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Chapter 1

Alzheimer’s Disease



Alzheimer's Disease

1 Alzheimer’s Disease

The German psychiatrist Alois Alzheimer first described Alzheimer’s disease (AD) in
1907." In 1901, he started investigating the case of 51-year-old Auguste Deter after
her admission to a mental health hospital. The patient's condition was characterized
by rapidly deteriorating memory and psychiatric disturbances like paranoia,
aggressiveness, and disorientation.! After her death in 1906, the autopsy of the brain
revealed significant histological deviations from the normal brain, later known as
amyloid B plaques and neurofibrillary tangles.! Alzheimer associated these

pathological variations as a cause of the until then unknown Alzheimer’s disease.

Alzheimer's disease is a progressing neurodegenerative disease. It is symptomatically
manifested by the loss of memory and cognitive impairments (e.g., forgetting recent
events and people's names), behavioral changes (e.g., aggressiveness and paranoia),
and the loss of functional abilities (e.g., increasing difficulty with communication and
impaired mobility).?3 Even though the exact pathological cause is not yet fully clarified,
it is characterized by two neuropathological hallmarks: extracellular deposition of

amyloid B (AB) plaques and intracellular neurofibrillary tangles (NFTs).?

The prevalence rate of Alzheimer's disease in the population is about 3% in persons
aged 65 to 74 years and 19% in persons aged 75 to 84 years. A prevalence of
approximately 47% was found for the population over 84 years of age, revealing a
strong correlation between the onset of the disease and the age of the affected
persons.* Additional risk factors for the onset of the disease are smoking, alcohol
abuse, overweight, high blood pressure, low educational attainment, social isolation,
cognitive inactivity, and air pollution.> With about 60-70% of all cases, Alzheimer's
disease is the leading cause of dementia affecting elderly individuals.5 Other major
dementia forms include vascular dementia, Lewy body dementia, dementia from
physical injuries to the brain, and dementia resulting from strokes or from certain
infections (e.g., HIV).3 Worldwide, around 55 million people have dementia. Due to the
rapidly aging population, the prevalence is expected to rise to 78 million cases in 2030
and 139 million cases in 2050, indicating a major impact on public health and the
healthcare system.? The estimated total global societal cost of dementia in 2019 was
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about 1.3 trillion US dollars. These costs are expected to reach 2.8 trillion US dollars
by the year 2030.3

Only a limited number of drugs exist for the treatment of Alzheimer's disease. To date,
the established treatments for the disease are only of symptomatic nature, all
attempting to neutralize the neurotransmitter disturbance.® The approved treatments
are not able to cure or prevent Alzheimer's disease and demonstrate solely minor
improvements in the patient's condition.® The first group of drugs are the
cholinesterase inhibitors with donepezil (Pfizer), rivastigmine (Novartis), and
galantamine (Janssen) as approved drugs.®’ These drugs are authorized for the
treatment of mild to moderate forms of AD and are referred to as the standard and first-
line treatment.® The cholinesterase inhibitors are supposed to prevent the loss of
acetylcholine neurons and the impairment of enzymatic function for acetylcholine
synthesis and degradation. The loss of cholinergic neurons in the basal forebrain
during the progression of AD has been associated with memory loss and the
deterioration of several cognitive and non-cognitive functions.® Another pharmaceutical
is memantine (Lundbeck), a N-methyl-D-aspartate receptor (NMDA) antagonist
approved for the treatment of moderate to severe AD.5” Memantine normalizes the
increased activity of NMDA receptors reported for AD by acting as a non-competitive,
fast off-rate NMDA receptor antagonist that binds to the open state of the NMDA
receptor channel.” In addition, antidepressants (e.g., sertraline) and antipsychotics
(e.g., risperidone) are used to treat depression and behavioral disorders of the
patients.® Drugs that do not simply improve the patient's condition but stop or at least
effectively modify the disease are referred to as disease-modifying drugs.® To halt
progress, drugs must influence pathogenic processes responsible for the clinical
symptoms of the disease. Namely, these are the deposition of extracellular amyloid 3
plaques and the formation of intracellular neurofibrillary tangles.® AB originates from
the amyloid precursor protein (APP) by proteolytic processing through (B-secretase in
the extracellular domain and y-secretase in the transmembrane region.® The amplified
formation, accumulation, and aggregation of AB is identified as one of the factors of
the clinical manifestation of Alzheimer's disease.®” This was first described in 1992 by
Hardy and Higgins in the so-called amyloid hypothesis.® AB is capable of forming
oligomer clusters which are held responsible for neurotoxicity. The A oligomers can
form AB-fibrils and protofibrils, which are subsequently converted to amyloid plaques®.
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The amyloid plaques are considered as non-toxic. It is the A oligomer that triggers
the amyloid cascade, resulting in local inflammation, oxidation, excitotoxicity, and tau
hyperphosphorylation. Subsequently, tau hyperphosphorylation leads to the formation
of intraneuronal tangles causing cell death.® The advancing neuronal destruction leads
to an imbalance of neurotransmitters (e.g., acetylcholine) and to the characteristic
cognitive deficits.® Therefore, significant efforts have been made by the pharmaceutical
industry to develop new drugs that can normalize the AB-level in the brain.®7-° In 2021,
aducanumab (Biogen) received accelerated approval by the US Food and Drug
Administration (FDA) for the treatment of mild forms of AD.0 It is the first approved
drug on the market targeting the underlying pathophysiological processes of AD.
Aducanumab is an AB directed human immunoglobulin gamma 1 (IgG1) monoclonal
antibody that is capable of crossing the blood-brain barrier. Subsequently,
aducanumab selectively targets and binds aggregated soluble oligomers and insoluble
fioril conformations of AR plaques in the brain.'® Aducanumab as a drug is
controversially debated in the scientific community due to a lack of efficacy and safety
reservations. The approval of the drug resulted in the resignation of three members of
the FDA advisory committee, which advised against the authorization.!" In January
2023, lecanemab (Biogen and Eisai) was approved as the second drug on the market,
targeting and reducing the AB-levels in the brain.'? However, several concerns remain
regarding the actual clinical relevance and safety of this novel class of drugs.'® Another
promising approach is the development of B-secretase inhibitors (e.g., verubecestat
(Merck) in clinical phase Il/Ill)? or y-secretase inhibitors (e.g., semagacestat (Eli Lilly)
in clinical phase Il1)? that mediate the formation of AR from APP.® Nevertheless, there
are still some enigmatic aspects left of the AR cascade, and additional findings on how
AR aggregates cause AD might lead to new therapeutic approaches.® While most of
the (candidate) drugs targeting AB could not demonstrate clinical efficacy, another
encouraging approach can be found in the development of tau-targeting therapies. The
tau protein can be more closely associated with cognitive decline than AB.? Promising
therapeutic strategies targeting the tau protein are drugs that prevent the abnormal tau
hyperphosphorylation (e.g., tideglusib (Noscira), failed in clinical phase Il1)? or the tau
aggregation (e.g., methylthioninium chloride, improvement in cognitive performance
was determined in clinical phase I1)2. Further promising anti-tau agents in clinical phase
Il are the monoclonal antibodies gosuranemab (Biogen), tilavonemab (AbbVie),
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semorinemab (Genentech/AC Immune), and zagotenemab (Eli Lilly) and the anti-tau
vaccine AADvac1 (Axon Neuroscience).?

Even though great efforts have been made in the last decades to understand the
pathology of Alzheimer's disease and to discover effective and safe drugs, there is still
a long way to go to discover a treatment with high efficacy and clinical benefit. Another
important challenge in this context is the search for a reliable (peripheral) biomarker,
allowing the predictive diagnosis of AD. As of today, a biomarker that allows early
identification of AD before symptoms onset has not been found yet.'*'S A final
histological examination of the brain is still required to make a definitive diagnosis.'* 1
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2 Design and Biological Evaluation of Selective Caspase-2 Inhibitors

Results of this chapter have been published in:

Bresinsky, M.; Strasser, J. M.; Vallaster, B.; Liu, P.; McCue, W. M.; Fuller, J.;
Hubmann, A.; Singh, G.; Nelson, K. M.; Cuellar, M. E.; Wilmot, C. M.; Finzel, B. C,;
Ashe, K. H.; Walters, M. A.; Pockes, S. Structure-Based Design and Biological
Evaluation of Novel Caspase-2 Inhibitors Based on the Peptide AcVDVAD-CHO and
the Caspase-2-Mediated Tau Cleavage Sequence YKPVD314. ACS Pharmacol.
Transl. Sci. 2022, 5 (1), 20—40.

Singh, G.; Liu, P.; Yao, K. R.; Strasser, J. M.; Hlynialuk, C.; Leinonen-Wright, K_;
Teravskis, P. J.; Choquette, J. M.; Ikramuddin, J.; Bresinsky, M.; Nelson, K. M.; Liao,
D.; Ashe, K. H.; Walters, M. A.; Pockes, S. Caspase-2 Inhibitor Blocks Tau Truncation
and Restores Excitatory Neurotransmission in Neurons Modeling FTDP-17 Tauopathy.
ACS Chem. Neurosci. 2022, 13 (10), 1549-1557.

Bresinsky, M.; Strasser, J. M.; Hubmann, A.; Vallaster, B.; McCue, W. M.; Fuller, J.;
Singh, G.; Nelson, K. M.; Cuellar, M. E.; Finzel, B. C.; Ashe, K. H.; Walters, M. A;;
Pockes, S. Characterization of Caspase-2 Inhibitors Based on Specific Sites of
Caspase-2-mediated Proteolysis. Archiv der Pharmazie 2022, 355 (9), 2200095.

M.B. synthesized compounds 2.009-2.013, 2.015, 2.017, 2.019-2.035, 2.037-2.058,
2.060-2.065, 2.067-2.073, 2.075-2.088, 2.093-2.100, 2.107-2.111, 2.114, and 2.116-
2.126. A.H. synthesized compounds 2.014, 2.036, 2.112, 2.113, and 2.115. S.P.
synthesized compounds 2.008, 2.018, 2.059, 2.066, and 2.074. G.S. synthesized
compounds 2.101 and 2.106. M.B., K.M.N., and J.M.S. performed the fluorescence-
based enzyme inhibition assay for the caspases. J.F., B.C.F., and W.M.M. performed
the crystallographic experiments. M.A.W. performed the computational docking of the
ligands. P.L. performed the in vifro caspase-2-catalyzed tau cleavage assay,
immunoprecipitation/western blotting, and mess spectrometry. Electrophysiology was
performed by K.R.Y., P.J.T., J.l.,, and J.M.C. Tau accumulation assay: C.H.. Animal
care and usage: K.L.W. and C.H. Conceptualization: D.L., K.H.A., M.A.W., and S.P..
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2.1 Introduction Caspases

2.1.1 Proteolytic Enzymes

Proteases (also referred to as peptidases) demonstrate several physiological functions
such as general protein digestion or more specified functions like activation of
zymogens, blood coagulation and the lysis of fibrin clots, hormone release, processing
precursor of pharmacologically active peptides, and the transport of secretory proteins
across membranes.'® A variety of hormones and physiologically active proteins are
synthesized as inactive precursors (zymogens) and are first activated by the
corresponding protease (cf. Figure 2.001A and 2.001B). The activation is performed in
either one step or in multiple steps (cascade) (cf. Figure 2.002B).

[ AMINO ACID POOL ]

/

(b) // (a) ®) || (@ (0) \\ (@)

(© (d)
— N\ _—
[ ZYMOGEN } [ ACTIVE PROTEIN ] -— [INACTIVE PROTEIN]
Activating
B Protease

Active State

Inactive State

Figure 2.001. (A) Schematic diagram of the different pathways of protein formation: (a)
Transcription and translation control the building of different proteins out of the amino acid
pool. (b) Degradation of proteins to amino acids. (c) Zymogen activation mechanism to active
proteins. (d) Reversible conformational changes that affect the activity of the protein (allosteric
transition or covalent modification). Figure adapted from Figure 1 of Neurath and Walsh
(1976)". (B) Activation of zymogen (inactive state) to active proteins (active state) by the
corresponding protease. Figures created with BioRender.com.
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The promotion of zymogens is a vital control element that can initiate new physiological
processes. Proteolytic cascades are enzymatic amplification systems where a small
stimulus is converted to a major physiological response (e.g., blood coagulation). The
investigation of specific zymogen reactions can be challenging because the precursor
is activated prior to isolation.!” The regulation of physiological functions is affected by
the specificity and efficiency of the individual activation processes.'”

A striking feature of proteases is that they exhibit a large variety of biological functions
by employing solely basic mechanisms; they exert their functions by selectively
catalyzing the truncation of specific proteins. Thereby the amide bond between two
amino acids is hydrolyzed. The underlying physiological mechanism is characterized
by the polarization of the peptide bond by a nucleophilic attack on the carbonyl group.
This can occur either by a water molecule or directly by the protease. The process is
accompanied by the donation of a proton to the neighboring nitrogen
(cf. Figure 2.002A).16.18

A B f Trigger

X Xa
Y Ya
‘ Active
Z Protein

Figure 2.002. (A) Mechanisms of enzymatic cleavage of amide bonds. Nucleophiles (Nuc) or
bases (BH) (indirectly by water) attack the carbonyl carbon atom. The process is supported by
the donation of a proton through a donor (HA) to the neighboring nitrogen (B) Schematic
demonstration of cascade activation of zymogens: Physiological signal (trigger) initiates the
cascade by activating zymogen X, which results in the formation of protease intermediate Xa.
Subsequently, zymogen Y is cleaved, and protease intermediate Ya is formed. These steps
are repeated until the active protein is released. Figure A is adapted from Figure 1 of Neurath
(1984)'® and Figure B from Figure 1 of Neurath and Walsh (1976)"". Figures created with
BioRender.com.

