by four genes and, due to the various splicing sites, both long and multiple short PDE4
proteins can be formed, resulting in at least 20 different isozymes that differ in their N-terminus. 226 227 These
enzymes are responsible for specifically hydrolyzing cyclic adenosine monophosphate (cCAMP) to Adenosine
monophosphate (AMP) (Figure 21), thereby controlling cAMP homeostasis in the body. 2?6 Therefore, this

enzyme plays an important role in regulating many key physiological processes in the body. 228-230
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Figure 21. Hydrolysis of cyclic adenosine monophosphate to Adenosine monophosphate catalyzed by PDE4.

All PDE4 isoforms show high conservation in the catalytic domain, however isoforms are categorized by
the prescence of absence of upstream regulatory conserved regions one (URC1) and two (URC2). The super
short isoforms contain only part of URC2, short contain only URC2 and long isoforms possess both URC1 and
URC2. 23" The amount of the UCR regions present in the isoforms provide for functional differences between
them. For long form PED4, the UCR regions allow for the regulation of the enzyme through phosphorylation by
protein kinases. 228232 The interaction between the PDE4 URC2 region and the catalytic domain regulates activity
by either limiting access to the active site, altering the product release, or both. 231

The catalytic pocket of PDE4 can be split into two sub-pockets: one for binding of bivalent metals and
the other for substrates. The bivalent metal sub-pocket is occupied by two ions, zinc plus another believed to be

magnesium. 233234 This additional ion is shown to be important for the enzyme catalytic activity. However, while
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the zinc ion co-ordinates four amino acid residues of the protein, Hisgs, Hisag0, ASp2o1 and Aspazqg, plus two water
molecules, the other ion interacts with only one of the amino acid residues, Asp.o, and the five remaining
interactions are with water molecules. Co-ordination between the metal ions of the active site, and the two
phosphate oxygen atoms of AMP, results in the displacement of two water molecules from the active site. 23+
Additionally, AMP forms hydrogen bonds in the active site with Hisigo, Asp2gs, and Aspsqg residues.

It has been proposed that catalytic activity occurs through the nucleophilic attack of the phosphodiester
bond by a water molecule or a hydroxide ion. 235 The phosphodiester bond can become polarized through a

hydrogen bonding interaction with a nearby His;¢ residue thereby facilitating the nucleophilic attack.
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Figure 22. Chemical structure of phosphodiesterase-4 activator 33, and its activity.

MR-L2 (33) (Figure 22) was identified as an activator of specifically long PDE4 isoforms in a dose-
dependent manner, exhibiting an ECs, of 1.2 uM for PDE4D5, and increased potency for the PDE4A4, PDE4B1,
PDE4C3 isoforms. 236 The activation of PDE4 elicited by 33 is comparable to that of protein kinase A (PKA)
phosphorylation, suggesting that 33 and its analogues phenocopy the PKA activation of PDE4. It is important to
note this activation is not additive to PKA activation. 23¢. 237 Furthermore, 33 was unable to activate short PDE4
isoforms which lack the UCR1 domain, suggesting that the activation occurs due to the interaction with this
segment of the enzyme. 236 Confirmation that the activation occurs at the UCR1 domain of the enzyme was
achieved as a peptide of amino acids 80-136 from PDE4D long form denoted UCR1C was able to activate long
form PDE4. 238

This PDE4 activator has been shown to decrease intracellular cAMP concentrations in MDCK cells. 238

Long form PDE4 activators have the potential to be used in diseases where cAMP elevation is important in the
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molecular pathology and where PKA phosphorylation is diminished such as, autosomal dominant polycystic

kidney disease. 238

Procaspase-3

Procaspase-3 is a zymogen homodimer of caspase-3 which, is responsible for the hydrolysis of many
cellular substrates rapidly inducing apoptotic cell death. Proteolysis of Procaspase-3 results in activation of the
enzyme within the cell to form caspase-3. 23 240 An initiator caspase (caspase-8 or caspase-9) achieves this
activation by internal cleavage to separate the large and small subunits and is subject to strict cellular regulation.
239, 240

The structure of procaspase-3 is very similar to mature caspase-3 enzyme however, it is the position of
the inter-subunit linker (L2) in procaspase-3 that prevents a key residue, Asp169, from its active caspase-3
conformation which stabilizes the ‘loop bundle’ (an allosteric activator of caspase-3). 24 In mature caspase-3 the
His-Cys dyad is responsible for procaspase activity and yet stimulation of procaspase-3 activity occurs at slightly
acidic pH. This is somewhat contradictory as at higher pH protonation of the dyad would occur thereby limiting
its participation in the hydrolysis.

In certain cell types isolated from cancerous tissue, procaspase-3 concentration is elevated; this
provides a means for these cancer cells to evade apoptosis and proliferate, specifically lung, melanoma, renal
and breast cancers. 242245 Therefore, reactivation of apoptotic cascades by procaspase-3 small molecule

activators could provide an alternative cancer therapy. 246. 247
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Figure 23. Chemical structures of procaspase-3 activators 34-36, and their activities.

Compounds 34 (EC5, = 0.22 uM), 35 (ECs = 1.3uM) and 36 (EC5, = 0.95uM) (Figure 23) have all been
identified as activators of procaspase-3. 247249 Both 34 and 36 can achieve procaspase-3 activation by the
sequestration of inhibitory zinc ions. 249 250 However, coumarin derivative 35 activates by promoting the auto
maturation of procaspase-3 to caspase-3. 2# Structural studies have identified that for 34 and its analogues three
moieties are critical for activity: the allyl group, phenol hydroxy and benzyl moiety. Analogues of 35 indicated
that the imidazo[1,2-a]pyridine moiety was important for selectivity of procaspase-3 over procaspase-6.

All three of these small molecule activators display anticancer activity by inducing apoptosis in cell culture
(34 assessed in U-937, NCI-H226, HL-60, SK-N-SH and PC-12 cells, 35 assessed in BT549, MDA-MB361,
HEK293, HeLa and HCC1954 cells and 36 assessed in A549, COLO 205, DU-145, NCI-H226, MCF-7, Hep 3B,
HGC-27, K562, Hep-G2, U87, GBC-SD, MDA-MB-435, PC-3, U-937, HL-60, MCF-10A, PBL, L-02 and HUVEC
cells) with an effect directly related to the concentration of procaspase-3. 243247249 Furthermore, mouse xenograft
models showed that 35 and 36 significantly inhibited the growth of Hep3B, ACHN, and NCI-H226 cancerous cell
lines in vivo. 247 249 Finally, it has been shown that 34 and 35, which activate procaspase-3 by different
mechanisms, can be combined to synergistically increase apoptosis in U-937, BT-549, A549, HL-60, Hs578T,
U-87, and EL4 cells. 2! Following on from positive results in mice, 34 has been assessed and approved for the
treatment of cancer in dogs. Treatment of 34 (25 mg/kg) or in combination with doxorubicin (Dox) (10.9-12.5/25

2
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mg/kg 34/Dox) was well tolerated for the treatment of canine lymphoma and metastatic osteosarcoma resulting
in tumor regression in 1/6 patients (sole treatment of 34) and 2/3 patients (oral daily treatment of 34 in
combination with Dox every 14 days). 252253 The promising results in cells, rodents and canines has resulted in
the assessment of 34 in multiple human clinical trials. The phase | dose escalation study (NCT02355535) on 48
patients with neuroendocrine tumors identified an optimum dose of 750 mg/day. 254 255 Additionally, positive
responses were observed during the trial with two out of five patients achieving a durable partial response and
therefore warranting further investigation of 34. 25 Following on from this, a second study (NCT03332355) was
undertaken to assess 34 in combination with temozolomide on 18 patients with high grade glioma: glioblastoma
multiforme (GBM) or anaplastic astrocytoma. 256 This study was terminated in 2021 and no results have been
released. Finally, an additional clinical trial pilot study (NCT03927248) was initiated to assess the combination
of 34 and nivolumab in patients suffering with metastatic renal cell carcinoma. 257 However, recruitment was

withdrawn due to funding issues.

Protein Phosphatase 2A

Protein phosphatase 2A (PP2A), a heterotrimeric serine-threonine phosphatase, is responsible for the
controlled activity of serine-threonine phosphorylation within eukaryotic cells and suppressing cell
transformation. 2°8 There are 80 predicted structural variations of PP2A found throughout all cell types. 2%° This
is due to the heterotrimeric enzyme being composed of a scaffold subunit A, regulatory subunit B, and a catalytic
subunit C, where subunits A and C can adopt two distinct isoforms and B can adopt five distinct isoforms. 260
The core dimmer of PP2A isoform consists of the catalytic subunit and scaffold subunit, the role of the scaffold
subunit in this dimer is to mediate formation of the holoenzyme through recruiting additional subunits that dictate
the function of each PP2A variation. Within the active site of the enzyme are two manganese ions. To
accommodate different proteins PP2A’s holoenzyme adapts its scaffold by recruiting different regulatory subunits
which results in a variation in the active site for the required protein substrates. 25'

It is recognized that PP2A plays a pivotal role in maintaining normal homeostasis as it is involved in
various signaling pathways. Furthermore, PP2A is a tumor suppressor and, therefore, the over-inhibition or
inactivation of this enzyme leads to an uncontrolled level of cell transformations, which ultimately accounts for

the development of multiple cancers, such as colorectal, breast, and skin cancer. 25° 262, 263 The proposed

3
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mechanisms of PP2A inactivation include phosphorylation, methylation, or even mutations to subunit C,
preventing catalytic activity, as well as the upregulation of PP2A endogenous inhibitors. 264 Therefore, the
identification of PP2A activators provides an opportunity for cancer therapeutic discovery.

While the mechanism of PP2A activation is still debated, it has been proposed that through the direct
binding of small-molecule activators to subunit A, a conformational change is induced, thus allowing access to

the catalytic subunit C. 26%

FTY720 DT-061
CIP2A ICy 2.9. uM CIP2AIC5, 8.5 uM
37 38

Figure 24. Chemical structures of protein phosphatase 2A activators 37 and 28, and their activities

(represented as the inhibition of phosphorylation and CIP2A expression).

Both FTY720 (37) and DT-061 (38) (Figure 24) have been identified as activators of PP2A. 260 The
treatment of MDA-MB-231 and BT-474 cells with 37, both of which naturally express an endogenous PP2A
inhibitor, can restore the activity of PP2A resulting in the inhibition of phosphorylation and CIP2A expression
(ICs0’s of 2.9 and 8.5 uyM respectively), which in turn reduces cell growth and increases caspase-dependent
apoptosis. 26 Treatment of H3255 cells with 38 produced an ICs, of 12.4 uM, whereas treatment of the HCC837
cell line produced an IC5, of 14.3 uM. 260 Furthermore, treating tyrosine kinase inhibitor-resistant cell lines with
these PP2A inhibitors resulted in an ICso of 10.6 uM which was validated by the decreased ability for colonies to
form. It was also identified that the PP2A activation with 37 induced caspase-dependent apoptosis, proven by a
five-fold increase in caspase activity.

