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ALP — Autophagy-lysosome pathway
ALS — Amyotrophic lateral sclerosis
APP — Amyloid B-protein precursor
AS-PLA — a-Synuclein proximity ligation assay
AP — Amyloid B-protein
BBB — Blood-brain barrier
CBD — Corticobasal degeneration
CFP — Cyan fluorescent protein
CNS — Central nervous system
CTE — Chronic traumatic encephalopathy
DLB — Dementia with Lewy bodies
DOPC - 2-dioleoyl-sn-glycero-3-phosphocholine
DRM — Desmin-related myopathy
ECD-MS — Electron-capture dissociation coupled with mass-spectrometry
ERK2 — Extracellular signal-regulated kinase 2
FAM — 6-fluorescein amidite
FRET — Fluorescence-resonance energy transfer
FTD — Frontotemporal dementia

FUS — Fused in sarcoma
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GCI — Glial cytoplasmic inclusions
GFAP — Glial fibrillary acidic protein
GFP — Green-fluorescent protein
GSN — Gelsolin
GUVs — Giant unilamellar vesicles
HCMYV — Human cytomegalovirus
HD — Huntington’s diseases
HMW — High-molecular-weight
hpf — Hours post-fertilization
HSF1 — Heat shock transcription factor 1
i.c.v. — Intracerebroventricular
L.V. — Intravenous
IHC — Immunohistochemistry
IM-MS — Ion mobility spectroscopy—mass spectrometry
iPSC — Induced pluripotent stem-cell
ITC — Isothermal calorimetry
LBs — Lewy bodies
LC — Light chain

LSDs — Lysosomal storage diseases
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MPS III — Mucopolysaccharidosis type 111
MSA — Multiple system atrophy
MTBD — Microtubule binding domain
MTs — Molecular tweezers
NPC — Niemann-Pick disease type-C
p-tau — Hyperphosphorylated tau
PAP — Prostatic acid phosphatase
PBS — Phosphate-buffered saline
PD — Parkinson’s disease
PFFs — Pre-formed fibrils
PLP — Proteolipid protein
polyQ — Polyglutamine
PS1 — Presenilin 1
PSM — Phenol-soluble modulin
PSP — Progressive supranuclear palsy-
QM/MM - Quantum mechanics/molecular mechanics
RAN — Repeat-associated non-AUG
RBE — Rat brain extract

REMD — Replica exchange molecular dynamics
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S.C. — Subcutaneous
SCI — Spinal-cord injury
SEM — Semenogelin
SN — Substantia nigra
SNc — Substantia nigra pars compacta
SOD1 — Superoxide dismutase 1
SUMO — Small ubiquitin-like modifier
TAMRA — 5-carboxytetramethylrhodamine
TDP-43 — Transactive response DNA binding protein 43 kDa
TEM — Transmission electron microscopy
TH — Tyrosine hydroxylase
ThS — Thioflavin-S
ThT — Thioflavin-T
ULP1 — Ubiquitin-like protease 1
UPS — Ubiquitin-proteasome system
VMAT?2 — Vesicular monoamine transporter 2
YFP — Yellow fluorescent protein
ZF — Zebrafish-

a-syn — o-Synuclein
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Abstract

Lysine-selective molecular tweezers (MTs) are supramolecular host molecules displaying a
remarkably broad spectrum of biological activities. MTs act as inhibitors of the self-assembly
and toxicity of amyloidogenic proteins using a unique mechanism. They destroy viral
membranes and inhibit infection by enveloped viruses, such as HIV-1 and SARS-CoV-2, by
mechanisms unrelated to their action on protein self-assembly. They also disrupt biofilm of
Gram-positive bacteria. The efficacy and safety of MTs have been demonstrated in vitro, in cell
culture, and in vivo, suggesting that these versatile compounds are attractive therapeutic
candidates for various diseases, infections, and injuries. A lead compound called CLRO1 has
been shown to inhibit the aggregation of various amyloidogenic proteins, facilitate their
clearance in vivo, prevent infection by multiple viruses, display potent anti-biofilm activity, and
have a high safety margin in animal models. The inhibitory effect of CLROl against
amyloidogenic proteins is highly specific to abnormal self-assembly of amyloidogenic proteins
with no disruption of normal mammalian biological processes at the doses needed for inhibition.
Therapeutic effects of CLRO1 have been demonstrated in animal models of proteinopathies,
lysosomal-storage diseases, and spinal-cord injury. Here, we review the activity and mechanisms

of action of these intriguing compounds and discuss future research directions.

#7202 ‘0T |1dy uo sfeuinor 134S Y e 6.o'seulno isdse: Asawreyd wol) papeo jumoq


http://pharmrev.aspetjournals.org

Pharmrev Fast Forward. Published on 22 December 2022 as DOI 10.1124/pharmrev.122.000654 This
article has not been copyedited and formatted. The final version may differ from this version.