10
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Specific functional residues in the binding site of the protease serve either as a
nucleophilic group or as a proton donator. The proteases are distinguished according
to specific functional groups in the active site of the enzyme, 3D structures, and the
enzymatic reaction they execute (cf. Table 2.01). Every group of peptidases is
characterized by specific amino acids or metals arranged in a particular configuration
in the active site of the enzyme. Members of a protease group are descending from
mutual ancestors by deviating evolutionary paths. The serin proteases and the
metalloproteases comprise two families that have emerged from a separate

predecessor.6.17

Table 2.01. Protease families, with corresponding examples and enzymes involved in the
active site.'19-22

Characteristic active

Family Representative proteases

site residues
Serine proteases | Chymotrypsin Asp'0?) Ser'95 His%
Serine proteases Il Subtilisin Asp®?, Ser®?!, His®*
Cysteine proteases Caspase-1 Cys?®, His?%"
Threonine proteases 20S proteasome Thr!, Asp'’, Lys3
Aspartic proteases Penicillopepsin Asp33, Asp?'3
Glutamic proteases Scytalidocarboxyl peptidase B GIn®%3, Glu'36
Metalloproteases | Bovine carboxypeptidases A Zn, GIu?™0, Tyr?48
Metalloproteases Il Thermolysin Zn, Glu™3, His?*
Asparagine peptide Tsh-associated self-cleaving Asn™100, Lys™201 Tyrizzr
lyases domain

2.1.2 Caspases: A Family of Cysteine-Aspartic Proteases

Caspases (cysteine-dependent aspartate-directed proteases) are a family of protease
enzymes that cleave target proteins on the C-terminal side of aspartic acid and are
typically subdivided into three major groups: initiator caspases (e.g., caspase-2, -8, -9,
-10), effector/executioner caspases (e.g., caspase-3, -6, -7), and inflammatory
caspases (e.g., caspase-1, -4, -5) (cf. Figure 2.003).2324 Caspase-2 is classified
differently depending on the literature, as it combines the functions of both initiator
caspases and executioner caspases.?*?® Therefore, it is also referred to as caspase
being responsible for the cell cycle.?® There are findings about 11 humans, 10 murine,

11
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4 avians, 4 fish, 8 amphibians, 7 insects, and 3 nematode caspases. In total, 14
different mammalian caspases have been detected (cf. Figure 2.003).2527 In terms of
structure, most caspases possess a prodomain (CARD or DED) at the N-terminal side
that promotes the recruitment and activation of multiprotein complexes
(cf. Figure 2.003). Inflammatory caspases (e.g., caspase-1, -4, -5) all possess a CARD
domain (= caspase recruitment domain).

Caspase-1 NHZA-—‘ H ]—COOH
Caspase-4 (h) NHz—-—‘ H }»COOH
Inflammation
Caspase-5 (h) NH24-—‘ H }»COOH
Caspase-11 (m) NHZ._[ H }-cooH
c =
: aspase-8 NHZ—D—[:]—{ H }-cooH
3‘_§ Caspase-9 NH,— - |-coon
Caspase-10 (h) NHZ—D—D—{ [ |-cooH
Cell death
5 | Caspase-3 NHz—{ H ]—COOH
=
'% Caspase-6 NHZ—{ H ]—COOH
] Caspase-7 NHz;{ ]—[ ]—COOH
Cell cycle Caspase-2 nH,—— (| — |-coon
Undefined Caspase-12 (m) NHzl H |-cooH
Cell differentiation Caspase-14 NHz—[ H ]—COOH

[:] Large catalytic subunit D Small catalytic subunit - CARD D DED

Figure 2.003. Functional classification and domain organization of murine and human
caspases: The caspases are classified into three different groups, initiator caspases (e.g.,
caspase-2, -8, -9, -10), effector/executioner caspases (e.g., caspase-3, -6, -7), and
inflammatory caspases (e.g., caspase-1, -4, -5). In total, 14 different mammalian caspases
have been detected: within the human, there are 11 different caspases. m, murine and h,
human. Figure adapted from Figure 1 of Opdenbosch and Lamkanfi (2019)?3. Figure created
with BioRender.com.
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Within the initiator caspases caspase-8 and caspase-10 share a DED domain (= death
effector domain) and caspase-9 a CARD domain. In contrast, executioner caspases
do not exhibit a prodomain. Furthermore, all caspases have large (~20 kDa) and small
(~10 kDa) catalytic subunit that together form the protease domain (cf. Figure 2.003).2
Caspase zymogens are activated in active proteases by a proximity-induced
autoactivation that is driven by a conformational change due to dimerization. This
causes proteolytic cleavage of the flexible linker regions separating the prodomain
from the large and small catalytic subunit. In contrast, effector caspases do not
possess a prodomain and need to be activated by the cleavage of initiator caspases
(cf. Figure 2.003).28 All caspase catalytic domains share a similar dimeric quaternary
structure, with two identical monomers associated about two-fold rotation axis to form
one large beta sheet of twelve strands. The monomers adopt a highly homologous
fold, with highly variable loops (L1-L4) that lead to the specific and varying substrate
selectivity of the different caspases (cf. Figure 2.004). Following proteolytic cleavage
in the L2 loop, a rearrangement of the L2 and L3 loops occurs resulting in a
repositioning of the active site cysteine and enzyme activation. Substrates and
inhibitors bind in a cleft formed atop the L3 loop, with L2 and L4 on either side of this
cleft (cf. Figure 2.004).

Figure 2.004. The Caspase folds.
All caspase catalytic domains share
a similar fold, with highly variable
loops (L1-L4) that afford selectivity
by different caspases.
Rearrangement of L2 and L3 occurs
following proteolytic cleavage in the
L2 loop, resulting in enzyme
activation.?® Peptidic inhibitors bind
cradled in the groove above L3
pinched between L2 and L4. The
structure shown is the
Casp2/AcVDVAD complex
describped by Tang et al
(PDBId:3r5j).*°

L4

13
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2.1.3 Apoptotic Pathways of Caspases

Caspases are synthesized as zymogens and first have to be activated by a variety of
internal and external triggers.?*3' They are classically associated as an enzyme
cascade during the initiation and execution of apoptotic cell death and the processing
and maturation of inflammatory cytokines. After the perception of an apoptotic stimuli,
initiator caspases (e.g., Casp2, Casp8, and Casp9) are enabled. The extrinsic pathway
is triggered by the binding of extracellular death ligands (e.g., Fas L) to death receptors
(e.g., Fas) (cf. Figure 2.005).32-34 A death-inducing signaling complex (DISC) is formed
by the binding of a death ligand to the death receptor and the recruitment of a death
domain-containing adaptor protein. The death-inducing signaling complex recognizes
death domains on the procaspases, initiates the recruitment of procaspases, and
thereby activates the initiator caspases Casp8 and Casp10 (cf. Figure 2.005).2* Those
catalytically cleave effector caspases (e.g., Casp3, Casp6, and Casp7) out of the
inactive precursor (procaspases). Effector caspases cleave a variety of substrates,
which are responsible for inducing cell death (cf. Figure 2.005). Casp8 additionally can
advance the intrinsic apoptotic pathway by the release of Bcl-2 homology 3 (BH3)-only
protein Bid. This is further converted to truncated Bid (tBid), which activates the Bcl-2
proteins Bax and Bak. Mitochondrial outer membrane permeabilization (MOMP) is
activated by the Bcl-2 proteins Bax and Bak, resulting in the release of proapoptotic
mitochondrial messengers (e.g., cytochrome c) into the cytoplasm (cf. Figure 2.005).35
The apoptotic pathway of the BH3-only protein Bid is in balance with anti-apoptotic Bcl-
2 family proteins.?® Cytochrome c leads to the oligomerization of the caspase
recruitment domain-containing adaptor protein (Apaf-1), resulting in the activation of
Casp9 by Apaf-1 from the zymogenic form (procaspase-9). Casp9 then again enables
effector caspases.?* The precise apoptotic mechanism of caspase-2 initiation remains
largely unclear, but it is assumed that a variety of stress factors may be
responsible.?*38 Therefore, it is difficult to classify caspase-2 as an initiator or an
executioner caspase as it demonstrates features of both.?® Further intrinsic factors for
caspase activation are endoplasmic reticulum (ER) stress, metabolic stress, response
to DNA damage, and a variety of other factors.36-40

14
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Figure 2.005. Extrinsic and intrinsic apoptotic pathways.?*3® Extrinsic pathway: A death ligand
(e.g., Fas L) binds to a death receptor (e.g., Fas). Thereby, a death-inducing signaling complex
(DISC) is formed consisting of the death receptor and the death domain-containing adaptor
protein (e.g., Fas-associated death domain (FADD)). This causes the activation of Casp8 and
Casp10 from the procaspase-8 and procaspase-10. The active proteins Casp8 and Casp10
promote the activation of effector caspases (e.g., Casp3 and Casp7) and/or the BH3-only
protein Bid. Casp3 and Casp7 are responsible for the initiation of apoptosis. Bid leads to the
activation of the intrinsic apoptotic pathway. Intrinsic pathway: The intrinsic pathway is
promoted by the BH3-only protein Bid (activated by Casp2 or Casp8). Bid is truncated to tBid,
which causes the activation of Bax/Bak. The proapoptotic proteins Bax and Bak promote the
release of cytochrome c from the mitochondria to the cytoplasm. Cytochrome c¢ enables the
adaptor protein Apaf-1, which recruits and activates caspase-9. Casp9, in turn, activates the
effector caspases. Figure adapted from Figure 1 of Kurokawa et al. (2009)?*. Figure created
with BioRender.com.
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2.1.4 Cellular Substrates of Caspase-2

To date, a variety of cellular substrates of Casp2 are known, as it is present in different
organelles (e.g., nucleus, Golgi body, cytoplasm, and mitochondrion), even though a
greater part of them is processed by multiple caspases (e.g., caspase-3).4'4? The
listing of all substrates is not sufficient to draw a conclusion about the actual
preference. The crucial parameter is the catalytic efficiency for a more precise
identification of the preference of substrate cleavage within the caspases. This was
analyzed by Julien et al. (2016) in an extensive study.*3

Table 2.02. Selected Casp2 substrates indicating their cleavage site, Casp2 selectivity, and
cleavage efficiency. Table adapted from Table 1 of Miles et al. (2017)*".

Cleavage
Substrate Cleavage Site Casp2 Selectivity Efficiency

(M 87)
CUX-144 SE%Z!:SBTE;W or No 6.2 x 105
Prothymosin a3 MinSD | A Yes 1.5 x 105
Golgin-1604 ESPD|G Yes 3.3x 10
Nucleosome
assembly SFSD|G Yes 1.3 x 104
protein 1-like 4
(NAP1L4)43
Protein transport VHPD|S Yes 8.3x 103
s DRAD|S Yes 5.4 x 10°
Bid#6:47 LQTD|G No 3.2x 103
Rho GDI 243 DTKD|G No 2.6 x 103
Guanine
nucleotide-binding DIND |G Yes 2.0x10°%
protein-like 143
Scaffold attachment
factor DSRD |G Yes 2.0 x 103
8243
Runx147 DVPD|G Yes 1.8 x 103
BAG-64 DEQD|G Yes 1.6 x 103
Transcriptional
regulating DTRD|G Yes 1.3 x 103
factor 143

16
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Table 2.02 (continued)

Cleavage
Substrate Cleavage Site Casp2 Selectivity Efficiency

(M 87)
elF-4H*3 DEPD|A No 1.3x103
gistone deacetylase DMAD | S No 13 % 10°
Holliday junction - DRTD |G No 12x 108
recognition protein
Deubiquitinating
protein ETTD|G Yes 1.2 x 103
VCIP135%3
Ubinuclein-143 DESD|S No 1.1x103
Scaffold attachment
factor DGTD|G Yes 1.1 x 103
8243
Protein PRRC2B*3 DQAD|S Yes 1.1x 108
Serine/arginine-
related IESD|S No 1.1 x 103
protein 5343
GEM-interacting DTSD| G Yes 1.1 x 108
protein
Ral GTPase-
activating TVKD |G Yes 1.1 x 108
protein subunit alpha-
143
C18orf25%3 VQKD|G Yes 1.0x 103
elF-4B48 DRKD |G Yes n.a
MDM-24° DVPD/C Yes n.a
Tau505! KPVD | L No n.a

For many substrates, the physiological role of the cleavage remains obscure. The best-
examined substrates are Bid (causing the release of cytochrome c¢ of the
mitochondrion), Golgin-160 (causing the Golgi body dissolution), and MDM-2 (causing
cell cycle arrest and p53 stabilization).5° Golgin-160 can also be cleaved by caspase-
3 in vitro at a different site, but because of its localization in the Golgi organelle, Casp2
has better access to it.#":52 Further notable substrates of caspase-2 are CUX-1,
huntingtin (Htt), all-spectrin, Rho kinases-2 (Rock-2), PKC9, plakin, HDAC4, ICAD,
PARP, DNp63a, and tau. Most of the substrates are processed by a variety of other
proteases.*24549 Table 2.02 shows a selection of known substrates, their cleavage site,
cleavage efficiency, and the selectivity for caspase-2 over other caspases.
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2.1.5 Physiological Functions of Caspase-2 and Associated Diseases