These activators have been assessed for their anti-cancer properties in vivo. Tumor growth was inhibited
by 24% upon treatment of an EGFR/CCSP mouse model with 37 (100 mg/kg/48h). This was confirmed by
immunohistochemical studies on the isolated tumor tissue, which identified increased apoptosis, decreased
proliferation, and increased dephosphorylation of phosphorylated Protein Kinase B (pAKT). 266 Furthermore,

these PP2A activators have been evaluated in combination with the chemotherapeutic agents Doxorubicin and
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Afatinib. The H1975 xenograft mouse model experienced over a 2-fold decrease in tumor growth, compared to
control when 38 was used in combination with Afatinib, showing the additive potential of 38 with existing
chemotherapeutic treatments. Similar effects were also reported when used in combination with 5-fluorouracil,
Irinotecan, and Oxaliplatin, for the treatment of colorectal cancer. 262

It is important to highlight that although these PP2A activators show potential in the treatment of
numerous cancers, the overexpressed levels of PP2A is also linked to the hyperphosphorylation of tau, which is
a hallmark of Alzheimer’s disease. 2%® Furthermore, increased PP2A expression has also been suggested to

have an active role in the development of Parkinson’s and dementia with Lewey bodies. 257

Soluble Guanylate Cyclase

Soluble guanylate cyclase (sGC), a heme-binding ap-heterodimer, is a nitric oxide (NO) sensor that,
when in the presence of NO, becomes activated resulting in the conversion of guanosine triphosphate (GTP) to

cyclic guanosine monophosphate (cGMP) (Figure 25). 268-271
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Figure 25. Conversion of GTP to cGMP catalyzed by sGC in the presence of NO.

The enzyme contains four domains: NO-sensor domain, Per-ARNT-Sim domain (PAS), coiled-coll
domain, and catalytic domain. 272274 The NO-sensor domain contains a heme cofactor to sense the ligand, His1os-
Fe binding is severed on NO binding to Fe resulting in activation of response proteins. The PAS domain passes
signals to other domains by shifts in its conformation and the coiled-coil domain acts as a scaffold for other
domains and assist in heterodimerization of the enzyme. 275 The Catalytic domain contains the active site and
on binding of NO to the NO-sensor domain Fe, the binding cleft is opened. 273276 Mechanisms for activation have

been proposed but to date remain unknown. One proposed mechanism is that after substrate binding the active
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site closes allowing the amino acid residues required for catalysis to be aligned with the substrate, and that
during the closing of the active site discrimination between ATP and GTP occurs. 274 Structural studies have
identified that sGC has the ability to bind two NO molecules, at low NO concentrations the enzyme exhibits
minimal or no activity; however, on increasing NO concentration the enzyme becomes fully active. 277

The importance of cGMP as a messenger that regulates through the activation and alteration of specific
ion channels is well documented. 278-280 The levels of cGMP are critical in homeostasis, and reductions of cGMP
has been linked to multiple diseases including cardiovascular disease, 279 281, 282 kidney disease, 283
preeclampsia, 284 heart failure, 28528 and erectile dysfunction. 267288 Therefore, methods to restore or increase
cGMP levels through the modulation of enzymes is an area of interest for pharmaceutical research. 29

Decreased NO availability is a contributing factor to neurodegenerative disease and consequently results
in cGMP deficiency. 2 To reverse this deficiency caused by NO dysregulation, drugs targeting sGC are a
promising solution. There are two methods to increase sGC enzymatic conversion of cGMP to GTP; stimulation,
and activation with the difference being haem dependence. 2! Stimulators bind directly to sGC acting
independently but synergistically of NO. 2°' Whereas activators of sGC bind to the unoccupied haem-binding

pockets mimicking the NO-bound haem. 2°1
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Figure 26. Chemical structures of soluble guanylate cyclase activators 39-42, and their activities.

The two sGC stimulators, Riociguat (39) (up to 73-fold increase in sGC activity) and Vericiguat (40) (ECsg
of 1005 nM) (Figure 26), have been approved by the FDA for treating cardiovascular indications. 292-2% These
two analogues were identified to activate sGC independently of NO however, the haem component of the
enzyme was key for these compounds to possess stimulation activity. 2% Following on from the identification of
39 and 40, CY6463 (41) (Figure 26) was also identified as a novel CNS-penetrant sGC stimulator (ECsq = 66
nM). 297

Due to the links between sGC and neurodegenerative diseases several in vivo experiments were
undertaken to probe the relationship and the ability of 41 to be used for the treatment of various
neurodegenerative diseases. 2% 2% Functional magnetic resonance imaging studies in vivo (Sprague Dawley
rats) using a blood-oxygen-level-dependent contrast reveal that 41 (1.0 mg/kg) produces increased blood flow
in areas associated with memory and arousal; nuclei, midbrain dopaminergic system, the hippocampal complex
and anterior cerebellum, indicating an increase in neuronal activity. 2°7 Furthermore, treatment with 30 (3 mg/kg
and 10 mg/kg) showed a significant increase in cGMP (4-fold). 2°7 In the Huntington’s Disease mouse model
R6/2, tissue slices treated with 41 (46 nM or 308 nM, 15 minutes of exposure) completely restored the long-term
potentiation deficits, highlighting the ability of 41 to modulate synaptic plasticity in a diseased state. 2% The
stimulator also restored the levels of N-acetylaspartate-glutamate, which is known to decrease in those suffering
from neurodegenerative diseases. 2°” Compound 41 also reduced hippocampal dendritic spine loss in an
Alzheimer’s disease mouse model (APP/PS1). 297

In a screen for novel sGC activating compounds Ataciguat (42) (Figure 26) was identified as a sGC
activator with an ECso = 0.5—-10 uM. 3% Furthermore, 42 showed an increase in efficacy when in the presence of
NO-sensitive sGC inhibitors suggesting this small molecule activates the NO-insensitive heme-oxidized form of
sGC. 300.301 Four clinical trials have been conducted for 42 investigating its efficacy and safety for the treatment
of calcific aortic valve stenosis (CAVS) (NCT02481258, NCT02049203), stage Il peripheral arterial disease
(NCT00443287), neuropathic pain (NCT00799656). 302305 To date, only results from the CAVS study has been

reported indicating an improvement of disease symptoms.
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Although stimulators of sGC are favored over activators, as they act upon the reduced form of sGC which
is critical in cGMP products, both have provided desirable therapeutic outcomes. 2°” The FDA approval of sGC
stimulator Vericiguat, to reduce the risk of cardiovascular death and heart failure, and Riociguat, to treat two

forms of pulmonary hypertension, shows the potential of these molecules across multiple diseases.

Conclusion

Despite the challenges in identifying small molecule enzyme activators over inhibitors, a detailed analysis
of the literature highlights the potential of this method of modulation to provide not only new methods for treating
diseases but also new targets. A search of the Scifinder database for the term ‘small molecule enzyme activators’
demonstrates the evolution of small molecule enzyme activators has been gaining pace over the past two
decades, with particularly high activity occurring from 2020 onwards. This trend is observed for both journal
articles (Figure 27A) and patents (Figure 27B), indicating the potential that these compounds have for use in
the future. Perhaps, it is the potential observed by some of the early activators that has resulted in increased

focus on the area.
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Figure 27. Graphs showing the trend in journal articles and patents featuring the search term ‘small molecule
enzyme activators’ from 2000 to 2022. A) Publication of journal articles, excluding reviews articles. B)
Publications of Patents (Note: both graphs include research on kinase activators that have not been discussed
in this review).

Notwithstanding the compounds that have already received clinical approval, many of the described non-
kinase enzyme activators provide clear potential for development into therapeutics due to the promising in vitro

3
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and in vivo results that have been described. Specifically, the procaspase 3 activator PAC-1 (23) has progressed
to clinical trials for human cancer therapies (while being deployed in canine patients) and the sGC activators
Riociguat (28) and Vericiguat (29) are approved for the treatment of cardiovascular ailments. Still other
compounds discussed herein represent critical chemical probes and tool compounds for the elucidation of
signaling pathways in healthy and diseased models that represent potential for further development.

We have highlighted a wide range of diseases that these activators have the potential to be used for
including diabetes, cardiovascular, cancer and neurodegeneration. Due to the saturation of inhibition research
and development with much of the low handing fruit already picked, we expect more small molecule activators
to progress through pipelines to clinical trials providing new means to combat disease. This review has described
early successes of small molecule enzyme activators, yet there is still much to learn about the art of identifying,
optimizing, and deploying these types of compounds into the pharmaceutical arsenal and their continued

evolution.

Author Contributions

The idea was conceived by PCT. The manuscript has been written and edited by the combined effort of all

authors.

Conflicts of Interest

PCT is a named inventor on US Patent App. 17/186,489 describing neurolysin activators discussed herein.

Acknowledgements

We thank the following funding agencies for support of our research. The National Cancer Institute of the
National Institutes of Health under Award Number RO1 CA226436. The National Institute of Neurological
Diseases and Stroke of the National Institutes of Health under Award Number R01 NS106879. The Eunice
Kennedy Shriver National Institute of Child Health and Human Development of the National Institutes of Health
under Award Number R01 HD106590. The National Institute on Ageing of the National Institutes of Health under
Award Number T32 AG076407. Office of the Assistant Secretary of Defense for Health Affairs through the

Amyotrophic Lateral Sclerosis Research Program under Award No. W81XWH2210365. Content is solely the
3



Page 37 of 46 RSC Medicinal Chemistry

responsibility of the authors and does not necessarily represent the official views of the National Institutes of
Health or Department of Defense.
References

A. Mullard, Nat. Rev. Drug Discov., 2023, 22, 83-88.

A. Mullard, Nat. Rev. Drug Discov., 2022, 21, 83-88.

A. Mullard, Nat. Rev. Drug Discov., 2021, 20, 85-90.

A. Mullard, Nat. Rev. Drug Discov., 2020, 19, 79-84.

A. Mullard, Nat. Rev. Drug Discov., 2019, 18, 85-89.

J. A. Zorn and J. A. Wells, Nat. Chem. Biol., 2010, 6, 179-188.

O. Laufkétter, H. Hu, F. Miljkovi¢ and J. Bajorath, J. Med. Chem., 2022, 65, 922-934.

V. Leskovac, in Comprehensive Enzyme Kinetics, ed. V. Leskovac, Springer US, Boston, MA, First Edition edn., 2003,

ch.7, pp. 111-116.