Significance Statement

Molecular tweezers are supramolecular host molecules with broad biological applications,
including inhibition of abnormal protein aggregation, facilitation of lysosomal clearance of toxic
aggregates, disruption of viral membranes, and interference of biofilm formation by Gram-
positive bacteria. This review discusses the molecular and cellular mechanisms of action of the
molecular tweezers, including the discovery of distinct mechanisms acting in vitro and in vivo,

and the application of these compounds in multiple pre-clinical disease models.
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I. Introduction

Over 50 human diseases are known as proteinopathies, in which aberrant protein self-assembly
into toxic oligomers and aggregates are causative or play a major role in the pathogenesis
(Buxbaum, 1996; Golde et al., 2013; Knowles et al., 2014). Proteinopathies include a wide range
of diseases, such as neurodegenerative disorders in which Alzheimer’s disease (AD) and
Parkinson’s disease (PD) are the most prominent examples (Hardy and Selkoe, 2002; Hardy and
Higgins, 1992). Each disorder can be associated with abnormal self-assembly of one or more
amyloidogenic proteins into intra- and/or extracellular characteristic deposits, for example,
amyloid plaques and neurofibrillary tangles in AD, and Lewy bodies (LBs) in PD. Although the
insoluble aggregates long have been thought to cause the associated diseases, smaller, soluble
oligomers have been shown to be more toxic and today are believed to be the main culprits
causing the pathogenesis in different proteinopathies (Delenclos et al., 2019; Karpinar et al.,
2009; Kayed et al., 2020; Lasagna-Reeves et al., 2011; Nimmrich and Ebert, 2009; Outeiro et al.,
2008; Pham et al., 2010; Shankar et al., 2007; Verma et al., 2015; Winner et al., 2011). The
oligomers, and in some cases also the insoluble deposits, disrupt cellular processes leading to
dysfunction and eventually death of the target cells. Despite decades of research, the cause and
exact mechanisms of spontaneous misfolding, self-assembly, cytotoxicity, and accumulation of
the culprit proteins in each proteinopathy remain elusive (Goedert, 2015; Jucker and Walker,
2013; Marciniuk et al., 2013). Proteinopathies are most common in the central nervous system
(CNS), likely due to the high metabolic demands of neurons and their inability to reduce the
concentration of the offending proteins through division. Interestingly, in many genetic

proteinopathies, e.g., polyglutamine diseases, the offending abnormal proteins form toxic
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assemblies primarily in the CNS even though they are expressed ubiquitously in neuronal and

non-neuronal cells in the periphery (Bradford et al., 2010).

Despite tremendous effort to develop therapeutic strategies targeting toxic protein assemblies, to
date, most of the available treatments aim only to ease the symptoms and almost no efficient
disease-modifying therapy has been established (Bitan, 2019; Mullard, 2021). Thus, there is an
urgent need to develop efficient disease-modifying therapeutic strategies for prevention,
treatment, and cure of proteinopathies. Therapeutic approaches including reducing the expression
of the offending proteins, enhancing their clearance, inhibiting the self-assembly process, and
blocking downstream aggregation-induced cellular toxicity pathways or upstream events
triggering protein misfolding and aggregation have been explored. Multiple modalities including
gene therapy, biologics, peptides, chaperons, and small molecules have been developed to target
common features of amyloidogenic proteins in different proteinopathies (Rahimi et al., 2016;
Yadav et al., 2019). However, to date, the field has experienced >99% failure of these attempts
in clinical trials (Katsuno et al., 2012; Mullane and Williams, 2020; Yiannopoulou et al., 2019),
emphasizing the unique nature of amyloidogenic proteins as molecular pathogens created by our
body itself, as opposed to exogenous pathogens or cancer cells, which offer a higher degree of

non-self-character, facilitating their targeting by various drug modalities.

We have been developing an unusual class of therapeutic small molecules (Figure 1), molecular
tweezers (MTs), which act as broad-spectrum protein-self-assembly inhibitors. MTs use a unique
mechanism of action and have been shown to be promising drug candidates for proteinopathies
(Attar and Bitan, 2014; Hadrovic et al., 2019; Malik et al., 2018; Schrader et al., 2016). Unlike
canonical small-molecule drugs, which typically act as inhibitors of enzymes or receptors and

bind their targets with high specificity and nM affinity, MTs do not bind to a specific protein, but

12

#7202 ‘0T |1dy uo sfeuinor 134S Y e 6.o'seulno isdse: Asawreyd wol) papeo jumoq


http://pharmrev.aspetjournals.org

Pharmrev Fast Forward. Published on 22 December 2022 as DOI 10.1124/pharmrev.122.000654 This
article has not been copyedited and formatted. The final version may differ from this version.

rather to exposed Lys (and to a lower extent Arg) residues with low uM affinity. As might be
expected for such a moderate affinity, the binding is highly labile, as was demonstrated by
surface-plasmon resonance experiments (Bier et al., 2013). This mode of binding allows MTs to
interfere with weak intermolecular interactions, such as those mediating the formation of
aberrant protein oligomers and aggregation seeds, without disrupting the structure or function of
normal proteins, where the operating forces have been optimized by millions of years of
evolutions and therefore are substantially stronger. An additional important factor contributing to
the selectivity of the MTs is the fact that in misfolded or natively unstructured proteins, Lys (and
Arg) residues tend to be exposed to the solvent and available for MT binding, as opposed to
normal, globular proteins, in which the positively charged residues often are involved in salt
bridges and other interactions and therefore are hindered from interacting with the sterically

demanding MTs.