A variety of caspases also possess nonapoptotic physiological features such as cell
cycle regulation and DNA repair.® Analysis of the Casp2 protein sequence revealed
that it is the evolutionarily most conserved caspase.>® Nevertheless, it is the most
enigmatic member of the family.52-%¢ While the exact biological role and mechanism of
caspase-2 are still unclear, it is associated with various processes of cell death by
cleaving BH3-only protein Bid.*'5” Furthermore, it is linked with metabolic syndrome,
obesity, and nonalcoholic fatty liver disease.5® Metabolic benefits of Casp2 loss were
demonstrated in a study by Machado et al. (2016)%8. Casp2 deficient mice exhibit less
susceptibility for dyslipidemia, diabetes mellitus, and hepatic steatosis.®® This was
impressively demonstrated by wild-type mice that were fed a high sugar/fat diet.%® They
had almost twice as much body fat as Casp2 deficient mice with the same diet or as
wild-type mice that were fed ordinary food.® Additionally, wild-type mice showed
impaired glucose tolerance compared to the Casp2-deficient mice.*'® Caspase-2 is
known for the protection of retinal ganglion cells (RGCs), indicating that inhibitors can
be used for the treatment of optic nerve injuries.®® Optic nerve damage causes the
apoptosis of RGCs.®® Ahmed et al. (2011)*° demonstrated that the clamping of the
axon of rat RCGs led to a 60% reduction of retinal ganglion cells (RGCs) within seven
days. However, this process was diminished by the intravitreal injection of siRNA
targeting Casp2.4'-%° Besides, Casp2 is involved in cytoskeleton protein degradation
during cell death.*?  Vakifahmetoglu-Norberg et al. (2013)** discovered four
cytoskeleton proteins (tropomyosin, profilin, stathmin-1, and myotrophin) that were
degraded during DNA damage, cytoskeleton disruption, or endoplasmic reticulum
stress-induced apoptosis. Although the cleavage of this protein was not directly
induced by Casp2, the degradation was prevented by using siRNA for downregulating
caspase-2 or through pharmacological inhibition of Casp2.4'4280 Additionally,
caspase-2 amplifies the harm to CNS neurons under stress, e.g., excitotoxicity, &
increased ROS, exposure to AR or MPTP, neonatal stroke,®' retinal ischemia and
transgenic expression of mutant APP,%2 huntingtin® or tau®'. This leads to the
conclusion that targeting Casp2 may be beneficial for various neurological indications
(cf. Table 2.03).°1°96268 Casp2 -/- mice show no perceptible physiological

abnormalities and the same life expectancy as their wild-type littermates, strengthening
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the assumption that pharmacological inhibition of Casp2 could be a safe and effective
therapeutic strategy.®®

Table 2.03. CNS indications that may benefit from Casp2 inhibition.*'5962-68

Indication Model System
Alzheimer’s disease (AD) Transgenic mouse (J20)
Huntington disease (HD) Transgenic mouse (YAC128)

Frontotemporal dementia (FTD) Transgenic mouse (Tg4510)
Parkinson’s disease (PD) MPTP (mouse)
Excitotoxicity Ibotenic acid (mouse)
Neuro-ophthalmology Crush, glaucoma (rat)
Stroke Neonatal (wt, Casp2 null)
Neuroblastoma Transgenic mouse (TH-MYCN)

2.1.6 Truncation of Tau and Physiological Role of Caspase-2 in Tauopathies like
Alzheimer’s Disease

Two physiological functions for Casp2 are disclosed in the healthy brain: During
development, Casp2 likely mediates neuronal apoptosis.”®”" In the mature brain,
Casp2 facilitates long-term depression, a synapse-weakening form of long-lasting
synaptic plasticity.”> However, in recent years, the caspase-2 (Casp2) enzyme has
been increasingly associated with neurodegenerative diseases, in particular
tauopathies like Alzheimer’s disease (AD), Huntington's disease (HD), frontotemporal
dementia (FTD), and Lewy body dementia (LBD).5"6263.73-75 Fiprillar tau has been
dissociated from neuronal death and network dysfunction, implying the contribution of
non-fibrillar species in the mediation of cognitive anomalies.”®’” Post-translational
modifications (PTMs) of tau, such as phosphorylation and acetylation, play a crucial
role in the normal physiological conditions of neurons. Phosphorylation serves as a
regulator of tau functions such as the stimulation and stabilization of microtubule
assembly.’®’® In AD and other tauopathies, the tau protein undergoes
hyperphosphorylation, which promotes the accumulation and mistargeting of abnormal
tau in dendritic spines (cf. Figure 2.006).808' Casp2 cleavage of tau at Asp314
generates the cleavage product Atau314 and leads to synaptic dysfunction and
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impaired cognition by enabling tau to mislocalize to dendritic spines and dislocates

glutamate receptors on the postsynaptic membrane (cf. Figure 2.006).

Casp2 mediated ' = GluAl @ = internalized GluA1
cleavage of tau

ee - Atau3ls L/C..J =tau
Production
of Atau314

Mislocalization
of Atau314 and
full-length tau to
dendritic spines

¥

Reduction in
AMPA receptor
trafficking or
anchoring in

dendritic spines

\

L0 = microtubuli 8 e

Impairment in
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transmission and
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Figure 2.006. Mechanism for synaptic dysfunction and impaired cognition prompted by
excessive Atau314 accumulation.®® (1) hyperphosphorylation and disassociation of tau from
microtubules. (2) Casp2 mediated truncation of full-length tau to Atau314 (3) mislocalization of
Atau314 and full-length tau to dendritic spines. (4) accumulated Atau314 in dendritic spines
impairs glutamatergic synaptic transmission by lowering the number of functional AMPA and
NMDA receptors on the surface of the neuronal membrane by internalization and diminished
anchoring of the glutamate receptors. Figure is adapted from Figure 2 of Pockes et al. (2022)82.
Figure created with BioRender.com.

The synapses affected by this are referred to as "silent synapses" since the number is
not decreasing. %'8° The Atau314 fragment may be a biomarker of impaired cognition,
as Atau314 was increased approximately threefold in brain samples from patients with
mild cognitive impairment (MCI) and Alzheimer's disease (AD) compared to cognitively
intact subjects.®!* Zhao et al. (2016)°! revealed that mutant tau, not cleaved by
caspase-2, hinders tau from hyperaccumulating into dendritic spines, dislocating
glutamate receptors and impairing synaptic function in cultured neurons. It prevented
memory deficits and neurodegeneration in mice. Furthermore, lowering the level of

caspase-2 restored long-term memory in mice with existing deficits. Therefore,
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blocking this truncation can be a promising therapeutic approach for AD or other
tauopathies like Huntington's disease (HD) and Lewy body dementia.>! 7583

21.7 Lowering Casp2 Enhances Synaptic Function: Catalytical or Non-

catalytical Pathway?

Most cellular events of caspases are of non-apoptotic nature,®* albeit being discovered
due to the search for genes that are responsible for apoptotic processes of cells.®
Caspase-2 possesses biological activity through catalytical or non-catalytical cellular
pathways. For instance, it has been proven that some non-apoptotic events are
conducted via a non-catalytic process. Although the exact mechanism is unclear, dead
Casp2 with its mutated catalytic active cysteine negatively impacts cellular
autophagy.®® One hypothesis is that catalytically dead Casp2 acts as a translational
co-factor to produce cyclin-dependent kinase inhibitor p2187. This can verifiably
downregulate autophagy in various cell types under stress conditions.?88° Zhao et al.
(2016) demonstrated that lowering the level of Casp2 restored synaptic functions.’
The basic assumption is that pathological effects of Casp2 on synaptic functions are
caused by the catalytical pathway of Casp2. Casp2 hydrolyzes tau at Asp314. Thereby,
Atau314 is formed, which excessively accumulates in dendritic spines.%' Nevertheless,
it is also possible that a non-catalytical mechanism of dead Casp2 is the cause of
impaired synaptic functions since there is proof of at least one relevant cellular process,
i.e., autophagy by catalytical dead Casp2.8¢ It might be possible to rescue
neurotransmission by stimulating autophagy and thereby decreasing the amount of
misfolded and aggregated forms of tau. In order to do so, it must be deciphered
whether the pathological cellular processes of Casp2 on synaptic functions are due to
its catalytic or non-catalytic properties to justify the potential use of selective Casp2
inhibitors as a treatment for tauopathies like Alzheimer’s disease. The biological
experiments in chapters 2.4.2.3, 2.4.2.4, and 2.4.2.5 are intended to verify whether
Casp2 exerts synaptic dysfunction through catalytical or non-catalytical cellular

processes.

21



Design and Biological Evaluation of Selective Caspase-2 Inhibitors

2.1.8 Amino Acid Motif Preferences of Substrates within the Caspase Family

Extensive success in the structural biology of caspases has provided a wealth of
information regarding enzyme architecture, activation, and the basis for selectivity of
these enzymes for different substrates.?® Within the caspase family, only Casp2
requires a motif of five amino acids, instead of four, as a specific recognition sequence
for efficient substrate cleavage.3®% The closest similarities to the cleavage specificity
of Casp2 are found with Casp3, 7, and 8 where an aspartic acid is also favored at
position P1 and P4 for effective binding (cf. Figure 2.007). This close homology
between Casp2 and Casp3 makes the design of selective CaspZ2 inhibitors challenging.
All caspases conduct substrate cleavage by the same mechanism, using a catalytic
Cys/His dyad architecture in their active site. The aspartic acid of substrates is deeply
buried in the basic S1 pocket, where it interacts with two arginines and one glutamine
residue (e.g., Arg202, Arg361, and GIn301 Casp2). Casp3, 6, and 7 are limited to
smaller aliphatic residues at P2 (e.g., alanine and valine; cf. Figure 2.007), as their S2
binding sites show a narrower spatial shape recognition than other caspases. Notably,
Casp2 accommodates larger substrates in S2, and also contains a negatively charged
Glu52 as a unique structural feature.3?°' Therefore, it was hypothesized that the
introduction of sterically demanding P2 residues, as recently shown by Maillard et al.
(2011)%2 , and/or the use of positively charged amino acids (e.g., lysine, arginine) at P3
could lead to enhanced potency at Casp2 over Casp3. The S3 binding site of all
caspases is characterized by a conserved arginine which can provide ionic interactions
with negatively charged amino acids (e.g., glutamic acid) of the substrates at P3
(cf. Figure 2.007).°' Casp8 and Casp9 are characterized by a second arginine,
allowing a tighter binding of ionic groups in its S3 pocket.®' The S4 binding site of the
caspase family can be subdivided into three groups.®! Casp1, 4, 5, and 11 consist of
an extended, shallow hydrophobic binding pocket, favorably engaging aromatic amino
acids (e.g., tryptophan; cf. Figure 2.007).32%" In contrast, Casp2, 3, and 7 have a
significantly smaller hydrophilic binding site, typically preferring an aspartic acid
(cf. Figure 2.007).32°" Recent work has demonstrated that a homoglutamic acid P4
sidechain can confer excellent selectivity for Casp2 versus other caspases.®® S4
structures of Casp6, 8, 9, and 10 show little selectivity toward specific amino acids and
represent a hybrid between the two binding sites mentioned above.®' Casp2 is the only

caspase that prefers an occupied binding subsite S5 for activity, e.g., valine or
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tryptophan.®® This unique requirement for its substrate guarantees efficient substrate
cleavage and a substrate-selectivity preference for Casp2 over other caspases.3?%

1T

Caspl Casp2 Casp3 Casp4 Casp5 Casp6 Casp7 Casp8 Casp9 Casp10

~

Figure 2.007. Peptide substrate preferences for Casp1, 2, 3, 4, 5, 6, 7, 8, 9, 10.%% P1-P5
represent the respective amino acid position of the peptidic substrate or inhibitor. P1 always
marks the position of the aspartic acid (D) cleavage site. P4 and P5 (for Casp2) represent the
N-terminal position, respectively.
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2.2 Scope and Objectives

Fibrillar tau has been dissociated from neuronal death and network dysfunction,
implying the contribution of non-fibrillar species in the mediation of cognitive
anomalies.”®’” Atau314, a 35-kDa tau cleavage product of tau, can reversibly impair
cognitive and synaptic function in animal and cellular models of tauopathies.?' Atau314
is formed by truncation of tau at Asp314 by Casp2.5" The accumulation of this cleavage
product in the dendritic spines is being held responsible for synaptic dysfunction and
impaired cognition by reducing AMPA receptors in the post-synaptic membrane.>’
Down-regulating or genetically shutting off the level of caspase-2 preserves synaptic
functions in mouse models of frontotemporal dementia,®' Alzheimer’s disease,®? and
Huntington’s disease.®® Most in vivo studies revealed that Casp2 expression levels
mediate neurodegeneration, but no certain proof of the exact mechanism was
revealed. As Casp2 can process its biological functions, catalytically or non-
catalytically, it is of great relevance to evolving selective Casp2 inhibitors to verify that
the impaired cognitive and synaptic function is caused by catalytically hydrolyzing tau
at Asp314 since catalytically dead caspase-2 is also capable of acting as a translational
co-factor that downregulates autophagy in various cell types. Therefore, lowering
caspase-2 in different models might also exhibit positive effects on synaptic functions
due to enhanced autophagy.