9. A. Turberville, H. Semple, G. Davies, D. lvanov and G. A. Holdgate, SLAS Discov., 2022, 27, 419-427.

10. G. L. Simpson, J. A. Hughes, Y. Washio and S. M. Bertrand, Curr. Opin. Drug Discov. Devel., 2009, 12, 585-596.

11. T. Kawano, J. Inokuchi, M. Eto, M. Murata and J. H. Kang, Pharmaceutics, 2021, 13.

12. G. R. Steinberg and D. G. Hardie, Nat. Rev. Mol. Cell Biol., 2023, 24, 255-272.

13. G. A. Holdgate, T. D. Meek and R. L. Grimley, Nat. Rev. Drug Discov., 2018, 17, 115-132.

14. N. Patadiya, N. Panchal and V. Vaghela, Int. J. Pharm. Pharm. Res., 2021, 12, 12.

15. R. R. Ramsay and K. F. Tipton, Molecules, 2017, 22.

16. B. Batchuluun, S. L. Pinkosky and G. R. Steinberg, Nat. Rev. Drug Discov., 2022, 21, 283-305.

17. M. Teng, D. W. Young and Z. Tan, J. Med. Chem., 2022, 65, 14289-14304.

18. X. Cheng, Y. Ma, M. Moore, B. A. Hemmings and S. S. Taylor, Proc. Natl. Acad. Sci., 1998, 95, 9849-9854.

19. P. Blinning and J. F. Riordan, Biochem., 1983, 22, 110-116.

20. N. S. Bryan and D. J. Lefer, Mol. Pharmacol., 2019, 96, 109-114.

21. D. W. Gohara and E. Di Cera, J. Biol. Chem., 2016, 291, 20840-20848.

22. T. P. Silverstein, Biochem. Mol. Biol. Educ., 2019, 47, 446-449.

23. J. Széllosi, S. Damjanovich and L. Matyus, Cytometry, 1998, 34, 159-179.

24. B. P. Kok, S. Ghimire, W. Kim, S. Chatterjee, T. Johns, S. Kitamura, J. Eberhardt, D. Ogasawara, J. Xu, A. Sukiasyan,
S. M. Kim, C. Godio, J. M. Bittencourt, M. Cameron, A. Galmozzi, S. Forli, D. W. Wolan, B. F. Cravatt, D. L. Boger
and E. Saez, Nat. Chem. Biol., 2020, 16, 997-1005.

25. T. Rantanen, M.-L. Jarvenpag, J. Vuojola, K. Kuningas and T. Soukka, Angew. Chem. Int., 2008, 47, 3811-3813.

26. T. P. Kenakin, in Pharmacology in Drug Discovery and Development (Second Edition), ed. T. P. Kenakin, Academic
Press, Cambridge, MA, 2017, ch. 6, pp. 131-156.

27. R. W. Spencer, Biotechnol. Bioeng., 1998, 61, 61-67.

28. J. B. Baell, Drug Discov. Today, 2011, 16, 840-841.

29. A. Jadhav, R. S. Ferreira, C. Klumpp, B. T. Mott, C. P. Austin, J. Inglese, C. J. Thomas, D. J. Maloney, B. K. Shoichet
and A. Simeonov, J. Med. Chem., 2010, 53, 37-51.

30. A. Simeonov, A. Jadhay, C. J. Thomas, Y. Wang, R. Huang, N. T. Southall, P. Shinn, J. Smith, C. P. Austin, D. S. Auld
and J. Inglese, J. Med. Chem., 2008, 51, 2363-2371.

31. J. R. Huth, R. Mendoza, E. T. Olejniczak, R. W. Johnson, D. A. Cothron, Y. Liu, C. G. Lerner, J. Chen and P. J. Hajduk,
J. Am. Chem. Soc., 2005, 127, 217-224.

32. J. B. Baell and G. A. Holloway, J. Med. Chem., 2010, 53, 2719-2740.

33. D. R. Goode, R. K. Totten, J. T. Heeres and P. J. Hergenrother, J. Med. Chem., 2008, 51, 2346-2349.

34. N. Thorne, D. S. Auld and J. Inglese, Curr. Opin. Chem. Biol., 2010, 14, 315-324.

35. J. A. Hernandez Prada, A. J. Ferreira, M. J. Katovich, V. Shenoy, Y. Qij, R. A. Santos, R. K. Castellano, A. J. Lampkins,
V. Gubala and D. A. Ostrov, Hypertension, 2008, 51, 1312-1317.

36. A.J. Turner and N. N. Nalivaeva, Peptides, 2022, 151, 170766.

37. Y. Wang, C. Tikellis, M. C. Thomas and J. Golledge, Atherosclerosis, 2013, 226, 3-8.

NV kWM



38.

39.

40.
41.
42.
43.

44,
45.
46.
47.
48.
49.

50.
51.

52.

53.

54.
55.

56.
57.
58.
59.
60.

61.
62.

63.

64.
65.
66.
67.
68.
69.
70.
71.
72.
73.

74.

75.

RSC Medicinal Chemistry Page 38 of 46

J. L. Guy, R. M. Jackson, K. R. Acharya, E. D. Sturrock, N. M. Hooper and A. J. Turner, Biochem., 2003, 42, 13185-
13192.

T. M. Murga, P. L. Moraes, C. A. Capuruco, S. H. Santos, M. B. Melo, R. A. Santos, V. Shenoy, M. J. Katovich, M. K.
Raizada and A. J. Ferreira, Regul. Pept., 2012, 177, 107-115.

P. Blinning, Clin. Exp. Hypertens. Part A: Theory and Practice, 1983, 5, 1263-1275.

F. Xiao and K. D. Burns, Methods Mol. Biol., 2017, 1527, 101-115.

A. C.S. E Silva and M. M. Teixeira, Pharmacol. Res., 2016, 107, 154-162.

C.E. Evans, J. S. Miners, G. Piva, C. L. Willis, D. M. Heard, E. J. Kidd, M. A. Good and P. G. Kehoe, Acta. Neuropathol.,
2020, 139, 485-502.

L. V. Kulemina and D. A. Ostrov, SLAS Discov., 2011, 16, 878-885.

S. Gupta, V. Tiwari, P. Tiwari, Parul, A. Mishra, K. Hanif and S. Shukla, ACS Chem. Neurosci., 2022, 13, 1491-1504.

V. A. Tol, Mol. Cell. Biochem., 1975, 7, 19-31.

B. S. Jakobs and R. J. Wanders, Biochem. Biophys., 1995, 213, 1035-1041.

C. L. Hoppel, Fed. Proc., 1982, 41, 2853-2857.

A. Virmani, L. Pinto, O. Bauermann, S. Zerelli, A. Diedenhofen, Z. K. Binienda, S. F. Ali and F. R. van der Leij, Mol.
Neurobiol., 2015, 52, 826-836.

J. D. McGarry and N. F. Brown, Eur. J. Biochem., 1997, 244, 1-14.

P. M. Jones and M. J. Bennett, in Biomarkers in Inborn Errors of Metabolism, eds. U. Garg and L. D. Smith, Elsevier,
San Diego, CA, 2017, ch. 4, pp. 87-101.

S. Gobin, L. Thuillier, G. Jogl, A. Faye, L. Tong, M. Chi, J.-P. Bonnefont, J. Girard and C. Prip-Buus, J. Biol. Chem.,
2003, 278, 50428-50434.

V. G. Lopes, A. d. B. C. Filho, M. Y. Yoshinaga, M. H. Hirata and G. M. Ferreira, J. Mol. Graph. Model, 2022, 112,
108125.

I. R. Schlaepfer and M. Joshi, J. Endocrinol., 2020, 161, bqz046.

J. Cobb and I. Dukes, in Annu. Rep. Med. Chem., ed. J. A. Bristol, Academic Press, Cambridge, MA, 1998, vol. 33,
ch. 21, pp. 213-222.

I. R. Schlaepfer and M. Joshi, Endocrinology, 2020, 161, bgqz046.

M. Wang, K. Wang, X. Liao, H. Hu, L. Chen, L. Meng, W. Gao and Q. Li, Front. Pharmacol., 2021, 12.

G.Jogl and L. Tong, Cell, 2003, 112, 113-122.

H. Liu, G. Zheng, M. Treber, J. Dai and G. Woldegiorgis, J. Biol. Chem., 2005, 280, 4524-4531.

M. Morillas, E. Lopez-Vinas, A. Valencia, D. Serra, P. Gomez-Puertas, F. G. Hegardt and G. Asins, Biochem., 2004,
379, 777-784.

H. Liu, G. Zheng, M. Treber, J. Dai and G. Woldegiorgis, Journal of Biological Chemistry, 2005, 280, 4524-4531.

J. Dai, K. Liang, S. Zhao, W. Jia, Y. Liu, H. Wu, J. Lv, C. Cao, T. Chen, S. Zhuang, X. Hou, S. Zhou, X. Zhang, X.-W. Chen,
Y. Huang, R.-P. Xiao, Y.-L. Wang, T. Luo, J. Xiao and C. Wang, Proc. Natl. Acad. Sci, 2018, 115, E5896-E5905.

S. Aja, L. E. Landree, A. M. Kleman, S. M. Medghalchi, A. Vadlamudi, J. M. McFadden, A. Aplasca, J. Hyun, E.
Plummer, K. Daniels, M. Kemm, C. A. Townsend, J. N. Thupari, F. P. Kuhajda, T. H. Moran and G. V. Ronnett, Am.
J. Physiol., 2008, 294, R352-R361.

S. M. Ceccarelli, 0. Chomienne, M. Gubler and A. Arduini, J. Med. Chem., 2011, 54, 3109-3152.

B. Luo, Y. Ma, Y. Zhou, N. Zhang and Y. Luo, Drug Discov., 2021, 26, 968-981.

R. S. Yedidi, P. Wendler and C. Enenkel, Front. Mol. Biosci., 2017, 4, 42.

M. J. Page and E. Di Cera, Cell Mol. Life Sci., 2008, 65, 1220-1236.

W. Voos, W. Jaworek, A. Wilkening and M. Bruderek, Essays Biochem., 2016, 60, 213-225.

K. Nouri, Y. Feng and A. D. Schimmer, Cell Death Dis., 2020, 11, 841.

T. A. Baker and R. T. Sauer, Biochim. Biophys. Acta., 2012, 1823, 15-28.

A. Martin, T. A. Baker and R. T. Sauer, Mol. Cell, 2008, 29, 441-450.

S. G. Kang, M. N. Dimitrova, J. Ortega, A. Ginsburg and M. R. Maurizi, J. Biol. Chem, 2005, 280, 35424-35432.

M. Gersch, K. Famulla, M. Dahmen, C. Gobl, I. Malik, K. Richter, V. S. Korotkov, P. Sass, H. Ribsamen-Schaeff, T.
Madl, H. Brotz-Oesterhelt and S. A. Sieber, Nat. Commun., 2015, 6, 6320.

J. Kirstein, A. Hoffmann, H. Lilie, R. Schmidt, H. Ribsamen-Waigmann, H. Brétz-Oesterhelt, A. Mogk and K. Turgay,
EMBO Mol. Med., 2009, 1, 37-49.

F. Ye, J. Li and C.-G. Yang, Mol. Biosyst., 2017, 13, 23-31.



Page 39 of 46

76.

77.

78.

79.
80.

81.
82.

83.

84.
85.