The first two compounds in the molecular-tweezer family tested for their ability to inhibit
abnormal protein aggregation were CLRO1 and CLRO02, which share the same torus-shaped
hydrocarbon skeleton and differ in the bridgehead groups — phosphate in CLROI and
methylphosphonate in CLRO02 (Figure 1a). A derivative comprising only the bridgehead
component, but lacking the side arms, CLRO03 (Figure 1c), has been used as a negative control
in these and subsequent experiments. Both CLR01 and CLR02 were found to inhibit the
aggregation of amyloid B-protein (AP) in these initial experiments, yet further testing showed
that CLRO02 was toxic in cell culture. In contrast, CLRO1 showed mild toxicity only at
concentrations > 400 uM and therefore became a lead compound used in most of the studies

discussed here.

13
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The inhibition of AP aggregation was interpreted initially as resulting from disruption of the salt-
bridge between Lys28 and Glu22/Asp23 in AP, in addition to hydrophobic interactions between
the butylene moiety of Lys28 and the sidechain of Val24. These interactions had been
hypothesized to stabilize the folding nucleus of AP (Lazo et al., 2005) and were found also in
early fibril structures of AB40 (Antzutkin et al., 2000). However, characterization of the binding
sites of CLRO1 on AP using electron-capture dissociation coupled with mass-spectrometry
(ECD-MS) showed that the primary binding site was Lys16, rather than Lys28 (Sinha et al.,
2011), likely because Lys16 participates in fewer intramolecular interactions and is exposed to
the solvent, ready for interaction with the MT (Sinha et al., 2012b). These findings led us to
realize that binding to exposed Lys residues in amyloidogenic proteins, rather than interrupting a
particular interaction, might be sufficient for disrupting the aberrant self-assembly of these
proteins and prompted testing of CLRO1 against multiple other proteins involved in various
proteinopathies (Sinha et al., 2011). A few years later, an examination of CLRO01 as an inhibitor
of the semen amyloid proteins involved in HIV infection (SEVI) (Miinch et al., 2007) resulted in
the discovery of the direct effect of the compound on viral membranes (Lump et al., 2015) and

opened the gate for exploring this separate therapeutic application.

Here we review the multiple studies following-up on these initial discoveries, which have
involved over 30 research groups around the world. We discuss the different applications of MTs
to various disease models, their mechanism of action, currently pending questions, and future

directions toward development of these promising compounds for human therapy.

II.  Discovery of Lys-/Arg-selective MTs
The molecular skeleton of the MTs was developed by design in a research program dedicated to

aromatic interactions. Kldrner et al.’s original idea was to create a rigid cavity, which would be
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at the same time nonpolar and rich in n-electrons. To this end, they combined isolated benzene
rings in a convergent arrangement leading to through-space interactions between the separated
aromatic systems. The resulting belt-like architecture turned out to be ideally suited for inclusion
of cationic guest molecules. It was used as a platform for supramolecular aromatic inclusion
events allowing studying inter alia n-cation interactions (Kldrner and Kahlert, 2003; Klarner and
Schrader, 2013). However, due to the overall nonpolar character of these hydrocarbon
compounds, all the initial investigations remained limited to organic solvents. Later, when
anionic functionalities were introduced into the central hydroquinone ring, the situation changed
profoundly, and binding experiments became possible in buffered aqueous solutions. This led to
the discovery of selective Lys and Arg inclusion by a unique mechanism, largely relying on the
hydrophobic effect and Coulomb interactions between opposite host and guest charges (Fokkens
et al.,, 2005). The following part details the total synthesis of the parent MT skeleton and
subsequent transformations to MTs of successive generations, featuring various anions, linkers,
and additional functional elements. It is followed by a general summary of the compounds’
molecular recognition properties with respect to amino acids, peptides, and proteins, which laid

the foundation for their various biological applications.

A. Total synthesis of MTs
The stereoselective construction of such a rigid aromatic framework with all syn-connections is
not trivial. For the synthetic chemist, the target structure invites applying Diels-Alder reactions
with varying electron demand as these lead to six-membered rings in a suprafacial approach with

predictable relative stereochemistry.

A retro-synthetic analysis (Scheme 1) of the main transformations necessary for the construction

of the belt-like arrangement of aromatic rings indeed reveals that the ideal key step is a repetitive
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Diels-Alder cycloaddition between two building blocks—5,6-bismethylene-2,3-benzonorbornene

1 as a “diene” and a 1,4,5,8-bismethanotetrahydroanthracene 2 as a “bisdienophile”.

The diene is prepared in six steps starting from indene and maleic anhydride (Scheme 2) (Atasoy
et al., 1994; Butler and Snow, 1975). At high temperature (200 °C), indene is in an equilibrium
with a small, non-detectable amount of isoindene, which is produced by a sigmatropic 1,5-
hydrogen shift. This exocyclic diene is trapped in Situ by a normal Diels-Alder reaction with
maleic anhydride which serves as the dienophile (Alder et al., 1942). The anhydride adduct is
converted subsequently in four conventional steps into trans-5,6-di(chloromethyl)-2,3-
benzonorbornene. Base-induced HCI elimination leads to the desired diene 1, often called the

“side wall”, because it later forms the two cavity walls.