The goal of this study was the exploration of the caspase-2 binding pocket to elucidate
the interactions of Casp2 inhibitors and the target enzyme. This allows understanding
the specific features of the active site to achieve the goal of discovering selective and
potent Casp2 inhibitors. A particular focus was on the development of selective Casp2
inhibitors against Casp3, since the canonical inhibitor AcVDVAD-CHO (2.016)
provides equally high affinities for Casp2 and Casp3 (cf. Table 2.06 & Maillard et al.
(2011)%2). A further reason is the high concentration of active Casp3, compared to other
caspases, which is present in almost all tissues.®® Ultimately, the neuroprotective
effects of a Casp3 inhibitor have already been demonstrated in an HD model.®”
Therefore, strengthening the case for targeting Casp2-mediated proteolysis by
developing a series of selective inhibitors is indispensable to prove the benefits of
inhibiting Casp2 for synaptic functions. The high degree of homology observed
between Casp2 and Casp3 makes the design of selective CaspZ2 inhibitors challenging.
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The inhibitors are supposed to serve as pharmacological tools in planned in vivo
studies and as lead compounds for the design of bioavailable and more drug-like small

molecules that potentially can treat Alzheimer’s disease and other tauopathies.

The design of the reversible covalent inhibitors is hereby influenced by previously
published structure-activity-relationship (SAR) studies®2939.99 computational docking
methods, and the crystallographic examination of caspase/inhibitor co-crystals. The
design strategy of the Casp2 inhibitors consists of three different concepts: 1)
Structure-based design of Casp2 inhibitors evolved from natural proteolysis sequences
and the canonical inhibitor AcVDVAD-CHO; 2) Addressing Glu52 in the binding site of
Casp2 and introducing previously published structural features; 3) Improvement of the
physicochemical properties of Casp2 inhibitors to increase bioavailability. After every
series was synthesized and biologically evaluated the favored structural features were
analyzed and used for the design of further Casp2 inhibitors.
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2.3 Structure-Based Design of Casp2 Inhibitors Derived from Natural
Proteolysis Sequences and the Canonical Inhibitor AcVDVAD-CHO
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Since the discovery of the caspase-2 (Casp2)-mediated Atau314 cleavage product and
its associated impact on tauopathies such as Alzheimer's disease, the design of
selective Casp2 inhibitors has become a focus in medicinal chemistry research. In the
search for new lead structures with respect to Casp2 selectivity and drug-likeness, a
promising approach is looking more closely at the specific sites of Casp2-mediated
proteolysis and the canonical inhibitor AcVDVAD-CHO. Using eight selected protein
cleavage sequences, a peptide series of 54 novel molecules was designed and

investigated using in vitro pharmacology, molecular modeling, and crystallography.
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2.3.1 Design Rationale

The first approach in the search for new lead structures with respect to Casp2
selectivity and drug-likeness is based on looking more closely at the specific sites of
Casp2-mediated proteolysis (cf. Table 2.04) and the canonical inhibitor AcVDVAD-
CHO (2.016). This enables the revealing of new peptide sequences that might offer
clues to the structural elements that could be beneficial in the design of Casp2 enzyme
inhibitors. A detailed examination of structural data describing complexes of
AcVDVAD-CHO (2.016) bound to both Casp3 (PDBid; 2h65)' and Casp2
(PDBId:3r6g)3° provides an excellent basis for understanding the high potency of this
inhibitor scaffold toward both Casp2 and Casp3 and helps to identify some of the
challenges and opportunities for selective inhibitor design. AcVDVAD-CHO (2.016)
binds to Casp2 and Casp3 almost identically (cf. Figure 2.008). Reaction with the C-
terminal aldehyde results in the formation of a covalent bond to the catalytic cysteine
(Cys163 in Casp3; Cys155 in Casp2). The P1 aspartic acid is firmly anchored in the
S1 subsite by H-bonds and ionic interactions with Arg207, Arg64, and GIn161 (Casp3
numbering). The remainder of the inhibitor lies stretched out over the L3 loop, with the
peptide backbone of the P3 valine and P5 valine making H-bonds with the backbone
of L3 at Arg207 and Ser209 that resemble those of an antiparallel B-sheet
(cf. Figure 2.008C). All these interactions are largely conserved in complexes of most
caspases with peptidic inhibitors and substrates; they confer broad potency but not
selectivity. AcVDVAD-CHO (2.016) also exploits the P4 aspartic acid to increase
affinity for Casp3 and Casp2. In both complexes, the Asp carboxylate forms a bridge
connecting L3 to L4, with H-bonds to Asn208 of L3 and Phe250 of L4. The L4 loop is
quite different in other caspases, and the L3 asparagine is only conserved in caspases-
2, -3, and -8 in humans. A comparison of the binding sites of the two structures exposes
other differences not exploited by the AcVDVAD-CHO (2.016) scaffold. The most
noticeable difference noted by Tang et al. (2011)%° is the presence of Glu52 in Casp2,
which introduces a negatively charged functional group in the proximity of the S2 and
S3 subsites (cf. Figure 2.008B). This amino acid is an uncharged threonine in Casp3
(cf. Figure 2.008A). Another significant difference is the presence of a much smaller
alanine (Ala228) in Casp2 in place of the tyrosine (Tyr204) of Casp3. This difference
results in a significant expansion of the S2 subsite, which potentially can be targeted
with larger P2 substituents.
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Figure 2.008. A comparison of experimentally determined Casp3 and Casp2 complexes with
the same peptidic inhibitor (AcVDVAD-CHO). (A) The complex with Casp3 (PDB-id 2h65). (B)
The complex with Casp2 (PDB-id 3r6g). Sequence differences Y204-A and T62-E result
(Casp3 numbering) in an expansion of the P2 subsite (encircled with dashed line), and a
change in the electrostatic environment there. (C) An overlay of AcVDVAD-CHO complexes
with Casp3 (yellow) and Casp2 (cyan). Only the Casp3 backbone and sidechains are shown
for clarity. Although most H-bonds are conserved in peptidic complexes with all caspases, H-
bonds to the backbone of the L4 loop at Phe250 (Casp3 numbering) from the P4 aspartic acid
are also present in Casp2 but are likely not conserved to any great extent. Both complexes are
also stabilized by H-bonds from the P4 Asp carboxylate to L3 Asn208 (Asn232 in Casp2), and
the P5 valine carbonyl O to the backbone of L3 at Ser209/Thr233. (D) An overlay of models of
AcVDVAD-CHO binding derived by docking into Casp3 and Casp2. Peptidic inhibitors were
docked into respective protein targets (Casp3, salmon, yellow inhibitor; Casp2-gray, cyan
inhibitor). The RMS deviation in modeled vs experimentally observed ligand atom positions is
0.78 and 0.84 A, respectively.

The design strategy arose out of consideration of the cleavage site of the tau protein
(GSVQIVYKPVD|LSKVTSKCG-; D|L cleavage site), which creates the Atau314
associated with Alzheimer's disease. Since Casp2 is the only caspase to catalyze this
cleavage, it was anticipated that AcYKPVD-CHO (2.008) might be a selective inhibitor.
Upon applying covdock protocols, however, AcYKPVD-CHO docking scores predict
that binding to both Casp2 and Casp3 enzymes would be significantly weaker (-9.561
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(Casp2), -10.126 (Casp3) than binding predicted for the canonical inhibitor AcVDVAD-
CHO (2.016) (cf. Table 2.05). It was hoped that systematic investigation of hybrid
pentapeptides that incorporate some features of 2.008 onto the potent scaffold of 2.016
could lead to more potent and selective inhibitors. AcYKPVD-CHO (2.008), AcVDVAD-
CHO (2.016), and the hybrid molecule AcVDPVD-CHO (2.017) (cf. Figure 2.009)
served as starting points in the design of a new pentapeptide series by which the gaps
in SAR between the three lead compounds can be explored. A series was developed
that provides the motifs V(ps)D(p4), Y (p5)K(pa), V(p5)K(p4), Or Y(p5)D(ps) for the amino acid
positions P5-P4 and the motifs Pp3)V(p2)Dp1), Ki3)Vip2)Dp1) or Vps)Kpz)Dp1y for the
positions P3-P1 (cf. Figure 2.009). To complete the series, individual changes were

subsequently made at various positions.
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Figure 2.009. (A) Caspase-2 lead compounds AcYKPVD-CHO (2.008), AcVDVAD-CHO
(2.016), and AcVDPVD-CHO (2.017). (B) Substitution pattern of the peptide series derived
from AcYKPVD-CHO, AcVDVAD-CHO, and the hybrid peptide AcVDPVD-CHO.

Additionally, seven other selected protein cleavage sequences (cf. Figure 2.010), like
Golgin-160%°, Protein transport protein Sec16A*3, Transcriptional-regulating factor 143,
Ral GTPase-activating protein subunit alpha-143, Holliday junction recognition
protein*3, and MDM2 (mice/human)*® were used as starting point for the inhibitor

development. The appearance of Casp2 within the nucleus, Golgi, and mitochondria
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enables access to other cellular substrates located in these organelles.5? Many of
these cleavage events can also be mediated by Casp3 or other caspases, but some
of these peptide sequences have also been reported to be cleaved under physiological
conditions only or preferentially by Casp2.*' These specific sites were selected
because of three reasons: (1) specificity of Casp2 cleavage (except for Holliday
junction recognition protein which will serve as a control and SAR point), (2) the interest
in characterizing arginine-containing sequences since there is evidence due to
computational methods that this basic amino acid will interact with Glu52 in the Casp2
binding site, and (3) non-canonical sequences (sequence = -DXXD-) containing lysine
at P2 (cf. Table 2.04). The strategy is to start with peptides that represent the cleavage
sequences at these sites (cf. Figure 2.010) and modify them to exploit specific features
in the Casp2 binding pocket. The presumption that the selected protein cleavage
sequences are a good basis for the design of highly active inhibitors is supported by
computational docking scores. All of them exhibit a better docking score for Casp2
relative to compound 2.008 (AcYKPVD-CHO). However, no significant trend of Casp2
selectivity can be predicted for the inhibitors (cf. Table 2.05). Shortening the
pentapeptides to tetra- and tripeptides is supposed to give more information about the
importance of the P5 and P4 positions and the possibility of decreasing molecular
weight for small molecules. All inhibitors contain an aldehyde (-CHO) that serves as
an electrophilic warhead that reacts with the proteolytic cysteine in the active site in a
reversible covalent mechanism. These findings could be eligible to improve the peptide
inhibitors with respect to selectivity and pharmacokinetic properties toward

peptidomimetic structures.
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Table 2.04. Cleavage sequences of selected substrates specifically and/or efficiently cleaved
by Caspase-2 and initial synthetic targets.

Initial
Protein Name, Sub-Sequence/Sequence kcat/l Km
Synthetic Casp2* Ref.
UniProt designation DIX indicates cleavage site (M1 g71)**
Target
Tau
YKPVDIL AcYKPVD-
AOA024RA17 YES ND &1
GSVQIVYKPVD|LSKVTSKCGSLGNI CHO (2.008)
(AOA024RA17_HUMAN)
Golgin subfamily A member 3 GESPD|G AcGESPD-
YES 3.3x10* 48
Q08378 (GOGA3_HUMAN) NRASTEGESPD|GPGQGGLCQNGPTP | CHO (2.009)
Protein Transport Protein
WDRADI|S AcWDRAD-
Sec16A YES 5.4x10° g
SEAPPGWDRAD|SGPTQPPLSLSPAP CHO (2.010)
015027 (SC16A_HUMAN)
Transcriptional-regulating
QDTRDI|G AcQDTRD-
factor 1 YES 1.3x10° 4
ISPHFPQDTRD|GLGLPVGSKNLGQM CHO (2.011)
Q96PN7 (TREF1_HUMAN)
Holliday junction recognition
ADRTDI|G AcADRTD- Casp3
protein 1.2x10°% <&

DSSMKPADRTD|GSVQAAAWGPELPS | CHO (2.012) 8.3x
Q8NCD3 (HJIURP_HUMAN)

E3 ubiquitin-protein ligase LDVPD|G AcLDVPD
C -
Mdm2 P23804 AQAEEGLDVPD|GKKLTENDAKEPCA YES ND 49
CHO (2.013)
(MDM2_MOUSE)
E3 ubiquitin-protein ligase FDVPDI|C
q P g pic AcFDVPD-
Mdm2 Q00987 TQAEEGFDVPD|CKKTIVNDSRESCV YES ND )
CHO (2.014)
(MDM2_HUMAN)
Ral GTPase-activating
ITVKD|G AcITVKD-
protein subunit alpha-1 YES 1.1x10°% 4

NECLEDITVKD|GLSLQFKRFRETVP CHO (2.015)
Q6GYQO (RGPA1_HUMAN)

*Is the protein sequence cleaved specifically by casp2? 2.012 is cleaved by Casp2 but 8.3x more efficiently by Casp3. **kcat/Km
represents the catalytic efficiency of Casp2. ND = not determined.
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Figure 2.010. Specific Casp2 cleavage sequences of selected natural proteins and the proposed inhibitors: AcYKPVD-CHO (2.008), AcGESPD-
CHO (2.009), AcWDRAD-CHO (2.010), AcQDTRD-CHO (2.011), AcADRTD-CHO (2.012), AcLDVPD-CHO (2.013), AcFDVPD-CHO (2.014), and
AclITVKD-CHO (2.015).
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Table 2.05. Molecular Modeling of Casp2 and Casp3 and the ligands 2.008-2.015, 2.043,

2.059, and 2.060.