86.
87.
88.

89.
90.
91.

92.
93.
94.

95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.

106.

RSC Medicinal Chemistry

K. S. Wong, M. F. Mabanglo, T. V. Seraphim, A. Mollica, Y.-Q. Mao, K. Rizzolo, E. Leung, M. T. Moutaoufik, L. Hoell,
S. Phanse, J. Goodreid, L. R. S. Barbosa, C. H. I. Ramos, M. Babu, V. Mennella, R. A. Batey, A. D. Schimmer and W.
A. Houry, Cell Chem. Biol., 2018, 25, 1017-1030.e1019.

P. R. Graves, L. J. Aponte-Collazo, E. M. J. Fennell, A. C. Graves, A. E. Hale, N. Dicheva, L. E. Herring, T. S. K. Gilbert,
M. P. East, I. M. McDonald, M. R. Lockett, H. Ashamalla, N. J. Moorman, D. S. Karanewsky, E. J. Iwanowicz, E.
Holmuhamedov and L. M. Graves, ACS Chem. Biol., 2019, 14, 1020-1029.

E. M. J. Fennell, L. J. Aponte-Collazo, J. D. Wynn, K. Drizyte-Miller, E. Leung, Y. E. Greer, P. R. Graves, A. A.
Iwanowicz, H. Ashamalla, E. Holmuhamedov, H. Lang, D. S. Karanewsky, C. J. Der, W. A. Houry, S. Lipkowitz, E. J.
Iwanowicz and L. M. Graves, Pharmacol. Res. Perspect, 2022, 10, e00993.

K. S. Wong and W. A. Houry, ACS Chem. Biol., 2019, 14, 2349-2360.

J. Ishizawa, S. F. Zarabi, R. E. Davis, O. Halgas, T. Nii, Y. Jitkova, R. Zhao, J. St-Germain, L. E. Heese, G. Egan, V. R.
Ruvolo, S. H. Barghout, Y. Nishida, R. Hurren, W. Ma, M. Gronda, T. Link, K. Wong, M. Mabanglo, K. Kojima, G.
Borthakur, N. MacLean, M. C. J. Ma, A. B. Leber, M. D. Minden, W. Houry, H. Kantarjian, M. Stogniew, B. Raught,
E. F. Pai, A. D. Schimmer and M. Andreeff, Cancer Cell, 2019, 35, 721-737.e729.

J. D. Goodreid, J. Janetzko, J. P. Santa Maria, Jr., K. S. Wong, E. Leung, B. T. Eger, S. Bryson, E. F. Pai, S. D. Gray-
Owen, S. Walker, W. A. Houry and R. A. Batey, J. Med. Chem., 2016, 59, 624-646.

Y. Luan, L. Ngo, Z. Han, X. Wang, M. Qu and Y. G. Zheng, in Epigenetic Technological Applications, ed. Y. G. Zheng,
Academic Press, Cambridge, MA, 2015, ch. 14, pp. 291-317.

B. R. Selvi, J.-C. Cassel, T. K. Kundu and A.-L. Boutillier, Biochim. Biophys. Acta Gene Regul. Mech., 2010, 1799, 840-
853.

B. M. Spiegelman and R. Heinrich, Cell, 2004, 119, 157-167.

J. C. Chrivia, R. P. S. Kwok, N. Lamb, M. Hagiwara, M. R. Montminy and R. H. Goodman, Nature, 1993, 365, 855-
859.

L. Vandel and D. Trouche, EMBO Rep, 2001, 2, 21-26.

L. Zeng, Q. Zhang, G. Gerona-Navarro, N. Moshkina and M.-M. Zhou, Structure, 2008, 16, 643-652.

F. Tie, R. Banerjee, C. A. Stratton, J. Prasad-Sinha, V. Stepanik, A. Zlobin, M. O. Diaz, P. C. Scacheri and P. J. Harte,
Development, 2009, 136, 3131-3141.

D. Pasini, M. Malatesta, H. R. Jung, J. Walfridsson, A. Willer, L. Olsson, J. Skotte, A. Wutz, B. Porse, O. N. Jensen
and K. Helin, Nucleic Acids Res., 2010, 38, 4958-4969.

Q. Jin, L.-R. Yu, L. Wang, Z. Zhang, L. H. Kasper, J.-E. Lee, C. Wang, P. K. Brindle, S. Y. R. Dent and K. Ge, J. EMBO,
2011, 30, 249-262.

A. Boija, D. B. Mahat, A. Zare, P. H. Holmqvist, P. Philip, D. J. Meyers, P. A. Cole, J. T. Lis, P. Stenberg and M.
Mannervik, Mol. Cell, 2017, 68, 491-503.e495.

K. Van Orden and J. K. Nyborg, Gene Expr, 2000, 9, 29-36.

K. J. McManus and M. J. Hendzel, Int. J. Biochem. Cell Biol., 2001, 79, 253-266.

S. Park, R. L. Stanfield, M. A. Martinez-Yamout, H. J. Dyson, |. A. Wilson and P. E. Wright, Proc. Natl. Acad. Sci. U S
A, 2017, 114, E5335-e5342.

Y. Xue, H. Wen and X. Shi, Front. Biol., 2018, 13, 168-179.

A. E. Ringel and C. Wolberger, Structure, 2013, 21, 1479-1481.

B. Mayr and M. Montminy, Nat. Rev. Mol. Cell Biol., 2001, 2, 599-609.

D. Bartsch, A. Casadio, K. A. Karl, P. Serodio and E. R. Kandel, Cell, 1998, 95, 211-223.

J. C.Yin, J. S. Wallach, M. Del Vecchio, E. L. Wilder, H. Zhou, W. G. Quinn and T. Tully, Cell, 1994, 79, 49-58.

J. C. Yin, M. Del Vecchio, H. Zhou and T. Tully, Cell, 1995, 81, 107-115.

R. M. Barrett and M. A. Wood, Learn., 2008, 15, 460-467.

C. Rouaux, N. Jokic, C. Mbebi, S. Boutillier, J.-P. Loeffler and A.-L. Boutillier, EMBO J., 2003, 22, 6537-6549.

E. Kontopoulos, J. D. Parvin and M. B. Feany, Hum. Mol. Genet., 2006, 15, 3012-3023.

K. Balasubramanyam, V. Swaminathan, A. Ranganathan and T. K. Kundu, J. Biol. Chem., 2003, 278, 19134-19140.

S. Chatterjee, P. Mizar, R. Cassel, R. Neidl, B. R. Selvi, D. V. Mohankrishna, B. M. Vedamurthy, A. Schneider, O.
Bousiges and C. Mathis, J. Neurosci., 2013, 33, 10698-10712.

S. V. Hegarty, E. O’Leary, F. Solger, J. Stanicka, A. M. Sullivan and G. W. O’Keeffe, Neurotox. Res., 2016, 30, 510-
520.



107.
108.
109.

110.
111.
112.

113.

114.
115.
116.

117.

118.
119.
120.
121.
122.

123.

124.

125.
126.
127.
128.
129.

130.
131.
132.
133.
134.
135.
136.

137.

138.
139.
140.
141.
142.
143.
144.
145.
146.

RSC Medicinal Chemistry Page 40 of 46

M. S. Saddala, A. Lennikov and H. Huang, Int. J. Mol. Sci., 2020, 21, 1523.

M. D. Cappellini and G. Fiorelli, Lancet, 2008, 371, 64-74.

W.-N. Tian, L. D. Braunstein, J. Pang, K. M. Stuhlmeier, Q.-C. Xi, X. Tian and R. C. Stanton, J. Biol. Chem., 1998, 273,
10609-10617.

S. W. N. Ay, S. Gover, V. M. S. Lam and M. J. Adams, Structure, 2000, 8, 293-303.

X. Wei, K. Kixmoeller, E. Baltrusaitis, X. Yang and R. Marmorstein, Proc. Natl. Acad. Sci., 2022, 119, e2119695119.
S. Rani, F. Perveen, J. P. Jasinski, R. Z. Paracha, H. B. Tanveer, F. A. Kiani and R. Albuquerque, J. Comput. Biol. Chem.,
2022, 21, 287-297.

S. Gédmez-Manzo, J. Marcial-Quino, D. Ortega-Cuellar, H. Serrano-Posada, A. Gonzalez-Valdez, A. Vanoye-Carlo, B.
Hernandez-Ochoa, E. Sierra-Palacios, A. Castillo-Villanueva and H. Reyes-Vivas, Catalysts, 2017, 7, 135.

R. C. Stanton, I[UBMB life, 2012, 64, 362-369.

H.-y. Ho, M.-I. Cheng and D. T.-y. Chiu, Redox Rep., 2007, 12, 109-118.

E. Garcia-Dominguez, A. Carretero, A. Vifia-Almunia, J. Domenech-Fernandez, G. Olaso-Gonzalez, J. Vifia and M.
C. Gomez-Cabrera, Cells, 2022, 11, 3041.

J. A. Leopold, Y.-Y. Zhang, A. W. Scribner, R. C. Stanton and J. Loscalzo, Arterioscler. Thromb. Vasc. Biol. , 2003, 23,
411-417.

T. lyanagi, Int. Rev. Cytol., 2007, 260, 35-112.

R. Stanton, J. Seifter, D. C. Boxer, E. Zimmerman and L. Cantley, J. Biol. Chem., 1991, 266, 12442-12448.

A. A. Garcia, A. Koperniku, J. C. Ferreira and D. Mochly-Rosen, Trends Pharmacol. Sci., 2021, 42, 829-844.

R. Parsanathan and S. K. Jain, Hypertens. Res., 2020, 43, 582-584.

P. A. Hecker, J. A. Leopold, S. A. Gupte, F. A. Recchia and W. C. Stanley, Am. J. Physiol. Heart Circ., 2013, 304, H491-
500.

S. Hwang, K. Mruk, S. Rahighi, A. G. Raub, C.-H. Chen, L. E. Dorn, N. Horikoshi, S. Wakatsuki, J. K. Chen and D.
Mochly-Rosen, Nat. Commun., 2018, 9, 4045.

A. G. Raub, S. Hwang, N. Horikoshi, A. D. Cunningham, S. Rahighi, S. Wakatsuki and D. Mochly-Rosen,
ChemMedChem, 2019, 14, 1321-1324.

G. Milazzo, D. Mercatelli, G. Di Muzio, L. Triboli, P. De Rosa, G. Perini and F. M. Giorgi, Genes (Basel), 2020, 11.
A.J. M. d. Ruijter, A. H. v. Gennip, H. N. Caron, S. Kemp and A. B. P. v. Kuilenburg, Biochem., 2003, 370, 737-749.
X.-J. Yang and E. Seto, Nat. Rev. Mol. Cell Biol., 2008, 9, 206-218.

M. Simonsson, C.-H. Heldin, J. Ericsson and E. Grénroos, J. Biol. Chem, 2005, 280, 21797-21803.

C. Choudhary, C. Kumar, F. Gnad, M. L. Nielsen, M. Rehman, T. C. Walther, J. V. Olsen and M. Mann, Science, 2009,
325, 834-840.