The bisdienophile 2 substituted by acetoxy groups in the central benzene ring is prepared in four
steps (Scheme 3) (Benkhoff et al., 1997). The adduct of the initial Diels-Alder reaction between
1,3-cyclopentadiene and p-benzoquinone is converted by base-induced keto-enol tautomerization
to the corresponding hydroquinone, which is oxidized, without isolation, by p-benzoquinone to
5,8-methano-5,8-dihydronaphtho-1,4-quinone. Diels-Alder reaction of this quinone with 1,3-
cyclopentadiene at -78 °C yields a mixture of the Ssyn and anti adducts in a 62:38 ratio.
Fractionating crystallization leads to the pure Syn-adduct, which is converted in one step to the
desired bisdienophile 2 by a base-catalyzed keto-enol tautomerization and acylation with acetic
anhydride. 2 is also called the “center piece” as it represents the chemically reactive central

element of the MT.

In the key step, two equivalents of diene 1 are subjected to a double Diels-Alder cycloaddition
with one equivalent of bisdienophile 2. The repetitive Diels-Alder reactions between these two

building blocks proceed on the exo face of the bisdienophile and the endo face of the diene. This
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stereoselectivity leads to the bis-adduct in which all four methylene bridges are positioned Ssyn to
one another — a prerequisite for creating the MT structure. Oxidative dehydrogenation of both
newly formed cyclohexene moieties using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
produces the all-aromatic MT bearing two acetoxy groups on the central benzene ring in an
overall yield of 59%. Reduction of the acetoxy groups by LiAlH4 leads to the free hydroquinone

MT 3 in a 98% yield (Scheme 4) (Klirner et al., 1999; Klirner et al., 1996).

Hydroquinone MT 3 is the starting material for the synthesis of water-soluble MTs CLRO1-
CLROS (Scheme 5). A phosphate or phosphonate function is introduced by reaction with POCl;
or MePOCl, in the presence of triethylamine. Subsequent hydrolysis using dilute HCI and
neutralization by NaOH affords phosphate MT CLRO1 (Talbiersky et al., 2008) and phosphonate
MT CLRO02 (Fokkens et al., 2005). Treatment of hydroquinone MT 3 with a sulfur trioxide
pyridinium complex in anhydrous pyridine and subsequent work-up with saturated aqueous
NaHCO; leads to the sulfate MT CLRO04 (Dutt et al., 2013a). Finally, the carboxylate analogue
is prepared by nucleophilic substitution of the hydroquinone MT on methyl bromoacetate in the
presence of potassium carbonate and potassium iodide. Hydrolysis of the ester groups by sodium

hydroxide affords the carboxylate MT CLROS (Dutt et al., 2013a).

Due to their low pK values, all MTs are anionic in neutral buffer. It is worth mentioning that
each phosphate group of CLRO01, which carries two negative charges, is partially protonated at
pH 7 so that the negative charge of each group is about -1.5, creating a trianionic species under

these conditions.

Further functionalization of the parent MTs proved problematic. In principle, one anionic moiety
is sufficient to lock into an ion pair with the included guest cation. However, substitution of one

phosphate anion by ether or ester groups blocks the cavity entrance by dispersive and
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hydrophobic forces (Dutt et al., 2013b). In a systematic investigation, all nonionic aliphatic
substituents with more than two carbon atoms in a row at the two central phenolic OH groups
were found to lower the MT’s affinity for Lys substantially. Evidence for additional dispersive
interactions with the cavity entrance was obtained by crystal structures supported by molecular
modeling. Medium and large substituents even showed self-inclusion in the MT’s cavity, further
increasing the enthalpic penalty for the decomplexation step. After many attempts, it became
clear that both anionic groups must be preserved in order to keep the cavity open. Additional
binding sites may thus be introduced by way of monoesterification of the pendant phosphate
anions. This leads to new MTs carrying one or two alkyl or alkynyl phosphate monoesters,
which are still water-soluble. Intriguingly, the alkyne moiety prevents self-inclusion inside the
MT cavity, because the high local m-electron density of the triple bond leads to strong
electrostatic repulsion by the convergent aromatic residues. A good indicator for this is the

respective EPS value.

Two efficient synthetic routes were found for the introduction of additional substituents. The first
route utilizes phosphate activation by trichloroacetonitrile, followed by a reaction with the
corresponding alcohol and neutralization with NaOH as depicted in Schemes 6 and 7. The
second strategy is the milder phosphoramidite method, which is not discussed here (Heid et al.,

2018).

Careful hydrolysis of the diacetoxy MT with one equivalent of NaOH furnishes the
unsymmetrical monoacetoxy MT in 98% yield, which is the starting material for asymmetric
MTs. Scheme 7 shows how the free phenol is phosphorylated first and esterified, before the

remaining acetoxy group is cleaved and also phosphorylated. This protocol affords, e.g., the
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important key intermediate monobutynyl MT, which can be directly coupled to virtually any

azide derivative by way of a click reaction (Heid et al., 2018).