Casp2 Casp3
Sequence come- cdock affinity | cdock affinity
AcYKPVD-CHO 2.008 -9.561 -10.126
AcGESPD-CHO 2.009 -13.073 -12.564
AcWDRAD-CHO 2.010 -13.771 -12.706
AcQDTRD-CHO 2.011 -15.376 -13.369
AcADRTD-CHO 2.012 -13.113 -12.475
AcLDVPD-CHO 2.013 -13.080 -13.271
AcFDVPD-CHO 2.014 -12.728 -13.634
AclTVKD-CHO 2.015 -15.328 -13.100
AcDVPD-CHO 2.043 -11.856 -11.896
AcVDKVD-CHO 2.059 -14.613 -13.274
AcDKVD-CHO 2.060 -12.641 -11.952
Reference compounds

AcVDVAD-CHO 2.016 -13.614 -12.148
AcLDESD-CHO 2127 -13.519 -13.369
AcDEVD-CHO 2.128 -13.439 -12.218

Calculation using covalent docking in Schrédinger 2021.3. Casp2 = PDBid: 1pyo, Casp3 =
PDBid: 3edq. Proteins and ligands prepared as described in the section Computational
Chemistry. cdock affinity = covalent docking affinity (kcals/mol).
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2.3.2 Results and Discussion
2.3.2.1 Chemistry

Preparation of aspartic acid loaded semicarbazide amino-Merrifield resin

The synthesis of the aspartic acid loaded semicarbazide amino-Merrifield resin was
realized according to the specifications of Marlowe et al. (1998)'°" and Black et al.
(2001)'°2 with minor modifications in the sequence of the synthesis steps in order to
improve the yield (cf. Scheme 2.01).

COOH COOBn COOBn COOH
a b c
: — > —_— o —_— _ 0 -
: L N o R o
“NH;, “NH, NN SNTONTY
H H H H
(0] (0]
2.001 2.002 2.003

(0]
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o
(0] NH - O NH -
e e
= ,N H )< -
\H)J\” \]/ 0 \HJ\H,NHZ
HN /g
Fmoc
2.007 2.004

Scheme 2.01. Preparation of the resin: (a) Dean-Stark conditions, benzyl alcohol (7.6 eq), p-
toluenesulfonic acid (2.3 eq), toluene, 150 °C, 3 h; (b) CDI (1.2 eq), tert-butylcarbazate (1.2
eq), triethylamine (4.2 eq), DMF, argon, 10 h, rt; (¢) Pd/C (10%), Hz2 (5 bar), MeOH, rt, 15 h;
(d) (1) EDCI (1.2 eq), HOBt (1.2 eq), amino-Merrifield resin (0.6 eq), DMF, rt, 12 h; (2)
trifluoroacetic acid/dichloromethane 1/2 v/v, rt, 2 h; (e) N-methylmorpholine (1.10 eq), isobutyl
chloroformate (1.05 eq), sodium borohydride (2.10 eq), THF, MeOH, 0 °C — -78 °C; (f) oxalyl
chloride (1.2 eq), dimethyl sulfoxide (2.2 eq), DIPEA (3.0 eq), DCM, -78 °C, 2 h; (g) acetic acid
(0.6 eq), THF, rt, 12 h.
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Initially, the carboxyl group of (1r,4r)-4-(aminomethyl)cyclohexane-1-carboxylic acid
was esterified with benzyl alcohol using a Dean-Stark trap to collect water formed
during the reaction. Subsequently, tert-butylcarbazat was coupled to 2.001 using 1,1"-
carbonyldiimidazole, leading to the formation of the desired semicarbazide (2.002).
After hydrogenation of the benzyl group, the semicarbazide linker (2.003) was coupled
to the amino-Merrifield resin (chloromethylpolystyrene-resin) utilizing 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimid (EDCI) and 1-hydroxybenzotriazole (HOBY).
Eventually, the tert-butyloxycarbonyl protecting group was eliminated from the
semicarbazide partial structure by using a mixture of trifluoroacetic
acid/dichloromethane. Subsequently, the semicarbazide amino-Merrifield resin (2.004)
was loaded with an alpha-modified aspartic acid by acetic acid catalyzed reaction of
the reactive aldehyde with the semicarbazide. The aldehyde at the alpha position was
introduced by reducing aspartic acid to tert-butyl (S)-3-((((9H-fluoren-9-
yl)methoxy)carbonyl)amino)-4-hydroxybutanoate (2.005) with sodium borohydride.
This was followed by a Swern oxidation using oxalyl chloride and dimethyl sulfoxide to
form tert-butyl (S)-3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-oxobutanoate
(2.006).

Solid-phase peptide synthesis (SPPS) of the penta-, tetra-, and tripeptides

The peptides were synthesized by manual solid-phase peptide synthesis (SPPS) on
an aspartic acid-loaded amino-Merrifield resin in accordance with the standard Fmoc
strategy (cf. Scheme 2.02). The Fmoc protection group of the N-terminal amino acid
was deprotected with piperidine 20% in DMF (a). The amino acids were coupled to the
amino-Merrifield resin by using HATU/DIPEA or Oxyma/DIC (b). The deprotecting and
coupling steps were repeated until the desired tri-, tetra-, or pentapeptide was built up.
Finally, the N-terminus was acetylated by using acetic anhydride (c). Subsequently,
the peptides were cleaved from the resin, and the side chains of the amino acids were
deprotected by treatment with trifluoroacetic acid (90%) in water (d). The chemical
stability of selected peptides was analyzed at room temperature for 28 days and is
illustrated in chapter 2.7.2.2 (cf. Figures 2.269-2.274).
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Scheme 2.02. Preparation of the peptides on the modified amino-Merrifield resin: (a) piperidine
20% in DMF, 35 °C ,15 min; (b) amino acid (5 eq), HATU/DIPEA (5/5 eq) or Oxyma/DIC (5/5
eq), DMF/NMP (8/2 viv), 35 °C, 45 min (single coupling); (c) acetic anhydride (10 eq), DIPEA
(10 eq), DMF, rt, 30 min; (d) trifluoroacetic acid (90% in water), rt, 1 h.

2.3.2.2 Inhibitory Affinity of Compound 2.008-2.062 in a Fluorometric Enzyme
Assay

The peptide inhibitors were investigated in a fluorescence-based enzyme inhibition
assay using Casp1, Casp2, Casp3, Casp6, Casp7, and Casp9 to elucidate their
structure-activity relationships and selectivity profile. The results are presented as
binding constants (pKi values) in Table 206 and Table 2.07.
The assumption that AcYKPVD-CHO (2.008), derived from the cleavage site of the tau
protein (GSVQIVYKPVD|LSKVTSKCG-; D|L cleavage site), potentially is a highly
active and selective inhibitor for Casp2 was disproved. 2.008 demonstrates no activity
for Casp2 (pKi: 4.56) and Casp3 (pKi: 4.73). Further pentapeptide inhibitors based on
natural proteins (cf. Figure 2.010) cleaved by Casp2 resulted in a series of inhibitors
with distinct affinities. While the peptides AcLDVPD-CHO (2.013) and AcFDVPD-CHO
(2.014) derived from the MDM2 protein (mouse/human) show high affinities for both
Casp2 (pKi: 7.88/7.66 and 8.15/8.03) and Casp3 (pKi: 8.16 and 8.52), the inhibitors
based on the protein Golgin subfamily A member 3 AcGESPD-CHO (2.009) and Ral
GTPase-activating protein subunit alpha-1 AcITVKD-CHO (2.015) demonstrate lower
affinities for Casp2 (pKi: 5.23 and 6.40) and Casp3 (pKi: 6.73 and 6.05) (cf. Table 2.06).
Interestingly, 2.015 is the first Casp2 inhibitor within the series with the absence of
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aspartic acid (Asp) at position 4, showing a moderate affinity for Casp2. The inhibitors
AcWDRAD-CHO (2.010) (based on Protein Transport Protein Sec16A), AcQDTRD-
CHO (2.011) (based on Transcriptional-regulating factor 1), and AcADRTD-CHO
(2.012) (based on Holliday junction recognition protein) have a moderate inhibitory
affinity for Casp2 (pKi value of 6.73-7.34) with approximately the same affinity for
Casp3 (pKi value of 7.00-7.34) (cf. Table 2.06). All natural proteins were selected
because of their specificity of Casp2 cleavage except for the Holliday junction
recognition protein, which serves as a control and SAR point. Apart from this,
compounds 2.009-2.014 show a lack of selectivity for Casp2 (selectivity ranging from
0.03 to 1.00), as already seen for the canonical inhibitor AcVDVAD-CHO (2.016, Casp2
pKi: 7.85; Casp3 pKi: 7.73) (cf. Table 2.06 and Figure 2.011). Only AclITVKD-CHO
(2.015) exhibits a marginal tendency for Casp2 with a selectivity factor of 2 (cf. Table
2.06 and Figure 2.011).
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Figure 2.011. Concentration-response curves of AcYKPVD-CHO (2.008), AcGESPD-CHO
(2.009), ACWDRAD-CHO (2.010), AcQDTRD-CHO (2.011), AcADRTD-CHO (2.012),
AcLDVPD-CHO (2.013), AcFDVPD-CHO (2.014), and AclITVKD-CHO (2.015) at Casp2 (A)
and Casp3 (B) in the fluorometric enzyme assay. Data points represent mean values + SD
from representative experiments, each performed in duplicate.

The alternation of valine in position 5, coming from the canonical inhibitor AcVDVAD-
CHO (2.016), with tyrosine and isoleucine, resulted in a series of peptides that
demonstrate no significant changes with respect to affinity. AcVDVKD-CHO (2.061),
AcYDVKD-CHO (2.028), and AclIDVKD-CHO (2.058) have high inhibitory affinity at
Casp2 (pKi value of 7.63-7.83) with a slight tendency toward selectivity for Casp2
(selectivity ranging from a factor of 5.06-7.53) as opposed to Casp3. Furthermore,
AcVDKVD (2.059) and AcYDKVD-CHO (2.027) show high affinity at Casp2 (pKi: 7.40
and 7.39/7.18). However, they have a lack of selectivity (factor of 1.32 and 0.44/0.27)

in comparison to the before mentioned peptides (cf. Table 2.06). This suggests that

37



Design and Biological Evaluation of Selective Caspase-2 Inhibitors

valine at position 5 is not crucial for the inhibitor and can be exchanged with tyrosine
and isoleucine, whereas the substitution of aspartic acid at position 4 by lysine, coming
from the tau cleavage sequence YKPVD leads to a loss of affinity at Casp2 and Casp3
for all peptides. AcVKVVD-CHO (2.022), AcVKKVD-CHO (2.023), and AcVKVKD-CHO
(2.024) show no affinity at Casp2 in comparison to AcVDVVD-CHO (2.018),
AcVDKVD-CHO (2.059), and AcVDVKD-CHO (2.061) (cf. Table 2.06). The same
applies to AcYKKVD-CHO (2.020) and AcYKVKD-CHO (2.021) in contrast to
AcYDKVD-CHO (2.027) and AcYDVKD-CHO (2.028) (cf. Table 2.06). Moreover, the
peptides AcYKVVD-CHO (2.026) and AcVKPVD-CHO (2.025) demonstrate no affinity
for Casp2 (cf. Table 2.06). AcYDVVD-CHO (2.036) on the other hand, reveals a high
affinity for Casp2 (pKi: 7.50) and Casp3 (pKi: 8.43), with no trend for Casp2 selectivity.
The peptide AcYKPVD-CHO (2.008), emanated from the optimal cleavage sequence
of Casp2 for the tau protein, as well as the peptides AcVDPVD-CHO (2.017),
AcVKPVD-CHO (2.025), AcYDPVD-CHO (2.029), AcVDPPD-CHO (2.034), and
AcVDPKD-CHO (2.035) indicate that proline at position 3 is also not tolerated at Casp2
and Casp3 (cf. Table 2.06). For example, AcVDKPD-CHO (2.033) (Casp2 pK::
7.66/7.38; Casp3 pKi: 7.70) has a high affinity at Casp2 and Casp3, whereas
AcVDPKD-CHO (2.035) (Casp2 pKi: < 4; Casp3 pKi: < 4) leads to a significant loss in
affinity by switching proline from position 2 to position 3. In addition, it was unveiled
that the exchange of valine at P2 and/or P5 by threonine, phenylalanine, alanine, and
isoleucine of compound 2.059 is tolerated. AcTDKTD-CHO (2.030), AcVDKID-CHO
(2.031), AcVDKAD-CHO (2.019), and AcVDKFD-CHO (2.032) exhibit high affinity at
Casp2 and Casp3, without any notable trend toward selectivity (cf. Table 2.06).