V. Sundararajan, M. Tan, T. Z. Tan, J. Ye, J. P. Thiery and R. Y.-J. Huang, Sci. Rep., 2019, 9, 1-9.

C. E. Quaas, B. Linand D. T. Long, J. Biol. Chem., 2022, 298, 102587.

L. S. Dunaway and J. S. Pollock, Cardiovasc. Res., 2021, 118, 1885-1903.

E. Seto and M. Yoshida, Cold Spring Harb. Perspect. Biol., 2014, 6, a018713.

W. Li and Z. Sun, Int. J. Mol. Sci., 2019, 20, 1616.

M. K. Wambua, D. A. Nalawansha, A. T. Negmeldin and M. K. H. Pflum, J. Med. Chem., 2014, 57, 642-650.

P.J. Watson, C. J. Millard, A. M. Riley, N. S. Robertson, L. C. Wright, H. Y. Godage, S. M. Cowley, A. G. Jamieson, B.
V. L. Potter and J. W. R. Schwabe, Nat. Commun., 2016, 7, 11262.

D. Patnaik, P.-C. Pao, W.-N. Zhao, M. C. Silva, N. K. Hylton, P. S. Chindavong, L. Pan, L.-H. Tsai and S. J. Haggarty,
ACS Chem. Neurosci., 2021, 12, 271-284.

R. S. Selvan, P. J. Dowling, K. W. Kelly and J. Lin, Curr. Cancer Drug Targets, 2016, 16, 755-764.

A. A. Badawy, Int. J. Tryptophan Res., 2017, 10, 1178646917691938.

Y. Murakami and K. Saito, Int. J. Tryptophan Res., 2013, 6, 47-54.

R. Schwarcz, J. P. Bruno, P. J. Muchowski and H.-Q. Wu, Nat. Rev. Neurosci., 2012, 13, 465-477.

M. Platten, E. A. A. Nollen, U. F. Réhrig, F. Fallarino and C. A. Opitz, Nat. Rev. Drug Discov., 2019, 18, 379-401.

P. Puccetti and U. Grohmann, Nat. Rev. Immunol., 2007, 7, 817-823.

H. Sugimoto, S.-i. Oda, T. Otsuki, T. Hino, T. Yoshida and Y. Shiro, Proc. Natl. Acad. Sci., 2006, 103, 2611-2616.

M. Sono, M. P. Roach, E. D. Coulter and J. H. Dawson, Chem. Rev., 1996, 96, 2841-2888.

A. C. Terentis, S. R. Thomas, O. Takikawa, T. K. Littlejohn, R. J. Truscott, R. S. Armstrong, S. R. Yeh and R. Stocker,
J. Biol. Chem., 2002, 277, 15788-15794.



Page 41 of 46
147.

148.

149.
150.
151.

152.
153.
154.
155.
156.

157.
158.
159.
160.
161.
162.
163.
164.
165.
166.
167.

168.

169.

170.
171.

172.
173.
174.
175.

RSC Medicinal Chemistry

M. T. Pallotta, S. Rossini, C. Suvieri, A. Coletti, C. Orabona, A. Macchiarulo, C. Volpi and U. Grohmann, FEBS J.,
2022, 289, 6099-6118.

G. Mondanelli, A. Coletti, F. A. Greco, M. T. Pallotta, C. Orabona, A. lacono, M. L. Belladonna, E. Albini, E. Panfili,
F. Fallarino, M. Gargaro, G. Manni, D. Matino, A. Carvalho, C. Cunha, P. Maciel, M. Di Filippo, L. Gaetani, R. Bianchi,
C. Vacca, I. M. lamandii, E. Proietti, F. Boscia, L. Annunziato, M. Peppelenbosch, P. Puccetti, P. Calabresi, A.
Macchiarulo, L. Santambrogio, C. Volpi and U. Grohmann, Proc. Natl. Acad. Sci. US A, 2020, 117, 3848-3857.

A. Fernandez-Gamba, M. C. Leal, L. Morelli and E. M. Castaio, Curr. Pharm. Des., 2009, 15, 3644-3655.

R. G. Bennett, J. Fawcett, M. C. Kruer, W. C. Duckworth and F. G. Hamel, J. Endocrinol., 2003, 177, 399-405.

G. R. Tundo, D. Sbardella, C. Ciaccio, G. Grasso, M. Gioia, A. Coletta, F. Polticelli, D. Di Pierro, D. Milardi, P. Van
Endert, S. Marini and M. Coletta, Crit. Rev. Biochem., 2017, 52, 554-582.

W. C. Duckworth, R. G. Bennett and F. G. Hamel, Endocr. Rev., 1998, 19, 608-624.

W. C. Duckworth and A. E. Kitabchi, Diabetes, 1974, 23, 536-543.

W. L. Kuo, A. G. Montag and M. R. Rosner, J. Endocrinol., 1993, 132, 604-611.

I. A. Mirsky and R. H. Broh-Kahn, Arch. Biochem., 1949, 20, 1-9.

Z. Zhang, W. G. Liang, L. J. Bailey, Y. Z. Tan, H. Wei, A. Wang, M. Farcasanu, V. A. Woods, L. A. McCord, D. Lee, W.
Shang, R. Deprez-Poulain, B. Deprez, D. R. Liu, A. Koide, S. Koide, A. A. Kossiakoff, S. Li, B. Carragher, C. S. Potter
and W. J. Tang, Elife, 2018, 7, e33572.

R. Lai, W. J. Tang and H. Li, J. Chem. Inf. Model, 2018, 58, 1926-1934.

H. Im, M. Manolopoulou, E. Malito, Y. Shen, J. Zhao, M. Neant-Fery, C. Y. Sun, S. C. Meredith, S. S. Sisodia, M. A.
Leissring and W. J. Tang, J. Biol. Chem., 2007, 282, 25453-25463.

0. Amata, T. Marino, N. Russo and M. Toscano, J. Am. Chem. Soc., 2009, 131, 14804-14811.

E. Jennings, D. Esposito, K. Rittinger and T. L. M. Thurston, J. Biol. Chem., 2018, 293, 15316-15329.

N. D. Rawlings and A. J. Barrett, in Handbook of Proteolytic Enzymes (Second Edition), eds. A. J. Barrett, N. D.
Rawlings and J. F. Woessner, Academic Press, London, 2004, pp. 231-267.

H. Le Moual, A. Devault, B. P. Roques, P. Crine and G. Boileau, J. Biol. Chem., 1991, 266, 15670-15674.

B. Elsdsser and P. Goettig, Int. J. Mol. Sci., 2021, 22, 3232.

N. Noinaj, S. K. Bhasin, E. S. Song, K. E. Scoggin, M. A. Juliano, L. Juliano, L. B. Hersh and D. W. Rodgers, PLoS One,
2011, 6, €20864.

N. Noinaj, E. S. Song, S. Bhasin, B. J. Alper, W. K. Schmidt, L. B. Hersh and D. W. Rodgers, J. Biol. Chem., 2012, 287,
48-57.

M. C. Camberos, A. A. Pérez, D. P. Udrisar, M. |. Wanderley and J. C. Cresto, Exp. Biol. Med. (Maywood), 2001, 226,
334-341.

J. S. Vieira, K. L. Saraiva, M. C. Barbosa, R. C. Porto, J. C. Cresto, C. A. Peixoto, M. |. Wanderley and D. P. Udrisar,
Int. J. Exp. Pathol., 2011, 92, 272-280.

C. Cabrol, M. A. Huzarska, C. Dinolfo, M. C. Rodriguez, L. Reinstatler, J. Ni, L. A. Yeh, G. D. Cuny, R. L. Stein, D. J.
Selkoe and M. A. Leissring, PLoS One, 2009, 4, e5274.

K. Ahn, M. Boehm, M. F. Brown, J. Calloway, Y. Che, J. Chen, K. F. Fennell, K. F. Geoghegan, A. M. Gilbert, J. A.
Gutierrez, A. S. Kalgutkar, A. Lanba, C. Limberakis, T. V. Magee, |. O'Doherty, R. Oliver, B. Pabst, J. Pandit, K. Parris,
J. A. Pfefferkorn, T. P. Rolph, R. Patel, B. Schuff, V. Shanmugasundaram, J. T. Starr, A. H. Varghese, N. B. Vera, C.
Vernochet and J. Yan, ACS Chem. Biol., 2016, 11, 2529-2540.

M. Fischer and J. Pleiss, Nucleic Acids Res., 2003, 31, 319-321.

M. Biirger, T. J. Zimmermann, Y. Kondoh, P. Stege, N. Watanabe, H. Osada, H. Waldmann and I. R. Vetter, J. Lipid.
Res., 2012, 53, 43-50.

R. Zeidman, C. S. Jackson and A. |. Magee, Mol. Membr. Biol., 2009, 26, 32-41.

A. Wang, R. A. Deems and E. A. Dennis, J. Biol. Chem., 1997, 272, 12723-12729.

A. Wang, R. Loo, Z. Chen and E. A. Dennis, J. Biol. Chem., 1997, 272, 22030-22036.

J. C. Randall, T. W. Winkler, Z. Kutalik, S. I. Berndt, A. U. Jackson, K. L. Monda, T. O. Kilpeldinen, T. Esko, R. Magi, S.
Li, T. Workalemahu, M. F. Feitosa, D. C. Croteau-Chonka, F. R. Day, T. Fall, T. Ferreira, S. Gustafsson, A. E. Locke, I.
Mathieson, A. Scherag, S. Vedantam, A. R. Wood, L. Liang, V. Steinthorsdottir, G. Thorleifsson, E. T. Dermitzakis,
A.S. Dimas, F. Karpe, J. L. Min, G. Nicholson, D. J. Clegg, T. Person, J. P. Krohn, S. Bauer, C. Buechler, K. Eisinger, A.
Bonnefond, P. Froguel, J. J. Hottenga, I. Prokopenko, L. L. Waite, T. B. Harris, A. V. Smith, A. R. Shuldiner, W. L.
McArdle, M. J. Caulfield, P. B. Munroe, H. Gronberg, Y. D. Chen, G. Li, J. S. Beckmann, T. Johnson, U.

4



176.

177.
178.
179.
180.
181.
182.
183.
184.
185.
186.

187.
188.
189.

190.
191.

192.

193.