Fluorescence labels, such as TAMRA in CLR16 or fluorescein in CLR18, thus can be
subsequently introduced into the terminally alkynylated MT intermediates if they carry a
sterically accessible azide group (Scheme 8). Click chemistry employing a Cu(II) source and a
reducing agent or Cu(I) halides proceeds smoothly in water/THF mixtures. Intriguingly, none of
the reactants needs to carry a protecting group owing to the orthogonal nature of azide and
alkyne functionality. The final products are purified by preparative reverse-phase HPLC,
typically on a standard RP-18 stationary phase. These fluorescently labelled MTs were utilized in
cell imaging experiments to track CLRO1 derivatives in lysosomes and related cell organelles (Li

et al., 2021).

B. Binding of guest molecules by MTs
Though the MT cavity is designed to accommodate cationic guest molecules, there is always
competition by undesired self-inclusion of the functionalized phosphate or other “arms” inside
the cavity. The inclusion properties of all MTs were assessed by various titration techniques and
analytical experiments. In general, inclusion of a guest molecule inside the MT cavity leads to
massive upfield shifts of proton NMR signals in the included guest, concomitant with
fluorescence quenching in the host molecule. Further evidence was obtained from isothermal
calorimetry (ITC) titrations and crystal structures. These techniques allow to separate the desired
guest inclusion from the unwanted self-inclusion or dimerization effect and to quantify both

Processes.

The first evidence for the (unwanted) preferential binding of an alkyl chain inside the MT cavity

came from a single-crystal structure and the 'H-NMR spectrum of the MT substituted by two
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OCH,CO,CH,CHj3 groups in the central benzene ring, a precursor of CLRO5 (Figure 2A)
(Klarner et al., 2004; Klirner et al., 1996). The single-crystal structure showed unambiguously
that the ethyl group of one sidechain was bound inside the tweezer cavity whereas the other one
is positioned outside (Figure 2B). In the 'H-NMR spectrum, the signals assigned to the ethyl
protons of both sidechains are shifted to smaller & values by Ad = 0.8 ppm (CH;) and 1.6 ppm
(CHs), respectively, compared to the corresponding signals of the bisdienophile lacking the MT
sidewalls (Figure 2A). These shifts certainly are the result of the magnetic anisotropy of the
surrounding MT benzene rings around the sidechain. The observation of only one CH; or CHj3
signal for both ethyl groups leads to the conclusion that the inclusion and exclusion of the
OCH,CO,CH,CH3; sidechains in the cavity are fast and dynamic processes on the NMR
timescale (Figure 2C) leading to an averaging of chemical shifts of the included and excluded
sidechain. Further support for this conclusion came from the '"H-NMR data of the MT substituted
by one OCH,CO,CH,CH; and one OAc group (Figure 2D). In this case, the complexation-
induced 'H NMR shifts A8 of the sidechain ethyl protons were almost twice as large as those
found for the MT disubstituted with two OCH,CO,CH,CHj3 groups indicating that in this case
the sidechain was completely included inside the MT cavity and did not exchange with the
excluded conformation. Very similar effects of self-inclusion were later identified in other

asymmetric MTs carrying one phosphate group and an aliphatic substituent (Dutt et al., 2013b).

Similarly, intermolecular binding of guest molecules inside the MT cavity can be detected by
characteristic shifts of the '"H NMR guest signals resulting from the magnetic anisotropy of the
surrounding MT benzene rings. In addition, the host-guest complex formation can also be
observed by changes in the fluorescence spectra of the MTs during the addition of guest

molecules.
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Before we begin the discussion of the host-guest complex formation, it is worth mentioning that
the 'H-NMR spectra of the phosphate- and sulfate-substituted MTs, CLR01 and CLR04, are
themselves concentration-dependent in aqueous buffer (Dutt et al., 2013a). In particular, the 'H
NMR signals assigned to the protons attached to the tips of the terminal benzene rings were
found to shift in aqueous solution as a function of the MT concentration. The maximum shifts of
these 'H NMR signals were determined by dilution titration to be Adnax = 2.2 ppm for CLRO1
and 2.0 ppm for CLR04 compared to the data measured in CD3;OD. These findings suggested the
formation of the weakly associated dimers, for which the dimerization constants were found to
be Kpim = 60 M for (CLRO1), and 370 M for (CLR04), in aqueous solution, evidently
resulting from non-classical hydrophobic interactions. Force-field calculations (Figure 3)
suggest intertwined dimer structures in agreement with the observed 'H-NMR signal shifts of the
benzene protons at the tips. Notably, this week association is in contrast to an extended MT in
which the central aromatic benzene was replaced by a naphthalene carrying two
methylphosphonate groups. This naphthalene MT formed a highly stable intertwined dimer (Kpjp,
=2.3-10° M) in agreement with the hydrophobic effect, which is expected to be larger for the
more extended hydrocarbon skeleton in this case compared to that of the corresponding benzene
MT, CLRO02 (Klirner et al., 2006). The 'H NMR spectra of the other MTs described here show
little to no concentration dependence suggesting that they exist as monomers in dilute aqueous

solutions.