The inhibitors derived from the natural cleavage sequences (except AcCYKPVD-CHO
(2.008) and AcGESPD-CHO (2.009)) were truncated to verify the extent to which this
affects the affinities for Casp2 and Casp3. The purpose of shortening was to make the
molecules more drug-like with respect to Lipinski’s rule of 5'° and to pave the way for
future small molecules. Truncations of 2.010 resulted in the tetrapeptide AcDRAD-
CHO (2.037) and the tripeptide AcRAD-CHO (2.038). While 2.037 continues to show
affinity for Casp2 (pKi: 6.39/5.97) and Casp3 (pKi: 6.59), 2.038 evidenced a sharp loss
in affinity for Casp2 (pKi: < 4) and Casp3 (pKi: <4). The same can be observed for the
tetrapeptides AcDTRD-CHO (2.039), AcDRTD-CHO (2.041), and AcDVPD-CHO
(2.043) (Casp2 pKi: 6.35/6.16, 5.80/5.60, and 6.44/6.33; Casp3 pKi: 7.09, 7.09, and
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8.18) and the respective tripeptides AcTRD-CHO (2.040), AcRTD-CHO (2.042), and
AcVPD-CHO (2.044) (Casp2 pKi: <4; Casp3 pKi: < 4, 4.96, and 5.24) (cf. Table 2.06).
The peptide AcTVKD-CHO (2.045) represents a slightly lower affinity for Casp2 (pK::
5.11) and Casp3 (pKi: 4.95) compared to the other tetrapeptides, which can be
explained by the absence of aspartic acid at position 4. In turn, the tripeptide AcVKD-
CHO (2.046) completely loses its affinity for Casp2 (pKi: < 4) and Casp3 (pKi: < 4) (cf.
Table 2.06). It can be summarized that the truncation of the pentapeptides by one
amino acid is tolerated for all tetrapeptides (2.037, 2.039, 2.041, and 2.043) containing
an aspartic acid at position 4. The loss of affinity for Casp2 and Casp3 is somewhat
greater for tetrapeptides having threonine at position 4 (e.g., AcTVKD-CHO (2.045)).
However, the truncation by a further amino acid is accompanied by a sharp loss in
affinity for all tripeptides (2.038, 2.040, 2.042, 2.044, and 2.046). Overall, a more
significant decrease in Casp2 affinity (ranging from 0.67-1.70 logarithmic units) than
Casp3 (ranging from 0.20-0.75 logarithmic units) can be observed for all tetrapeptides.
In the case of AcDRTD-CHO (2.041) and AcDVPD-CHO (2.043) even a slight increase
(ranging from 0.02-0.09 logarithmic units) in Casp3 affinity can be observed compared
to ACADRTD-CHO (2.012) and AcLDVPD-CHO (2.013) (cf. Table 2.06). These
observations go hand in hand with the assumption that a motif of five amino acids is
required for efficient Casp2 inhibition. Regarding the tetrapeptide’s selectivity between
Casp2 and Casp3, it can be observed that 2.037, 2.039, 2.041, and 2.043 are showing
a trend toward Casp3 selectivity (2-71-fold), whereas 2.045 demonstrates no trend in
selectivity (cf. Table 2.06). AcDVKD-CHO (2.062) and AcDKVD-CHO (2.060) are the
corresponding tetrapeptides of the peptides AcVDVKD-CHO (Casp2 pKi: 7.63; Casp3
pKi: 6.91) and AcVDKVD-CHO (Casp2 pKi: 7.40; Casp3 pKi: 7.28). While AcDVKD-
CHO (2.062) and AcDKVD-CHO (2.060) show a significant decrease in affinity for
Casp2 (pKi: 6.05 and 5.61/5.22), the affinity for Casp3 (pKi: 6.61 and 7.79) conserves.
In the case of 2.060, the affinity for Casp3 even increases, making the tetrapeptide a
selective Casp3 inhibitor with a selectivity factor of 151 or 371, respectively. Since
AclTVKD-CHO (2.015) shows the best Casp2 selectivity profile within the inhibitors
derived from natural proteolysis sequences of Casp2, further inhibitors based on 2.015
were developed to gain more insight into the structure-activity relationships between
the inhibitors and the Casp2/Casp3 binding site. Moreover, 2.015 is the only
reasonably active Casp2 inhibitor that does not contain an aspartic acid at the P4

position, which should be beneficial for its pharmacokinetic properties.
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Valine at position P3 was replaced by glycine and alanine. At the same time, the
peptides were shortened to tetra- and tripeptides. This resulted in AcITGKD-CHO
(2.049), AcTGKD-CHO (2.050), AcGKD-CHO (2.051), AcITAKD-CHO (2.052),
AcTAKD-CHO (2.053), and AcAKD-CHO (2.054). The pentapeptide 2.049 (Casp2 pKi:
5.57; Casp3 pKi: 5.75) shows slightly lower affinity for Casp2 and Casp3 than 2.015
(Casp2 pKi: 6.40; Casp3 pKi: 6.05), whereas the affinities maintained for 2.052 (Casp2
pKi: 6.63; Casp3 pKi: 6.27). Tetrapeptides 2.050 (Casp2 pKi: 4.96; Casp3 pKi: 5.47)
and 2.053 (Casp2 pKi: 5.79; Casp3 pKi: 5.92) show lower affinities for Casp2 and
Casp3 than the corresponding pentapeptides (cf. Table 2.06) but the affinity decrease
is more pronounced for Casp2 (0.61 and 0.84) than for Casp3 (0.28 and 0.37). The
tripeptides 2.051 and 2.054 demonstrate no affinity for Casp2 (pKi: < 4) and Casp3
(pKi: < 4). Furthermore, isoleucine at position P5 was replaced by alanine resulting in
AcATVKD-CHO (2.055, Casp2 pKi: 5.86; Casp3 pKi: 5.93). Additionally, serine was
installed at position P2, but the expected selectivity advantage for Casp2 described by
Poreba et al. (2019)% could not be determined for AcITVSD-CHO (2.056, Casp2 pK:
6.01; Casp3 pKi:: 6.24) (cf. Table 2.06). To elucidate further structure-activity
relationships, modifications starting from the canonical inhibitor AcVDVAD-CHO
(2.016, Casp2 pKi: 7.85; Casp3 pKi: 7.73) were carried out. First, the pentapeptide was
truncated to a tetra- and tripeptide, resulting in AcDVAD-CHO (2.047) and AcVAD-
CHO (2.048). 2.047 demonstrates a massive loss of affinity for Casp2 (pKi: 5.95) by 2
logarithmic units, while the affinity for Casp3 (pKi: 7.37) is almost completely preserved
(cf. Table 2.06). Thus, AcDVAD-CHO (2.047) shows a selectivity factor of 26 for Casp3
over Casp2. The tripeptide 2.048 completely loses its inhibitory affinity for Casp2 (pK:i:
< 4) and Casp3 (pKi: < 4). In another attempt to gain selectivity for Casp2, serine at
position P2 of the canonical inhibitor was incorporated, but once again, the desired
effect could not be detected for AcVDVSD-CHO (2.057, Casp2 pKi: 7.26; Casp3 pKi:
7.29) (cf. Table 2.06).
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Table 2.06. Binding data (pKi values) and selectivity ratios of peptides 2.008-2.062 at Casp2

and Casp3.
pKi £ SEM Selectivity
Sequence Com ratios of
9 P- Casp2 N Casp3 K; (Casp2:
Casp3)
AcYKPVD-CHO | 2.008 456+0222 | 3 4.73 £0.05 1:1
AcGESPD-CHO | 2.009 523+0.122 | 4 6.73+0.14 32:1
7.34£0.042 | 2 1:1
AcWDRAD-CHO | 2.010 5991005 | 2 7.34 £0.05 51
AcQDTRD-CHO | 2.011 7.02+0.062 | 3 7.14 £0.16 1:1
AcADRTD-CHO | 2.012 6.73+0.052 | 3 7.00 £ 0.09 2:1
7.88+£0.012 | 2 2:1
AcLDVPD-CHO | 2.013 2662002 | 2 8.16 £ 0.04 31
8.15+£0.092 | 2 2:1
AcFDVPD-CHO | 2.014 803:007° | 2 8.52 + 0.06 31
AcITVKD-CHO 2.015 6.40+0.162 | 4 6.05 £0.06 1:2
AcVDVAD-CHO | 2.016 7.85+0.032 | 5 7.73+£0.04 1:1
AcVDPVD-CHO | 2.017 482+0.08 | 2 5.70 £ 0.03 8:1
AcVDVVD-CHO | 2.018 7.77£0.062 | 4 7.81+0.07 1:1
7.352 1 1:1
AcVDKAD-CHO | 2.019 ~ 09008 | 2 7.22+0.13 T
AcYKKVD-CHO | 2.020 <42 2 <45 -
<42 1
AcYKVKD-CHO | 2.021 <4 -
< 4b 1
AcVKVVD-CHO | 2.022 < 4b 2 5.16 £ 0.04 > 141
<42 1
AcVKKVD-CHO | 2.023 YT 1 4.78 £ 0.02 >6:1
AcVKVKD-CHO | 2.024 <42 2 <4 -
AcVKPVD-CHO | 2.025 <42 2 4.88 £0.03 > 8:1
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Table 2.06 (continued)

pK; £ SEM Sele.ctivity
Sequence Comp ratios of
Casp?2 N Casp3 Ki (Casp2:
Casp3)
AcYKVVD-CHO | 2.026 < 4b 2 5.31+£0.05 > 20:1
7.39+£0.012 | 2 2:1
AcYDKVD-CHO | 2.027 ~1gb 1 7.75+0.07 a1
AcYDVKD-CHO | 2.028 7.83+0.022 | 4 7.13 £0.01 1:5
<42 1
AcYDPVD-CHO | 2.029 YT 1 5.61+£0.03 > 40:1
6.84 £0.122 | 2 1:2
- +
AcTDKTD-CHO | 2.030 6.53 1 7.03 £ 0.04 31
7.57£0.032 | 2 1:1
AcVDKID-CHO 2.031 716 1 7.57 £0.11 31
7.24 £0.042 | 2 1:1
AcVDKFD-CHO | 2.032 678 1 7.34 £ 0.04 a1
7.66 +0.022 | 2 1:1
AcVDKPD-CHO | 2.033 7 3gb 1 7.70+£0.14 51
AcVDPPD-CHO | 2.034 <4a 2 <45 -
<42 1
AcVDPKD-CHO | 2.035 <4 -
< 4b 1
AcYDVVD-CHO | 2.036 7.50+0.02> | 3 8.43 £ 0.04 8:1
6.39° 1 2:1
AcDRAD-CHO 2.037 599:002° | 2 6.67 £ 0.08 51
< 42 1 ] -
AcRAD-CHO 2.038 YT 5 < -
6.35+0.032 | 2 5:1
AcDTRD-CHO 2.039 632:016° | 2 7.09 £ 0.05 51
AcTRD-CHO 2.040 <42 2 <4 -
5.80+0.022 | 2 18:1
AcDRTD-CHO 2.041 549+ 011° | 2 7.09 £ 0.05 391
AcRTD-CHO 2.042 < 4b 2 4.96 + 0.09 >9:1
6.44 £0.012 | 2 55:1
AcDVPD-CHO 2.043 633:003 | 2 8.18 £0.12 =11
AcVPD-CHO 2.044 < 4b 2 5.24 £ 0.04 >17:1
AcTVKD-CHO 2.045 511 +0.042 | 2 4.95 + 0.04 1:1
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Table 2.06 (continued)

pK; £ SEM Sele.ctivity
Sequence Comp ratios of
Casp?2 N Casp3 n | Ki(Casp2:
Casp3)
AcVKD-CHO 2.046 <4a 2 <4 2 -
AcDVAD-CHO 2.047 5.95+0.19° 3 7.37 £0.11 3 26:1
AcVAD-CHO 2.048 < 4b 2 <4 2 -
AclTGKD-CHO 2.049 5.57 £0.012 2 5.75+0.22 2 2:1
AcTGKD-CHO 2.050 4.96 + 0.032 2 5.47 £ 0.02 2 3:1
AcGKD-CHO | 2.051 <4 1 4 §

c - .05 <P 5 < 2 -
AclTAKD-CHO 2.052 6.63 = 0.042 3 6.27 £ 0.05 3 1:2
AcTAKD-CHO 2.053 5.79+0.102 2 5.92 +0.01 2 1:1

<42 1 -
AcAKD-CHO 2.054 <4 2
< 4b 2 -
AcATVKD-CHO 2.055 5.86 + 0.03° 2 5.93+0.05 2 1:A1
AclTVSD-CHO 2.056 6.01 + 0.10° 3 6.24 £+ 0.04 3 2:1
AcVDVSD-CHO | 2.057 7.26 + 0.06° 3 7.29 £0.03 3 1:A1
AcIDVKD-CHO 2.058 7.68 £ 0.022 4 6.80 £ 0.05 4 1:8
AcVDKVD-CHO | 2.059 7.40 £0.012 5 7.28 £ 0.09 4 1:1
5.61 £ 0.06° 2 151:1
AcDKVD-CHO 2.060 521003 5 7.79 £0.02 4 3711
AcVDVKD-CHO | 2.061 7.63 £ 0.022 4 6.91 £ 0.04 4 1:5
AcDVKD-CHO 2.062 6.05+ 0.07° 3 6.61 £ 0.03 3 4:1

Data shown are mean values + SEM of N independent experiments, each performed in
duplicate or triplicate. Data were analyzed by nonlinear regression and and were best fitted to
sigmoidal concentration—response curves using 4PL regression using GraphPad Prism. Data
represent pK: values determined with Casp2. PData represent pK; values determined with
cpCasp2. Saturation binding curves of the enzymes can be seen in chapter 2.7.5
(cf. Figures 2.286, 2.287, and 2.288).
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Table 2.07. Binding data (pKi values) of selected peptides (2.008-2.016, 2.018, 2.028, 2.043,
2.052, 2.058, 2.059, 2.060, and 2.061) at Casp1, Casp6, Casp7, and Casp9.