RSC Medicinal Chemistry Page 42 of 46

Thorsteinsdottir, M. Teder-Laving, K. T. Khaw, N. J. Wareham, J. H. Zhao, N. Amin, B. A. Oostra, A. T. Kraja, M. A.
Province, L. A. Cupples, N. L. Heard-Costa, J. Kaprio, S. Ripatti, I. Surakka, F. S. Collins, J. Saramies, J. Tuomilehto,
A. Jula, V. Salomaa, J. Erdmann, C. Hengstenberg, C. Loley, H. Schunkert, C. Lamina, H. E. Wichmann, E. Albrecht,
C. Gieger, A. A. Hicks, A. Johansson, P. P. Pramstaller, S. Kathiresan, E. K. Speliotes, B. Penninx, A. L. Hartikainen,
M. R. Jarvelin, U. Gyllensten, D. |. Boomsma, H. Campbell, J. F. Wilson, S. J. Chanock, M. Farrall, A. Goel, C. Medina-
Gomez, F. Rivadeneira, K. Estrada, A. G. Uitterlinden, A. Hofman, M. C. Zillikens, M. den Heijer, L. A. Kiemeney, A.
Maschio, P. Hall, J. Tyrer, A. Teumer, H. Voélzke, P. Kovacs, A. Ténjes, M. Mangino, T. D. Spector, C. Hayward, I.
Rudan, A. S. Hall, N. J. Samani, A. P. Attwood, J. G. Sambrook, J. Hung, L. J. Palmer, M. L. Lokki, J. Sinisalo, G.
Boucher, H. Huikuri, M. Lorentzon, C. Ohlsson, N. Eklund, J. G. Eriksson, C. Barlassina, C. Rivolta, I. M. Nolte, H.
Snieder, M. M. Van der Klauw, J. V. Van Vliet-Ostaptchouk, P. V. Gejman, J. Shi, K. B. Jacobs, Z. Wang, S. J. Bakker,
I. Mateo Leach, G. Navis, P. van der Harst, N. G. Martin, S. E. Medland, G. W. Montgomery, J. Yang, D. I. Chasman,
P. M. Ridker, L. M. Rose, T. Lehtimaki, O. Raitakari, D. Absher, C. Iribarren, H. Basart, K. G. Hovingh, E. Hypponen,
C. Power, D. Anderson, J. P. Beilby, J. Hui, J. Jolley, H. Sager, S. R. Bornstein, P. E. Schwarz, K. Kristiansson, M.
Perola, J. Lindstréom, A. J. Swift, M. Uusitupa, M. Atalay, T. A. Lakka, R. Rauramaa, J. L. Bolton, G. Fowkes, R. M.
Fraser, J. F. Price, K. Fischer, K. Krjuta Kov, A. Metspalu, E. Mihailov, C. Langenberg, J. Luan, K. K. Ong, P. S. Chines,
S. M. Keinanen-Kiukaanniemi, T. E. Saaristo, S. Edkins, P. W. Franks, G. Hallmans, D. Shungin, A. D. Morris, C. N.
Palmer, R. Erbel, S. Moebus, M. M. N6then, S. Pechlivanis, K. Hveem, N. Narisu, A. Hamsten, S. E. Humphries, R. J.
Strawbridge, E. Tremoli, H. Grallert, B. Thorand, T. lllig, W. Koenig, M. Miiller-Nurasyid, A. Peters, B. O. Boehm, M.
E. Kleber, W. Marz, B. R. Winkelmann, J. Kuusisto, M. Laakso, D. Arveiler, G. Cesana, K. Kuulasmaa, J. Virtamo, J.
W. Yarnell, D. Kuh, A. Wong, L. Lind, U. de Faire, B. Gigante, P. K. Magnusson, N. L. Pedersen, G. Dedoussis, M.
Dimitriou, G. Kolovou, S. Kanoni, K. Stirrups, L. L. Bonnycastle, I. Njglstad, T. Wilsgaard, A. Ganna, E. Rehnberg, A.
Hingorani, M. Kivimaki, M. Kumari, T. L. Assimes, |. Barroso, M. Boehnke, I. B. Borecki, P. Deloukas, C. S. Fox, T.
Frayling, L. C. Groop, T. Haritunians, D. Hunter, E. Ingelsson, R. Kaplan, K. L. Mohlke, J. R. O'Connell, D. Schlessinger,
D. P. Strachan, K. Stefansson, C. M. van Duijn, G. R. Abecasis, M. I. McCarthy, J. N. Hirschhorn, L. Qi, R. J. Loos, C.
M. Lindgren, K. E. North and I. M. Heid, PLoS Genet., 2013, 9, e1003500.

E. K. Speliotes, L. M. Yerges-Armstrong, J. Wu, R. Hernaez, L. J. Kim, C. D. Palmer, V. Gudnason, G. Eiriksdottir, M.
E. Garcia, L. J. Launer, M. A. Nalls, J. M. Clark, B. D. Mitchell, A. R. Shuldiner, J. L. Butler, M. Tomas, U. Hoffmann,
S. J. Hwang, J. M. Massaro, C. J. O'Donnell, D. V. Sahani, V. Salomaa, E. E. Schadt, S. M. Schwartz, D. S. Siscovick,
B. F. Voight, J. J. Carr, M. F. Feitosa, T. B. Harris, C. S. Fox, A. V. Smith, W. H. Kao, J. N. Hirschhorn and I. B. Borecki,
PLoS Genet., 2011, 7, €1001324.

X. Lei, M. Callaway, H. Zhou, Y. Yang and W. Chen, Mol. Cell. Endocrinol., 2015, 411, 207-213.

G. Magni, A. Amici, M. Emanuelli, G. Orsomando, N. Raffaelli and S. Ruggieri, Cell Mol. Life Sci., 2004, 61, 19-34.
Y. Yang and A. A. Sauve, Biochim. Biophys. Acta, 2016, 1864, 1787-1800.

T. Wang, X. Zhang, P. Bheda, J. R. Revollo, S. Imai and C. Wolberger, Nat. Struct. Mol. Biol., 2006, 13, 661-662.

A. C. Williams, L. J. Hill and D. B. Ramsden, Curr. Gerontol. Geriatr. Res., 2012, 2012, 302875.

X. A. Cambronne and W. L. Kraus, Trends Biochem. Sci., 2020, 45, 858-873.

P. Chambon, J. D. Weill and P. Mandel, Biochem. Biophys. Res. Commun., 1963, 11, 39-43.

R. A. Frye, Biochem. Biophys. Res. Commun., 1999, 260, 273-279.

S. Imai, C. M. Armstrong, M. Kaeberlein and L. Guarente, Nature, 2000, 403, 795-800.

J. Landry, A. Sutton, S. T. Tafrov, R. C. Heller, J. Stebbins, L. Pillus and R. Sternglanz, Proc. Natl. Acad. Sci. U S A,
2000, 97, 5807-5811.

L. Rajman, K. Chwalek and D. A. Sinclair, Cell Metab., 2018, 27, 529-547.

H. B. S. Griffiths, C. Williams, S. J. King and S. J. Allison, Biochem. Soc. Trans., 2020, 48, 733-744.

E. F. Fang, S. Lautrup, Y. Hou, T. G. Demarest, D. L. Croteau, M. P. Mattson and V. A. Bohr, Trends Mol. Med., 2017,
23, 899-916.

F. D. Khaidizar, Y. Bessho and Y. Nakahata, Int. J. Mol. Sci., 2021, 22, 3709.

R. Takahashi, S. Nakamura, T. Nakazawa, K. Minoura, T. Yoshida, Y. Nishi, Y. Kobayashi and T. Ohkubo, J. Biochem.,
2009, 147, 95-107.

A. S. Marletta, A. Massarotti, G. Orsomando, G. Magni, M. Rizzi and S. Garavaglia, FEBS Open Bio., 2015, 5, 419-
428.

H. Yao, M. Liu, L. Wang, Y. Zu, C. Wu, C. Li, R. Zhang, H. Lu, F. Li, S. Xi, S. Chen, X. Gu, T. Liu, J. Cai, S. Wang, M. Yang,
G. G. Xing, W. Xiong, L. Hua, Y. Tang and G. Wang, Cell Res., 2022, 32, 570-584.



Page 43 of 46

194.

195.
196.
197.
198.
199.
200.
201.
202.

203.

204.
205.

206.
207.

208.
209.

210.
211.
212.
213.

214.
215.
216.
217.
218.
219.

220.

221.

222.
223.

RSC Medicinal Chemistry

S. J. Gardell, M. Hopf, A. Khan, M. Dispagna, E. Hampton Sessions, R. Falter, N. Kapoor, J. Brooks, J. Culver, C.
Petucci, C.-T. Ma, S. E. Cohen, J. Tanaka, E. S. Burgos, J. S. Hirschi, S. R. Smith, E. Sergienko and A. B. Pinkerton,
Nat. Commun., 2019, 10, 3241.

L. Wang, M. Liu, Y. Zu, H. Yao, C. Wu, R. Zhang, W. Ma, H. Lu, S. Xi, Y. Liu, L. Hua, G. Wang and Y. Tang, Eur. J. Med.
Chem., 2022, 236, 114260.

K. M. Ratia, Z. Shen, J. Gordon-Blake, H. Lee, M. S. Laham, I. S. Krider, N. Christie, M. Ackerman-Berrier, C. Penton,
N. G. Knowles, S. R. Musku, J. Fu, G. R. Velma, R. Xiong and G. R. J. Thatcher, Biochem., 2023, 62, 923-933.

G. R. Thatcher, R. Xiong, K. Ratia, Y. Li, Z. Shen, W02022216961, 2022.

V. T. Karamyan, Neural. Regen. Res., 2021, 16, 21-25.

D. M. L. P. Cavalcanti, L. M. Castro, J. C. Rosa Neto, M. Seelaender, R. X. Neves, V. Oliveira, F. L. Forti, L. K. lwai, F.
C. Gozzo, M. Todiras, I. Schadock, C. C. Barros, M. Bader and E. S. Ferro, J. Biol. Chem., 2014, 289, 15426-15440.
V. Rioli, F. C. Gozzo, A. S. Heimann, A. Linardi, J. E. Krieger, C. S. Shida, P. C. Almeida, S. Hyslop, M. N. Eberlin and
E.S. Ferro, J. Biol. Chem., 2003, 278, 8547-8555.

C. K. Brown, K. Madauss, W. Lian, M. R. Beck, W. D. Tolbert and D. W. Rodgers, Proc. Natl. Acad. Sci. U S A, 2001,
98, 3127-3132.

V. Oliveira, M. C. Araujo, V. Rioli, A. C. de Camargo, |. L. Tersariol, M. A. Juliano, L. Juliano and E. S. Ferro, FEBS
Lett., 2003, 541, 89-92.

M. Rashid, N. J. Wangler, L. Yang, K. Shah, T. V. Arumugam, T. J. Abbruscato and V. T. Karamyan, J. Neurochem.,
2014, 129, 179-189.

S. Mirali and A. D. Schimmer, Mol. Cell. Oncol., 2020, 7, 1761243.

M. S. Rahman, S. Kumari, S. H. Esfahani, S. Nozohouri, S. Jayaraman, N. Kinarivala, J. Kocot, A. Baez, D. Farris, T. J.
Abbruscato, V. T. Karamyan and P. C. Trippier, J. Med. Chem., 2021, 64, 12705-12722.