All MTs show strong emission bands at Ae, = 330 nm in their fluorescence spectra upon
excitation at A = 285 nm. Comparison with the fluorescence spectrum of 1,4-
dimethoxybenzene (Aem = 320 nm) allows the assignment of the MTs’ emission band to the

substituted central hydroquinone group (Dutt et al., 2013a). Binding of guest molecules by MTs
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leads to a partial quenching of these emission bands. Thus, complex formation can be monitored
by fluorescence spectroscopy, allowing the respective binding constants, K,, and hence the
dissociation constants Ky (Kg = 1/K,) to be determined by fluorimetric titration experiments

(Figure 4).

1. Amino acid and peptide Recognition.
The complexation behavior of CLR01, CLR02, CLR04, and CLR05 was examined against
various Lys and Arg derivatives as well as small, bioactive peptides containing Lys or Arg
residues, such as the tripeptide KAA used to build bacterial cell walls (Williams and Bardsley,
1999), KLVFF, which is at the central hydrophobic cluster within the amyloid B-protein (Af)
sequence (Tjernberg et al., 1997), which is considered a nucleation site for pathologic protein
aggregation, and KTTKS, a peptide that sends a signal to injured cells to regenerate their own

collagen, with potential applications in the anti-aging technology (Tsai et al., 2007).

Representative Ky values from fluorimetric titration experiments are summarized in Table 1.
They allow the following conclusions: CLR01, CLR02, and CLR04 are highly selective for Lys
and Arg. For example, CLRO1 does not bind to a peptide derived from the N-terminus of islet
amyloid polypeptide (IAPP,.7), which does not contain either Lys or Arg, but binds readily to
IAPP,_;, which contains a Lys at position 1 and to IAPP,.;4, which contains an Arg at position
11. This confirms earlier results obtained with CLR02, which was shown to complex Lys more
strongly than Arg and much more strongly than His. Other amino acids (e.g., Asp, Ser, Phe, Leu,
Ala, or Gly) did not bind this MT at all (Fokkens et al., 2005). In contrast to these MTs the O-
CH,COs-substituted MT, CLROS5, binds Lys or Arg derivatives significantly weaker (Table 1).
Interestingly, despite the weaker binding, this derivative showed strong inhibition of bacterial

biofilm by mechanisms that are not completely understood (Malishev et al., 2021).
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Dissociation constants determined independently by 'H-NMR and ITC titration experiments
(Dutt et al., 2013a) were in good agreement with fluorescence titrations in Table 1. In addition to
the complex stability characterized by these Ky values, the maximum complexation-induced
shifts of the 'H-NMR guest signals, A, provided important information about the host-guest
complex structures. In the complexes of the phosphate-, phosphonate-, and sulfate-substituted
MTs, CLRO01, CLR02, and CLRO04, respectively, large Adn. values, up to 6 ppm, were
observed for the signals of the guest methylene protons assigned to the Lys or Arg sidechains.
These findings suggested threading of these sidechain through the MTs’ cavity. In contrast, in

the complexes of the carboxylate-substituted CLROS5, the Admn.x values of the corresponding

guest protons were substantially smaller, Adn.x < 1 ppm, indicating complex structures different
from those of CLRO1, CLR02, or CLR04 (Table 2). To gain further structural insight, the
structures of the free MTs, free guest molecules, and the corresponding host-guest complexes
were optimized using quantum mechanics/molecular mechanics (QM/MM) methods (Figure 4).
The resulting molecular structures were subsequently used for 'H-NMR chemical shift
calculations by quantum chemical ab initio methods (11). The comparison of the experimental
and calculated "H-NMR shift data supported the host-guest complex structures. Large theoretical
shifts were calculated for the -, - and e-methylene protons of the Lys or Arg sidechains in
complexes with CLRO1, CLR02, and CLR04 in agreement with the experimental data,
supporting the threading of these sidechains through the MT cavity. Additional confirmation of
the postulated binding mode was obtained by single-crystal structure analyses of the complexes

of CLRO1 with 14-3-3 proteins (Bier et al., 2017; Bier et al., 2013).

As mentioned above, the small shifts observed and calculated for the complexes of CLRO0S with

Lys or Arg guest protons suggested a different binding mode for this MT, in which the
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sidechains bind outside the cavity (Figure 5). To test this hypothesis, theoretical Adn.x values
were calculated independently for complexes in which the guest sidechain was positioned either
inside or outside the cavity. Comparison of the calculated chemical shifts with the experimental
ones suggested that although both complexes might exist in a rapid equilibrium, binding outside
the cavity is strongly preferred (Table 2). Apparently, the extended OCH,CO," groups in CLRO05
block the MT’s cavity and direct the guest molecule to a position outside the cavity where the
major host-guest binding force is electrostatic attraction. QM/MM calculations produced chelate
arrangements between both carboxylate anions in CLRO05 and the complexed amino acid cation
outside the MT’s cavity, which are possible due to the presence of the additional methylene
group in the OCH,CO;" sidechain, which is absent in the other MTs (Figure 5). The loss of CH-
7t and hydrophobic interactions in this geometry explains why the complexes of CLROS with the
Lys/Arg sidechain included inside the cavity are significantly less stable than those of CLRO1 or
CLRO04. Evidently, dispersive interactions inside the MTs’ cavities and hydrophobic forces

contribute substantially to the stability of the inclusion complexes.