Sequence Comp. pKi * SEM
Casp1 | N| Casp6 |[N| Casp7 | N| Casp9 |N
ACYKPVD-CHO | 2.008 | <4 |2 <4 |2 ‘8_5134: 2| <45 |2
AcGESPD-CHO | 2.009 6(';20* 2| <4 |2 56?5 1* 2 5(')6_511 1* 2
RAORD | | S 2 L i
AcQDTRD-CHO | 2.011 5('53 1* 2| <4 |2 6:3; 2| <4 |2
ACADRTD-CHO | 2.012 5(';_35’71 2| <4 |2 66?(:)3: 2 4(';_311 41' 2
AcLDVPD-CHO | 2.013 7(')?821' 2 4(';_35 81' 2 7('?3 1* 2 5(')6_51601 2
AcFDVPD-CHO | 2.014 7(')?371' 2 4(';_33 41' 2 8(')(_)17 f 2 5(')?271 2
AcITVKD-CHO | 2.015 6(')?3 61' 2 5(';_137* 2 5('515 4i 2 4(';_‘55* 2
AGVDVAD-CHO | 2.016 70'%(1;" 2| <4 |2 E%if 2 505272;" 2
AcVDVVD-CHO | 2.018 6(')(_"3 gi 2 4(')?8 1* 2 7&?; 2 5(';_352 1* 2
ACYDVKD-CHO | 2.028 6(')?3 1* 2| <4 |2 76(.)3 f 2 4(';52* 2
AcDVPD-CHO | 2.043 7(')1_ g; 2| <4 |2 76?3: 2 6(')?58* 2
ACITAKD-CHO | 2.052 5(';_33 41' 2 4(')(_532* 2 5(')‘_1321 2 4:?; 2
AcIDVKD-CHO | 2.058 66(_)321' 2| <4 |2 6(')?3; 2| <45 |2
AcVDKVD-CHO | 2.059 5(')?; 81' 2| <4 |2 76?3: 2 4(';37 51' 2
AcDKVD-CHO | 2.060 6(')1_ g 61' 2| <4 |2 7(';311 Oi 2 5(')‘_13 51' 2
AcVDVKD-CHO | 2.061 6(';? 41' 2| <4 |2 66?351 2| <45 |2

Data shown are mean values + SEM of N independent experiments, each performed in
duplicate or triplicate. Data were analyzed by nonlinear regression and were best fitted to
sigmoidal concentration—-response curves using 4PL regression using GraphPad Prism.
Saturation binding curves of the enzymes can be seen in chapter 2.7.5
(cf. Figures 2.285 and 2.289-2.291).
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In addition, a panel assay at Casp1, Casp6, Casp7, and Casp9 (cf. Table 2.07) was
carried out for selected peptides (2.008-2.016, 2.018, 2.028, 2.043, 2.052, 2.058,
2.059, 2.060, and 2.061). The peptide AcYKPVD-CHO (2.008) shows no major affinity
for Casp1, Casp6, Casp7, and Casp9, while the canonical inhibitor AcVDVAD-CHO
(2.016) is active at Casp1 (pKi: 7.06), Casp7 (pKi: 7.08), and Casp9 (pKi: 5.57) (cf.
Table 2.07 and Figure 2.012). The pentapeptides AcGESPD-CHO (2.009) and
AcADRTD-CHO (2.012) display moderate inhibitory affinities for Casp1 (pKi: 6.52 and
5.83), Casp7 (pKi: 5.72 and 6.93), and Casp9 (pKi: 5.61 and 4.81) and no affinity for
Casp6 (pKi: < 4). AcWDRAD-CHO (2.010) and AcQDTRD-CHO (2.011) exhibit
moderate affinities for Casp1 (pKi: 6.48 and 5.51) and Casp7 (pKi: 6.83 and 6.55) and
low affinities for Casp6 (pKi: 4.64 and < 4) and Casp9 (pKi: 4.96 and < 4) (cf. Table
2.07 and Figure 2.012). AcLDVPD-CHO (2.013, Casp1 pKi: 7.30; Casp6 pKi: 4.57;
Casp7 pKi: 7.68; Casp9 pKi: 5.66) and AcFDVPD-CHO (2.014, Casp1 pKi: 7.34; Casp6
pKi: 4.85; Casp7 pKi: 8.07; Casp9 pKi: 5.98) derived from the MDM2 protein
(mouse/human) are highly active for Casp1 and Casp7. The affinity for Casp9 is lower,
while for Casp6 no noticeable affinity can be observed (cf. Table 2.07 and
Figure 2.012). The peptide AcITVKD-CHO (2.015) exhibits moderate to low affinity for
Casp1 (pKi: 6.35), Casp6 (pKi: 5.48), Casp7 (pKi: 5.25), and Casp9 (pKi: 4.46). The
tetrapeptide AcDVPD-CHO (2.043, Casp1 pKi: 7.15; Caspb pKi: < 4; Casp7 pKi: 7.74;
Casp9 pKi: 6.32) shows a similar affinity profile as AcLDVPD-CHO (2.013) and
AcFDVPD-CHO (2.014) (cf. Table 2.07). Finally, AcITAKD-CHO (2.052) demonstrates
moderate to low affinities for Casp1 (pKi: 5.84), Casp6 (pKi: 4.69), Casp7 (pKi: 5.48),
and Casp9 (pKi: 4.59) (cf. Table 2.07 and Figure 2.012) and AcDKVD-CHO (2.060)
displays high affinity for Casp7 (pKi: 7.51), moderate affinity for Casp1 (pKi: 6.17),
Casp9 (pKi: 5.41), and low affinity for Casp6 (pKi: < 4) (cf. Table 2.07). AcVDKVD-CHO
(2.059) and AcVDVKD-CHO (2.061) exhibit inhibitory affinity at Casp1 (pKi: 5.97 and
6.18), Casp7 (pKi: 7.28 and 6.25), and Casp9 (pKi: 4.77 and < 4.5), and no affinity at
Caspb (pKi: < 4). Further panel results are summarized in Table 2.07 Displacement
curves from representative competition binding experiments (Casp1, Casp2, Casp3,
Casp6, Casp7, and Casp9) are displayed in chapter 2.7.6 (cf. Figures 2.292-2.327).
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Figure 2.012. Selectivity profile within the caspase family (A) AcYKPVD-CHO (2.008), (B)
AcGESPD-CHO (2.009), (C) AcWDRAD-CHO (2.010), (D) AcQDTRD-CHO (2.011), (E)
AcADRTD-CHO (2.012), (F) AcFDVPD-CHO (2.014), (G) AclTVKD-CHO (2.015), and (H)
AcVDVAD-CHO (2.016). The dashed line indicates an at least 100-fold selectivity for Casp2.
No dashed line is displayed for the inhibitor 2.008 as the activity for all caspases is relatively
low. Bars represent the mean + SEM of at least two individual experiments each performed in
duplicate or triplicate.

2.3.2.3 Site-Directed Mutagenesis of Tau Protein: The Role of P5-P2 Residues in
Caspase-2-Mediated Tau Cleavage
The engineering and expression of a series of recombinant tau mutants in addition to
the wild-type form are supposed to understand better the contributions of amino acid
residues at P5, P4, P3, and P2 to caspase-2-catalyzed cleavage of tau, one of its
naturally occurring substrates. The time-dependent in vitro cleavage assay
demonstrates that while a K-to-D mutation at P4 or a P-to-V mutation at P3 is not
altering tau cleavage, combining these two mutations leads to a 25-fold increase in the
cleavage product after a 4 h reaction. Meanwhile, a triple mutation of tau at P5-P3
(i.e., YKP-to-VDV) results in a 6-fold increase in the cleavage product after a 4 h
reaction (cf. Figure 2.013). These findings are consistent with the results of the in vitro
characterization of peptidic inhibitors (cf. AcYKPVD-CHO (2.008), AcVDVAD-CHO
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(2.016), AcVDVVD-CHO (2.018), AcYKVVD-CHO (2.026), AcYDPVD-CHO (2.029),
and AcYDVVD-CHO (2.036)) observed in the pharmacological experiments.

Y310V Y310V K311D
A WT K311D P312v K311D P312V K311D P312V P312V V313A
(YKPVD314) (YDPVD314) (YKVVD314) (YDVVD314) (VDVVD314) (VDVAD34)
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Figure 2.013. The contributions of P5-P2 residues to in vitro Casp2-catalyzed tau cleavage.
(A) Representative Western blots (tau-13) showing in vitro Casp2-catalyzed cleavage of a
variety of tau mutants in a time-dependent manner. The emergence and yield of the ~35-kDa
cleavage product (ending at D314, arrow) differed among investigated tau mutants. (B)
Quantification. Levels of the cleavage product were normalized to levels of full-length tau
(asterisk in A) at T = 0; Experiments were performed in duplicates; Means (open symbols),
and standard deviations (SDs, error bars) are shown; Repeated measures ANOVA was
performed to compare effects of tau mutants (F (5, 6) = 279.60, P < 0.0001), followed by
Tukey'’s post hoc test (***, p < 0.001, tau Y310V K311D P312V V313A vs. tau WT, tau K311D,
or tau P213V; #, p = 0.05-0.06, tau K311D P312V vs. tau WT, tau K311D, or tau P213V).

2.3.2.4 Crystallography

Novel complexes of peptidic covalent inhibitors with Casp3 have been
crystallographically characterized in the course of this work. These are complexes with
compounds 2.008, 2.017, 2.043, and 2.059. Different unique crystal forms (space
groups P2; and P2424121) arise from identical crystallization conditions. Each form
includes an activated heterotetramer in the crystallographic asymmetric unit.
Diffraction quality varies within this collection of structures from 2.11 to 2.73 A. Even
though the diffraction quality varies, unequivocal confirmation of the covalent bond
between the C-terminal aspartic acid of the peptides and the catalytic cysteine
(Cys163) exists.
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Figure 2.014. An overlay of AcDVPD-CHO (pink) and AcVDVAD-CHO. The P2 proline does
not alter the conformation or H-bonding in subsites S1-S4.

In most structures, clear electron density identifies the position of each bound peptide
across its entire length (see omit maps included in Table 2.08). The only exceptions
are complexes with the peptides AcYKPVD-CHO (2.008) and AcVDPVD-CHO (2.017)
containing proline at P2. For compound 2.008, no density is present to permit the
positioning of any of the peptides upstream of the P3 proline. From the absence of
density, it can be inferred that the peptide has no preferred conformation for the AcYK
moieties. Some density exists to allow for positioning of the P3 proline and P4 aspartic
acid in the complex with 2.017, but the P4 aspartic acid sidechain and the P5 valine
backbone have exchanged places, presumably necessitated by conformational
limitations imposed by the P3 proline. There is no density for the N-terminal acetate.
The absence of order is not entirely unexpected, given the very low affinity (25-52 pM)
of the peptides with the P3 proline. A comparison of the complex of compound
AcDVPD-CHO (2.043) and the canonical inhibitor AcVDVAD-CHO is provided in
Figure 2.014. Backbone H-bonds are conserved in both complexes, illustrating that
truncation of pentapeptides to tetrapeptides does not affect the backbone binding
conformation. Interestingly, a proline in the tetrapeptide sequence does not alter the
backbone binding confirmation either, leading to the hypothesis that the ring in the
proline structure locks the peptide into the binding confirmation. Limiting the number of
possible binding confirmations creates a more favorable enthalpy of binding (Gibbs
free energy of binding) and could help explain the increase in potency of compound
AcDVPD-CHO (2.043) at both Casp2 and Casp3 as compared to other tetrapeptides
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in the series (e.g., AcDVAD-CHO (2.047) and AcDVKD-CHO (2.062)). Further

crystallographic data and refinement statistics are provided in Table 2.08.

Table 2.08. Crystallographic data and refinement statistics for Casp3 co-crystal Structures with

compounds 2.008, 2.017, 2.043, and 2.059.