S. H. Esfahani, T. J. Abbruscato, P. C. Trippier and V. T. Karamyan, Expert Opin. Ther. Targets, 2022, 26, 401-404.
S.Jayaraman, J. Kocot, S. H. Esfahani, N. J. Wangler, A. Uyar, Y. Mechref, P. C. Trippier, T. J. Abbruscato, A. Dickson,
H. Aihara, D. A. Ostrov and V. T. Karamyan, J. Pharmacol. Exp. Ther., 2021, 379, 191-202.

M. S. Rahman, S. H. Esfahani, S. Nozohouri, S. Kumari, J. Kocot, Y. Zhang, T. J. Abbruscato, V. T. Karamyan and P.
C. Trippier, Bioorg. Med. Chem. Lett., 2022, 64, 128669.

S. Nozohouri, S. H. Esfahani, B. Noorani, D. Patel, H. Villalba, Y. Ghanwatkar, M. S. Rahman, Y. Zhang, U. Bickel, P.
C. Trippier, V. T. Karamyan and T. J. Abbruscato, Pharm. Res., 2022, 39, 1587-1598.

V. T. Karamyan, P. Trippier, D. A. Ostrov, T Abbruscato, S. Jayaraman, US20210198647A1, 2021.

S. Boiteux, L. Gellon and N. Guibourt, Free Radic. Biol. Med., 2002, 32, 1244-1253.

S. Boiteux and J. P. Radicella, Biochimie, 1999, 81, 59-67.

G. Tian, S. R. Katchur, Y. Jiang, J. Briand, M. Schaber, C. Kreatsoulas, B. Schwartz, S. Thrall, A. M. Davis, S. Duvall,
B. A. Kaufman and W. L. Rumsey, Sci. Rep., 2022, 12, 14685.

F. Faucher, S. Doublié and Z. lJia, Int. J. Mol. Sci., 2012, 13, 6711-6729.

P. A. van der Kemp, J. B. Charbonnier, M. Audebert and S. Boiteux, Nucleic Acids Res., 2004, 32, 570-578.

A. V. Popov, A. V. Yudkina, Y. N. Vorobjev and D. O. Zharkov, Biochem. (Mosc), 2020, 85, 192-204.

K. Wang, M. Maayah, J. B. Sweasy and K. S. Alnajjar, J. Biol. Chem., 2021, 296.

K. Shinmura and J. Yokota, Antioxid. Redox Signal, 2001, 3, 597-609.

M. V. Ruchko, O. M. Gorodnya, A. Zuleta, V. M. Pastukh and M. N. Gillespie, Free Radic. Biol. Med., 2011, 50, 1107-
1113.

B. A. Baptiste, S. R. Katchur, E. M. Fivenson, D. L. Croteau, W. L. Rumsey and V. A. Bohr, Free Radic. Biol. Med.,
2018, 124, 149-162.

M. Michel, C. Benitez-Buelga, P. A. Calvo, B. M. F. Hanna, O. Mortusewicz, G. Masuyer, J. Davies, O. Wallner, K.
Sanjiv, J. J. Albers, S. Castafieda-Zegarra, A.-S. Jemth, T. Visnes, A. Sastre-Perona, A. N. Danda, E. J. Homan, K.
Marimuthu, Z. Zhenjun, C. N. Chi, A. Sarno, E. Wiita, C. von Nicolai, A. J. Komor, V. Rajagopal, S. Miiller, E. C. Hank,
M. Varga, E. R. Scaletti, M. Pandey, S. Karsten, H. Haslene-Hox, S. Loevenich, P. Marttila, A. Rasti, K. Mamonov, F.
Ortis, F. Schomberg, O. Loseva, J. Stewart, N. D’Arcy-Evans, T. Koolmeister, M. Henriksson, D. Michel, A. de Ory, L.
Acero, O. Calvete, M. Scobie, C. Hertweck, I. Vilotijevic, C. Kalderén, A. Osorio, R. Perona, A. Stolz, P. Stenmark, U.
W. Berglund, M. de Vega and T. Helleday, Science, 2022, 376, 1471-1476.

Y. Dinger, C. Akkaya, T. Mutlu, S. Yavuzer, G. Erkol, M. Bozluolcay and M. Guven, Neurosci. Lett., 2019, 709, 134362.
H. J. Forman and H. Zhang, Nat. Rev. Drug Discov., 2021, 20, 689-709.



RSC Medicinal Chemistry Page 44 of 46

224. |. Liguori, G. Russo, F. Curcio, G. Bulli, L. Aran, D. Della-Morte, G. Gargiulo, G. Testa, F. Cacciatore, D. Bonaduce
and P. Abete, Clin. Interv. Aging, 2018, 13, 757-772.

225. A.T.Bender andJ. A. Beavo, Pharmacol. Rev., 2006, 58, 488-520.

226.  T.Keravis and C. Lugnier, Curr. Pharm. Des., 2010, 16, 1114-1125.

227.  S.H. Francis, M. A. Blount and J. D. Corbin, Physiol. Rev., 2011, 91, 651-690.

228. M. D. Houslay, in Progress in Nucleic Acid Research and Molecular Biology, Academic Press, Cambridge, MA, 2001,
vol. 69, pp. 249-315.

229. M. Conti, W. Richter, C. Mehats, G. Livera, J. Y. Park and C. Jin, J. Biol. Chem., 2003, 278, 5493-5496.

230. M. D. Houslay, Trends Biochem. Sci., 2010, 35, 91-100.

231.  P. Cedervall, A. Aulabaugh, K. F. Geoghegan, T. J. McLellan and J. Pandit, Proc. Natl. Acad. Sci., 2015, 112, E1414-
E1422.

232.  D. Mika and M. Conti, Cell Signal., 2016, 28, 719-724.

233.  H. Wang, M. S. Peng, Y. Chen, J. Geng, H. Robinson, M. D. Houslay, J. Cai and H. Ke, Biochem. J., 2007, 408, 193-
201.

234. Q. Huai, J. Colicelli and H. Ke, Biochem., 2003, 42, 13220-13226.

235. W. N. Lipscomb and N. Strater, Chem. Rev., 1996, 96, 2375-2434.

236. F. Omar, J. E. Findlay, G. Carfray, R. W. Allcock, Z. Jiang, C. Moore, A. L. Muir, M. Lannoy, B. A. Fertig, D. Mai, J. P.
Day, G. Bolger, G. S. Baillie, E. Schwiebert, E. Klussmann, N. J. Pyne, A. C. M. Ong, K. Bowers, J. M. Adam, D. R.
Adams, M. D. Houslay and D. J. P. Henderson, Proc. Natl. Acad. Sci. U S A, 2019, 116, 13320-13329.

237.  S.J. MacKenzie, G. S. Baillie, I. McPhee, C. MacKenzie, R. Seamons, T. McSorley, J. Millen, M. B. Beard, G. van
Heeke and M. D. Houslay, Br. J. Pharmacol., 2002, 136, 421-433.

238. L. Wang, B. T. Burmeister, K. R. Johnson, G. S. Baillie, A. V. Karginov, R. A. Skidgel, J. P. O'Bryan and G. K. Carnegie,
Cell Signal, 2015, 27, 908-922.

239. Y. Shi, Protein Sci., 2004, 13, 1979-1987.

240. C.Pop and G.S. Salvesen, J. Biol. Chem., 2009, 284, 21777-21781.

241. N.D.Thomsen, J. T. Koerber and J. A. Wells, Proc. Natl. Acad. Sci., 2013, 110, 8477-8482.

242. M. W. Boudreau, J. Peh and P. J. Hergenrother, ACS Chem. Biol., 2019, 14, 2335-2348.

243.  D.C. Hsu, H.S. Roth, D. C. West, R. C. Botham, C. J. Novotny, S. C. Schmid and P. J. Hergenrother, ACS Comb. Sci.,
2012, 14, 44-50.

244.  S.Roy, C. . Bayly, Y. Gareau, V. M. Houtzager, S. Kargman, S. L. C. Keen, K. Rowland, I. M. Seiden, N. A. Thornberry
and D. W. Nicholson, Proc. Natl. Acad. Sci., 2001, 98, 6132-6137.

245.  P. A.Svingen, D. Loegering, J. Rodriquez, X. W. Meng, P. W. Mesner, Jr., S. Holbeck, A. Monks, S. Krajewski, D. A.
Scudiero, E. A. Sausville, J. C. Reed, Y. A. Lazebnik and S. H. Kaufmann, Clin. Cancer Res., 2004, 10, 6807-6820.

246. S. W. Fesik, Nat. Rev. Cancer, 2005, 5, 876-885.

247. K. S. Putt, G. W. Chen, J. M. Pearson, J. S. Sandhorst, M. S. Hoagland, J. T. Kwon, S. K. Hwang, H. Jin, M. .
Churchwell, M. H. Cho, D. R. Doerge, W. G. Helferich and P. J. Hergenrother, Nat. Chem. Biol., 2006, 2, 543-550.

248. D. W. Wolan, J. A. Zorn, D. C. Gray and J. A. Wells, Science, 2009, 326, 853-858.

249. F. Wang, L. Wang, Y. Zhao, Y. Li, G. Ping, S. Xiao, K. Chen, W. Zhu, P. Gong, J. Yang and C. Wu, Mol. Oncology, 2014,
8, 1640-1652.

250. Q. P. Peterson, D. R. Goode, D. C. West, K. N. Ramsey, J. J. Lee and P. J. Hergenrother, J. Mol. Biol., 2009, 388, 144-
158.

251. R. C.Botham, T. M. Fan, I. Im, L. B. Borst, L. Dirikolu and P. J. Hergenrother, J. Am. Chem. Soc., 2014, 136, 1312-
1319.

252.  R.C.Botham, H.S. Roth, A. P. Book, P. J. Roady, T. M. Fan and P. J. Hergenrother, ACS Cent. Sci., 2016, 2, 545-559.

253. Q. P. Peterson, D. C. Hsu, C. J. Novotny, D. C. West, D. Kim, J. M. Schmit, L. Dirikolu, P. J. Hergenrother and T. M.
Fan, Cancer Res., 2010, 70, 7232-7241.

254.  NIH, Procaspase Activating Compound-1 (PAC-1) in the Treatment of Advanced Malignancies - Component 1,
https://beta.clinicaltrials.gov/study/NCT02355535, (accessed 32-May, 2023).

255. 0. C. Danciu, M. Holdhoff, R. A. Peterson, J. H. Fischer, L. C. Liu, H. Wang, N. K. Venepalli, R. Chowdhery, M. K.
Nicholas, M. J. Russell, T. M. Fan, P. J. Hergenrother, T. M. Tarasow and A. Z. Dudek, Br. J. Cancer, 2023, 128, 783-
792.



Page 45 of 46
256.
257.

258.
259.

260.

261.
262.

263.
264.
265.

266.
267.

268.
269.
270.
271.
272.
273.
274.
275.
276.
277.
278.
279.
280.
281.
282.
283.
284.

285.
286.

287.
288.
289.
290.
291.