The unique threading binding-mode of Lys and Arg sidechains inside the MT cavity leads to an
exceptional selectivity of most MT derivatives for basic amino acids. Hydrophobic forces,
dispersive, and electrostatic attractions contribute to the MT’s affinity toward these amino acids,
which is typically in the low micromolar regime. These findings are valid not only for the amino
acids themselves, but also for flexible peptides in which each single basic amino acid is sterically
accessible for MT inclusion (Figure 6). For example, three CLRO1 molecules were found to bind
to the triply cationic peptides AP40 and AP42 peptides (Sinha et al., 2011), whereas the

dicationic peptide IAPP carried only two CLRO1 molecules (Lopes et al., 2015). Importantly,
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both AP and IAPP are natively unstructured peptides in which the cationic sidechains are

exposed to the solvent, allowing the MT to bind to all the available positions.

2. Protein surface recognition.
On natively-folded, compact protein surfaces, titration experiments with MTs showed binding of
multiple MT molecules, but in these cases, the number of the molecules was found by
crystallography to be substantially lower than the number of available binding sites because only
those Lys and Arg residues that were exposed allowed binding of the sterically demanding MTs
(Bier et al., 2013). QM/MM calculations predicted a less-efficient binding mode for the MTs on
protein areas with several basic amino acids in close proximity. In these cases, the MTs may
prefer to form electrostatic clusters employing multiple Coulomb interactions in a chelate type,

without inclusion of sidechains inside their cavities (QM/MM) (Bier et al., 2013).

A study addressing the binding mode and binding sites of supramolecular host molecules known
to bind cationic amino acid residues compared side-by-side MTs, sulfonated calixarenes,
pyrenes, and porphyrins using ubiquitin as a model protein target. The direct comparison
revealed that these compounds differed greatly in their preference for different target areas on the
protein surface. Thus, whereas CLRO1 preferentially bound to Lys residues in the unstructured,
flexible C-terminal tail of the protein, whereas the other compounds tended to occupy folded
surface patches rich in Arg residues (Mallon et al., 2016). The study, which used 2D-NMR
experiments and molecular modeling suggested that MT ligands prefer binding to accessible Lys
residues in conformationally flexible protein regions, supporting their ability to interfere
selectively with misfolding and self-assembly of amyloidogenic proteins while leaving normal

processes mediated by folded proteins undisturbed. Similarly, recognition of the flexible Lys-
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rich C-terminus of the effector protein SpHtp3 by CLRO1 prevented the protein’s interaction

with its cognate receptor protein, gp96, and inhibited cell entry of parasites (Trusch et al., 2018).

Several crystal structures between CLRO1 and different proteins illustrated the exquisite
selectivity for Lys and Arg and confirmed the postulated unique threading binding-mode
involving ion pair formation (Bier et al., 2017; Bier et al.,, 2013). They also pointed to a
combination of Coulomb attraction with the hydrophobic effect and a strong preference of the
nonpolar MT skeleton for nonpolar patches on the protein surface (Figure 7). The same
noncovalent interactions are relevant for aggregation processes, and form the basis of our
postulated process-specific inhibition of such processes, as opposed to protein-specific binding,
which was found to be very weak, namely in the high micromolar regime (Talbiersky et al.,
2008). NMR evidence also showed multiple incidences of MTs binding well accessible Lys or
Arg residues at exposed locations, e.g., at the edge of a-helices or at isolated basic sites (Trusch
et al., 2018). These experimental findings were accompanied by QM/MM calculations and MD
simulations and led to empirical rules for preferred Lys surroundings for tweezer docking.
QM/MM calculations also helped to distinguish among ambiguous NMR effects so that
neighboring Lys residues with similar HSQC cross peaks could be precisely assigned (Fokkens
et al., 2005; Trusch et al., 2018). Fluorescence polarization titrations revealed the ability of MTs
to interfere with protein—protein interactions despite their weak binding (Bier et al., 2017; Bier et
al., 2013; Trusch et al., 2018), a prerequisite for redirecting the path of protein aggregation.
Beuck et al. studied MT binding to proteins containing uniformly '*C,"*N-labeled Lys and Arg
and employed 2D H2(C)N spectra for the precise analysis of Lys/Arg complexation on protein
surfaces (Figure 8). This method now allows to determine the exact binding order on all

preferred binding sites (Hogeweg et al., 2017). All these findings are of fundamental importance
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for understanding and describing the complexation behavior of MTs on naturally occurring
peptides and proteins. They also form the basis for explaining and predicting the powerful effects

of MTs as modulators/inhibitors of aberrant protein aggregation.