Data collection and processing

Compound 2.008 2.017 2.043 2.059
Ligand AcYKPVD-CHO | AcVDPVD-CHO AcDVPD-CHO AcVDKVD-CHO
PDB ID code 7rne 7rnd 7usq 7rnf

Omit Map (3s)

Resolution range 63.38-2.73 40.9-2.15 36.28-2.71 33.54-2.11
(A) (2.83-2.73) (2.23-2.15) (2.81-2.71) (2.19-2.11)
Space group P 212424 P 2, P2, P 2,

b ¢ (A) 68.10 84.16 50.31 68.61 50.171 67.821 50.34 67.08
a, b, c

96.33 81.80 82.641 82.18
a,b,g () 90 90 90 90 90.45 90 90 90.146 90 90 91.14 90
Observations 30366 (2948) 57475 (5421) 28232 (2039) 59043 (6105)
Unique
) 15215 (1471) 29662 (2924) 14731 (1222) 30149 (3101)

reflections
Multiplicity 2.0(2.0) 1.9(1.9) 1.9(1.7) 2.0(2.0)
Completeness
%) 99.43 (99.59) 97.35 (96.79) 96.52 (79.70) 95.41 (99.81)

(o]
Mean I/s(l) 10.85 (2.95) 12.15 (4.49) 15.89 (3.10) 9.26 (2.28)
Wilson B-factor

42.48 26.45 46.99 30.85

(A?)
Rmerge 0.0387 (0.2103) | 0.0383 (0.1936) | 0.02661 (0.1783) | 0.0450 (0.3021)
CC1/2 0.998 (0.946) 0.998 (0.931) 0.999 (0.926) 0.998 (0.861)
ccr 1.00 (0.986) 0.999 (0.982) 1(0.981) 0.999 (0.962)
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Table 2.08 (continued)

Structure Refinement

(A%)

Compound 2.008 2.017 2.043 2.059
Ligand AcYKPVD-CHO | AcVDPVD-CHO AcDVPD-CHO AcVDKVD-CHO
Reflections used 15156 (1471) 29638 (2924) 14717 (1221) 30132 (3102)
Riee reflections
737 (76) 1421 (145) 721 (35) 1497 (179)

(5%)
Rwork 0.1904 (0.2870) 0.1687 (0.2033) 0.1633 (0.2252) 0.1782 (0.2066)
Riree 0.2535 (0.3852) 0.2218 (0.2778) 0.2410 (0.3343) 0.2368 (0.2630)
CCuork 0.961 (0.890) 0.965 (0.935) 0.958 (0.904) 0.966 (0.924)
CCiree 0.920 (0.796) 0.945 (0.806) 0.907 (0.750) 0.926 (0.814)
Non-hydrogen

3798 4021 3905 3977
atoms
Solvent

33 151 47 124

molecules
Protein residues 471 475 474 472
Bonds (A?) 0.008 0.007 0.009 0.008
Angles (°) 0.95 1.37 1.08 0.95
Ramachandran Analysis
Favored (%) 96.95 97.41 96.32 97.61
Allowed (%) 3.05 2.16 3.68 2.39
Ouitliers (%) 0 0.43 0 0
Rotamer outliers 4 1 1.87 0
Clashscore 7.91 3.92 8.1 4.57
Mean B-factor

42.48 28.92 46.92 34.62

*Values in parenthesis refer to the highest resolution shell.
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2.3.3 Conclusion

Within this approach, it was aimed to elucidate the caspase-2 binding site by a series
of new peptides and the resulting SAR. In particular, the differences with respect to
caspase-3 should be investigated to get closer to the goal of highly potent and selective
caspase-2 inhibitors. Besides the classic key motif of caspase-2 inhibitors, consisting
of five amino acids, the inhibitors were truncated to tetrapeptides and tripeptides, which
should result in a better bioavailability and a more drug-like character of the ligands
with respect to Lipinski's rule of 5 (Ro5)."% For this purpose, 54 peptides were
synthesized and tested for their inhibitory affinity at Casp2 and Casp3. Selected
inhibitors were subjected to a panel assay screening to investigate affinities at Casp1,
Casp6, Casp7, and Casp9 to get more information about the selectivity within the
caspase family. The ligands are structurally derived from the canonical inhibitor
AcVDVAD-CHO (2.016), the tau cleavage sequence YKPVD, and other specific sites
of caspase-2-mediated proteolysis (e.g., Golgin-160 and Transcriptional-regulating
factor 1). The inhibitor AcYKPVD-CHO (2.008) deriving from the optimal tau cleavage
sequence has not shown to be an active Casp2 inhibitor. The same applies to all other
inhibitors containing proline at position 3 (e.g., AcVDPVD-CHO (2.017) and AcVDPKD-
CHO (2.035)) or lysine at position 4 (e.g., AcCVKVKD-CHO (2.024) and AcYKVKD-CHO
(2.021)). The best inhibitory affinity at Casp2 (pKi value of 7.63-7.83) and selectivity
over Casp3 (selectivity ranging from a factor of 5.06-7.53) is demonstrated by the
hybrid peptides (combination of AcVDVAD-CHO and AcYKPVD-CHO), AcVDVKD-
CHO (2.061), AcYDVKD-CHO (2.028), and AcIDVKD-CHO (2.058). Within the other
cleavage sequences, the inhibitors AcLDVPD-CHO (2.013) and AcFDVPD-CHO
(2.014) demonstrate the highest affinity for Casp2 (pKi: 7.88/7.66 and 8.15/8.03).
Nevertheless, it must be noted that 2.013 and 2.014 display no selectivity for Casp2
over Casp3. Truncation of 2.013 and 2.014 resulted in the tetrapeptide AcDVPD-CHO
(2.043, Casp2 pKi: 6.44/6.33; Casp3 pKi: 8.18) with 2.043 showing Casp3 selectivity.
Overall, the truncation of pentapeptides to tetra- and tripeptides do not lead to Casp2
selectivity. In the case of tripeptides, even a total collapse of Casp2 and Casp3
activities can be observed. These findings support the assumption that a motif of five
amino acids is required for efficient Casp2 inhibition in this class of peptidic, reversible
inhibitors. The pentapeptide AclITVKD-CHO (2.015, Casp2 pKi: 6.40) is the only
inhibitor derived from the natural cleavage sequences to show marginal selectivity for

51



Design and Biological Evaluation of Selective Caspase-2 Inhibitors

caspase-2 (2-fold selectivity). Interestingly, it does not contain aspartic acid at position
P4. Regarding Casp3 selectivity AcDKVD-CHO (2.060) (Casp2 pKi: 5.61/5.22; Casp3
pKi: 7.79), the corresponding tetrapeptide of AcVDKVD-CHO (2.059, Casp2 pKi: 7.40;
Casp3 pKi: 7.28), proves to be the most selective Casp3 inhibitor in this series with a
selectivity factor of 151 or 371, respectively. Furthermore, an in vitro cleavage assay
with a series of recombinant tau mutants [e.g., K311D P312V (YDVVD314)] was
performed and showed results that coincide with the results of the in vitro Casp2
binding data. In summary, the results of this study provide an extensive knowledge of
the structure—activity relationships (SAR) of a large number of peptides with various
activities and selectivities within the caspase family. These findings provide a

reasonable basis for the development of selective Caspase-2 inhibitors.
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2.4 Development of Highly Selective Casp2 Inhibitors by Introducing Basic
Amino Acids at P2/P3 to Address Glu52 in the Binding Pocket of Casp2 and
by Using Literature-known Structural Features that are Linked to Casp2
Selectivity

1) Targeting Glu52 in the Casp2 binding pocket
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¢ Fluorescence-based enzyme inhibition assay
(Casp1, Casp2, Casp3, Casp6, Casp7, and
Casp9)

o In vitro cleavage assay: Measuring Atau314
formation by Casp2

¢ Investigation of P301S tau accumulation in
dendritic spines

« Efficacy of inhibitors on P301S tau-induced
functional deficits in dendritic spines

Casp2 is an essential component of a pathological cascade, causing synaptic and
cognitive deficits by a disproportionate accumulation of the neuronal protein tau in
dendritic spines. The design of highly selective and potent Casp2 inhibitors is of
immense relevance to deciphering whether the pathological effects of Casp2 on
synaptic function are due to its catalytic or noncatalytic properties. The peptides that
have been developed in the course of this work did not demonstrate the desired
selectivity so far. Hence, another series of peptides was developed by combining two
design strategies. First of all, by targeting Glu52 in the binding pocket of Casp2.
Secondly, by introducing literature-known structural features known for Casp2 activity
and selectivity. This resulted in a series of highly selective and active Casp2 inhibitors
(e.g., 2.101, 2.106, 2.107, and 2.108). In an in vitro assay based on Casp2-mediated
cleavage of tau, compound 2.106 blocked the production of Atau314. Moreover,
compound 2.106 prevented tau from accumulating excessively in dendritic spines and
rescued excitatory neurotransmission in cultured primary rat hippocampal neurons

expressing the P301S tau variant linked to FTDP-17, a familial tauopathy.
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241 Design Rationale

As already mentioned, Casp2 and Casp3 reveal structural differences in their binding
site. Whereas Casp2 is characterized by the presence of Glu52 in proximity to the S2
and S3 subsite, Casp3 features an uncharged threonine instead. (see chapter 2.3.1,
Figure 2.008A and 2.008B).%° This diversity is of particular interest because it allows
addressing exclusively Casp2 over Casp3, by introducing basic amino acids at P2 and
P3 of the peptide scaffold that interact with the negatively charged Glu52 in the binding
pocket. To reinforce the hypothesis and to accelerate the lead optimization process, a
covalent inhibitor docking protocol employing CovDock of the Schrodinger Software
Suite was implemented. This aims to predict relative binding affinities for Casp2 and
Casp3. To confirm that computational methods can recapitulate a reasonable binding
pose, covalent docking studies were first performed with ligands AcVDVAD-CHO
(2.016), AcLDESD-CHO (2.127), and AcDEVD-CHO (2.128), previously co-
crystallized with caspases 2 and 3.961% The resulting docking scores reflect the
expected high affinity that these peptide inhibitors show experimentally for both
caspases (cf. Table 2.09). Moreover, the predicted poses recapitulate the
crystallographically determined structures with good fidelity (cf. Figure 2.008D). This
docking protocol was then applied to pentapeptides related to AcVDVAD-CHO that
include a positively charged amino acid in place of the P3 valine or the P2 alanine to
virtually quantify any potential benefit in Casp2 affinity or selectivity of installing a group
that can make a favorable ionic interaction with the Glu52 unique to Casp2
(cf. Figure 2.008A). The scoring suggests that AcVDKVD-CHO (2.059), but in
particular AcVDRVD-CHO (2.066) and AcVDV(Dab)D-CHO (2.069) might have a
higher affinity for Casp2 (cf. Table 2.09). Significant affinity enhancement was not
predicted in modeling with Casp3, suggesting that this may indeed be a viable
approach to achieve more selective inhibition. Therefore, peptides analogs of
AcVDKVD-CHO (2.059), AcVDVKD-CHO (2.061), AclTVKD-CHO (2.015), and
AcATVKD-CHO (2.055) (all synthesized in the first series) with amino acids arginine,
ornithine, diaminobutyric acid (Dab), and diaminopropionic acid (Dap) were
synthesized (cf. Figure 2.015). In order to test the hypothesis that the charge is
beneficial and not just the larger sidechains, inhibitors AcVD(AcK)VD-CHO (2.067),
AcVDV(AcK)D-CHO (2.073), and AcITV(AcK)D-CHO (2.084) were also synthesized
as negative controls with a non-basic terminal amide (cf. Figure 2.015). All peptides
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within this approach were shortened to tetra- and/or tripeptides to give insights into the
SAR and to verify if a decrease of the molecular weight is feasible to make the

molecules more drug-like with respect to Lipinski’s rule of 5.193

Table 2.09. Molecular Modeling of Casp2 and Casp3 and the ligands 2.066, 2.069, 2.078, and
2.081.

Sequence Comp. Casp2 Casp3

cdock affinity cdock affinity

AcVDRVD-CHO 2.066 -15.055 -12.768
AcVDV(Dab)D-CHO 2.069 -15.523 -13.871
AcITV(Dab)D-CHO 2.078 -12.972 -12.876
AcITV(Dap)D-CHO 2.081 -14.278 -12.721

Reference compounds

AcVDVAD-CHO 2.016 -13.614 -12.148
AcLDESD-CHO 2.127 -13.519 -13.369
AcDEVD-CHO 2.128 -13.439 -12.218

Calculation using covalent docking in Schrédinger 2021.3. Casp2 = PDBid: 1pyo, Casp3 =
PDBid: 3edq. Proteins and ligands prepared as described in the section Computational
Chemistry. cdock affinity = covalent docking affinity (kcals/mol).
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Figure 2.015. Substitution of AcVDVXD-CHO at P2, AcVDXVD-CHO at P3, and AclTVXD-
CHO at P2 with various basic amino acids and interaction with Glu52 in the active site of
Casp2; negative control with acetylated lysine.
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In addition, known structural elements of previous structure-activity-relationship (SAR)
studies that demonstrated good selectivity and activity were combined for a rational-
design strategy (cf. Figure 2.017).'% Maillard et al. (2011) modified the canonical
inhibitor ~ AcVDVAD-CHO (2.016) by installing the racemic 6-
methyltetrahydroisoquinoline-1-carboxylic acid (6-Me-THIQ-COOH) at P2 position,
resulting in an inhibitor with a slight selectivity trend toward Casp3.%9? The results of this
study revealed that sterically demanding amino acids preferably fit into the S2 subunit
of Casp2. Therefore, enantiopure (R)-6-Me-THIQ-COOH and (S)-6-Me-THIQ-COOH
were introduced as structural features, leading to AcVDV(S-Me-THIQ)D-CHO (2.093)
and AcVDV(R-Me-THIQ)D-CHO (2.094). This enables the evolution of even more
selective and active peptides for Casp2. The R-enantiomer serves both as a negative
control and to estimate the influence of the stereochemical properties of amino acids
at P2. hL-glutamic acid (hE), with its extended side chain, accurately fits in the S4
subsite of Casp2, while the cyclic (S)-indoline-2-carboxylic acid (Idc) perfectly embeds
in the S5 subsite. Casp2 inhibitors containing these structural features are
characterized by a significantly increased selectivity over Casp3.%3 Taking AcVDV(S-
Me-THIQ)D-CHO (2.093) as a lead compound, hL-glutamic acid (hE) and (S)-indoline-
2-carboxylic acid (ldc) were introduced in P4 and PS5, resulting in Idc(hE)V(S-Me-
THIQ)D-CHO (2.101). In addition, quinaldic acid (derived from TRP601 of Chauvier et
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al. (2011)%), another sterically demanding group, was incorporated in place of the N-
acetyl moiety, leading to (Quin)VDV(S-Me-THIQ)D-CHO (2.097).
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Figure 2.016. Structures of pharmaceutical drugs voxelotor (A), nirmatrelvir (B), atazanavir
(C), and marimastat (D).

All of the previously mentioned Casp2 inhibitors are characterized by their reversible
covalent mechanism containing an aldehyde (-CHO). Conducting early SAR studies
using an aldehyde as a reactive group is popular because of the fast and easy
accessibility of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>