RSC Medicinal Chemistry

NIH, Procaspase Activating Compound-1 (PAC-1) in the Treatment of Advanced Malignancies - Component 2,
https://www.clinicaltrials.gov/ct2/show/NCT03332355, (accessed 31-May, 2023).

NIH, PAC-1 for Treatment of Refractory, Metastatic Kidney Cancer,
https://www.clinicaltrials.gov/ct2/show/NCT03927248, (accessed 31-May, 2023).

J. Westermarck and W. C. Hahn, Trends Mol. Med., 2008, 14, 152-160.

J. Sangodkar, C. C. Farrington, K. McClinch, M. D. Galsky, D. B. Kastrinsky and G. Narla, FEBS J., 2016, 283, 1004-
1024.

R. Tohmé, S. Izadmehr, S. Gandhe, G. Tabaro, S. Vallabhaneni, A. Thomas, N. Vasireddi, N. S. Dhawan, A. Ma’ayan,
N. Sharma, M. D. Galsky, M. Ohlmeyer, J. Sangodkar and G. Narla, JCI Insight, 2019, 4, e125693.

M. Mumby, ACS Chem. Biol., 2007, 2, 99-103.

I. Cristébal, R. Manso, R. Rincdn, C. Caramés, C. Senin, A. Borrero, J. Martinez-Useros, M. Rodriguez, S. Zazo, O.
Aguilera, J. Madoz-Gurpide, F. Rojo and J. Garcia-Foncillas, Mol. Cancer Ther., 2014, 13, 938-947.

P. Seshacharyulu, P. Pandey, K. Datta and S. K. Batra, Cancer Lett., 2013, 335, 9-18.

D. Perrotti and P. Neviani, Lancet Oncol., 2013, 14, e229-e238.

J. Sangodkar, A. Perl, R. Tohme, J. Kiselar, D. B. Kastrinsky, N. Zaware, S. Izadmebhr, S. Mazhar, D. D. Wiredja, C. M.
O’Connor, D. Hoon, N. S. Dhawan, D. Schlatzer, S. Yao, D. Leonard, A. C. Borczuk, G. Gokulrangan, L. Wang, E.
Svenson, C. C. Farrington, E. Yuan, R. A. Avelar, A. Stachnik, B. Smith, V. Gidwani, H. M. Giannini, D. McQuaid, K.
McClinch, Z. Wang, A. C. Levine, R. C. Sears, E. Y. Chen, Q. Duan, M. Datt, S. Haider, A. Ma’ayan, A. DiFeo, N.
Sharma, M. D. Galsky, D. L. Brautigan, Y. A. loannou, W. Xu, M. R. Chance, M. Ohlmeyer and G. Narla, J. Clin.
Investig., 2017, 127, 2081-2090.

R. Rincdn, I. Cristébal, S. Zazo, O. Arpi, S. Menéndez, R. Manso, A. Lluch, P. Eroles, A. Rovira, J. Albanell, J. Garcia-
Foncillas, J. Madoz-Gurpide and F. Rojo, Oncotarget, 2015, 6, 4299-4314.

. Cristdbal, J. Madoz-Gurpide, R. Manso, P. Gonzalez-Alonso, F. Rojo and J. Garcia-Foncillas, Curr. Med. Res. Opin.,
2016, 32, 1137-1141.

T. L. Poulos, Curr. Opin. Struct. Biol., 2006, 16, 736-743.

W. P. Arnold, C. K. Mittal, S. Katsuki and F. Murad, Proc. Natl. Acad. Sci, 1977, 74, 3203-3207.

U. Zabel, C. Hausler, M. Weeger and H. H. Schmidt, J. Biol. Chem., 1999, 274, 18149-18152.

C. Farah, L. Y. M. Michel and J. L. Balligand, Nat. Rev. Cardiol., 2018, 15, 292-316.

K. C. Childers and E. D. Garcin, Nitric Oxide, 2018, 77, 53-64.

O. Gileadi, Biochem. Soc. Trans., 2014, 42, 108-113.

E. C. Wittenborn and M. A. Marletta, Int. J. Mol. Sci., 2021, 22.

Y. Kang, R. Liu, J.-X. Wu and L. Chen, bioRxiv, 2019, DOI: 10.1101/731679, 731679.

R. Liu, Y. Kang and L. Chen, Nat. Commun., 2021, 12, 5492.

M. Russwurm and D. Koesling, EMBO J., 2004, 23, 4443-4450.

F. Hofmann, Biol. Chem., 2020, 401, 447-469.

M. Zaccolo and M. A. Movsesian, Circ. Res., 2007, 100, 1569-1578.

A. Friebe, P. Sandner and A. Schmidtko, Naunyn-Schmiedeberg's Arch. Pharmacol., 2020, 393, 287-302.

E. J. Tsai and D. A. Kass, Pharmacol. Ther., 2009, 122, 216-238.

E. R. Derbyshire and M. A. Marletta, Annu. Rev. Biochem., 2012, 81, 533-559.

K. Shen, D. W. Johnson and G. C. Gobe, Am. J. Physiol. Renal Physiol., 2016, 311, F671-f681.

L. E. Coats, D. R. Bamrick-Fernandez, A. M. Ariatti, B. A. Bakrania, A. Z. Rawls, N. B. Ojeda and B. T. Alexander, Am.
J. Physiol. Regul. Integr. Comp. Physiol., 2021, 320, R149-r161.

M. Emdin, A. Aimo, V. Castiglione, G. Vergaro, G. Georgiopoulos, L. F. Saccaro, C. M. Lombardi, C. Passino, E. Cerbai
and M. Metra, J. Am. Coll. Cardiol., 2020, 76, 1795-1807.

D. Zhao, E. Guallar, D. Vaidya, C. E. Ndumele, P. Ouyang, W. S. Post, J. A. Lima, W. Ying, D. A. Kass, R. C. Hoogeveen,
S. J. Shah, V. Subramanya and E. D. Michos, J. Am. Heart Assoc., 2020, 9, e013966.

J. D. Brioni, M. Nakane, G. C. Hsieh, R. B. Moreland, T. Kolasa and J. P. Sullivan, Int. J. Impot. Res., 2002, 14, 8-14.
G. F. Lasker, E. A. Pankey and P. J. Kadowitz, Physiology (Bethesda), 2013, 28, 262-269.

A. Buglioni and J. C. Burnett, Annu. Rev. Med., 2016, 67, 229-243.

S. Bennett, M. M. Grant and S. Aldred, J. Alzheimer's Dis., 2009, 17, 245-257.

P. Sandner, M. Follmann, E. Becker-Pelster, M. G. Hahn, C. Meier, C. Freitas, L. Roessig and J. P. Stasch, Br. J.
Pharmacol., 2021, 10, 1-22.



RSC Medicinal Chemistry Page 46 of 46

292. P. W. Armstrong, B. Pieske, K. J. Anstrom, J. Ezekowitz, A. F. Hernandez, J. Butler, C. S. Lam, P. Ponikowski, A. A.
Voors and G. Jia, N. Engl. J. Med., 2020, 382, 1883-1893.

293.  F.Grimminger, G. Weimann, R. Frey, R. Voswinckel, M. Thamm, D. Bélkow, N. Weissmann, W. Miick, S. Unger and
G. Wensing, Eur. Respir. J., 2009, 33, 785-792.

294. R. T. Schermuly, J.-P. Stasch, S. S. Pullamsetti, R. Middendorff, D. Midiller, K.-D. Schllter, A. Dingendorf, S.
Hackemack, E. Kolosionek, C. Kaulen, R. Dumitrascu, N. Weissmann, J. Mittendorf, W. Klepetko, W. Seeger, H. A.
Ghofrani and F. Grimminger, Eur. Respir. J., 2008, 32, 881-891.

295. M. Follmann, J. Ackerstaff, G. Redlich, F. Wunder, D. Lang, A. Kern, P. Fey, N. Griebenow, W. Kroh, E.-M. Becker-
Pelster, A. Kretschmer, V. Geiss, V. Li, A. Straub, J. Mittendorf, R. Jautelat, H. Schirok, K.-H. Schlemmer, K. Lustig,
M. Gerisch, A. Knorr, H. Tinel, T. Mondritzki, H. Tribel, P. Sandner and J.-P. Stasch, J. Med. Chem., 2017, 60, 5146-
5161.

296.  J.-P. Stasch, E. M. Becker, C. Alonso-Alija, H. Apeler, K. Dembowsky, A. Feurer, R. Gerzer, T. Minuth, E. Perzborn,
U. Pleil3, H. Schroder, W. Schroeder, E. Stahl, W. Steinke, A. Straub and M. Schramm, Nature, 2001, 410, 212-215.

297. S.S. Correia, R. R. lyengar, P. Germano, K. Tang, S. G. Bernier, C. D. Schwartzkopf, J. Tobin, T. W.-H. Lee, G. Liu, S.
Jacobson, A. Carvalho, G. R. Rennie, J. Jung, P. A. Renhowe, E. Lonie, C. J. Winrow, J. R. Hadcock, J. E. Jones and M.
G. Currie, Front. Pharmacol., 2021, 12, 656561.

298. C.lbarra, P. I. Nedvetsky, M. Gerlach, P. Riederer and H. H. H. W. Schmidt, Brain Res., 2001, 907, 54-60.

299. G. R. Rennie,R.R. lyengar, T.W. Lee, T. Nakai, A. Mermerian, L. Jia, R.A Renhowe, J. Jung, P. Germano, K. lyer,
W0/2018/045276, 2017.

300. U.Schindler, H. Strobel, K. Schénafinger, W. Linz, M. Léhn, P. A. Martorana, H. Riitten, P. W. Schindler, A. E. Busch,
M. Sohn, A. Topfer, A. Pistorius, C. Jannek and A. Miilsch, Mol. Pharmacol., 2006, 69, 1260-1268.

301. Z.Zhou, A. Pyriochou, A. Kotanidou, G. Dalkas, M. van Eickels, G. Spyroulias, C. Roussos and A. Papapetropoulos,
Am. J. Physiol. Heart Circ. Physiol., 2008, 295, H1763-1771.

302. NIH, A Study Evaluating the Effects of Ataciguat (HMR1766) on Aortic Valve Calcification (CAVS),
https://clinicaltrials.gov/study/NCT02481258, (accessed 31-July, 2023).

303. NIH, Efficacy and Safety of HMR1766 in Patients With Fontaine Stage Il Peripheral Arterial Disease (ACCELA),
https://clinicaltrials.gov/study/NCT00443287, (accessed 31-July, 2023).

304. NIH, Safety of Ataciguat in Patients With Moderate Calcific Aortic Valve Stenosis,
https://clinicaltrials.gov/study/NCT02049203, (accessed 31-July, 2023).

305. NIH, Efficacy and Safety Study of Ataciguat Versus Placebo in Patients With Neuropathic Pain (SERENEATI),
https://clinicaltrials.gov/study/NCT00799656?term=HMR1766&checkSpell=false&rank=4, (accessed 31-July,
2023).