3. Membrane recognition.
Similar considerations are important for the inclusion of the trimethylammonium choline
headgroup of membrane-forming phospholipids. Intriguingly, direct 'H-NMR titrations of
sphingomyelin and related phospholipids with CLRO1 produced marked upfield-shifts of the N-
Me signal of up to 3 ppm (Weil et al., 2020). Clearly, the cationic NMe;" choline head group can
be accommodated inside the tweezer cavity. This new, unique binding mode was proposed based
on extensive MD simulations and QM/MM calculations of CLRO1 docked onto model
membranes. As a result of the calculations, the tweezer body was drawn even further into the
lipid bilayer, and offers a straightforward explanation for the increased surface tension of the

viral membrane (Weil et al., 2020).

Further mechanistic elucidation came from fluorescence microscopy imaging of liposome
models (GUVs) which imitated ordinary cell membranes with DOPC as their only lipid
component (Lump et al., 2015; Weil et al., 2020). Viral membranes were simulated with DOPC
and 30% additional lipid rafts, i.e., cholesterol and sphingomyelin. After CLRO1 addition, pure
DOPC liposomes remained unchanged, but liposomes containing lipid rafts broke exactly at the
border between fluorescently labeled DOPC and the rafts, leading to complete leakage of the
included blue dye out of the liposomes. The data suggest that the disruption of the lipid-raft
containing membranes was due to the MT-induced increase in surface tension at the boundary
between different lipid phases. A direct proof for the surface disruption was obtained using

extensive electron microscopy measurements, which documented surface perturbation, and in
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some cases massive deformation of spherical viral particles and a total loss of peplomers (Weil et

al., 2020).

These findings prompted introduction of lipid anchors to the phosphate anions in form of
aliphatic or aromatic esters. Cell culture and mouse experiments demonstrated a significant, up
to 100-fold improvement in ICsy values of antiviral activity into the nanomolar regime,
demonstrating that the additional ester arms had a powerful destabilizing effect on the viral
membranes. Subsequent SAR studies pointed to certain linear alkyl and benzyl esters as new

lead structures, which are currently being examined against a broad variety of viruses.

The experiments discussed above lead to a detailed understanding of the forces underlying

membrane disruption of viral envelopes and their application as broad antivirals (Le et al., 2022).

III. Biological Applications

The following sections discuss the effect of MTs on different diseases and pathologic conditions

and their potential as therapeutic agents for these conditions.

A. Synucleinopathies and related conditions
The primary pathology in synucleinopathies, including PD, dementia with Lewy bodies (DLB),
and multiple system atrophy (MSA) is the abnormal intracellular accumulation and deposition of
a-synuclein (a-syn), a 140-residue protein whose structure and function are active areas of
investigation (Ghiglieri et al., 2018; Runwal and Edwards, 2021; Sulzer and Edwards, 2019).
Interestingly, a-syn deposits are in neurons in PD and DLB, where they are called LBs and Lewy
neurites, and primarily in oligodendrocytes in MSA, in which the deposits are called glial
cytoplasmic inclusions (Dickson, 2001). Although a small fraction of a-syn is thought to form a

native, o-helix-rich tetramer (Bartels et al., 2011; Wang et al., 2011), the protein is mostly
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intrinsically disordered. Upon oligomerization and aggregation, a-syn acquires prion-like
properties, facilitating propagation of these toxic assemblies from cell to cell (Bartels et al.,
2011; Desplats et al., 2009; Fauvet et al., 2012). Different studies have suggested that a-syn
oligomers are the most toxic species contributing to the pathology of different synucleinopathies
(Martin et al., 2012; Outeiro et al., 2008; Winner et al., 2011) and to the propagation of the
misfolded, toxic structures in a prion-like manner (Clavaguera et al., 2015; Hijaz and Volpicelli-
Daley, 2020; Jucker and Walker, 2013; Lee et al., 2010; Luk et al., 2012). Therefore, inhibition
of a-syn oligomerization and aggregation, and dissociation of existing fibrillar deposits may limit
disease progression and inhibit the neurotoxic effects of a-syn. With regard to the latter point,
however, it is crucial to ensure that dissociation of fibrillar aggregates does not lead to the

formation of toxic oligomers.

Initial examination of the impact of CLRO1 on a-syn aggregation was done using thioflavin-T
(ThT) fluorescence and electron microscopy. These experiments showed that CLRO1 prevented
a-syn’s fibril formation in a dose-dependent manner (Figure 9a, b). A complete inhibition of -
sheet formation was observed at a 1:1 a-syn:CLROI concentration ratio and a partial inhibition at
a 10:1 o-syn:CLRO1 ratio (Prabhudesai et al., 2012). CLRO1 not only inhibited a-syn
aggregation but also was found to disaggregate pre-formed a-syn fibrils (Prabhudesai et al.,
2012). The gradual decrease in ThT signal and changes in morphology (Figure 9¢) suggested
that CLRO1 halted o-syn fibril formation and dissociated the existing fibrils. This was an
important finding because it suggested that CLROI could be used not only for prevention of a-
syn self-assembly and toxicity in synucleinopathies, but also for treatment of the disease after
aggregated a-syn already had been deposited in the brain. In the same study, CLRO1 protected

differentiated rat pheochromocytoma, PC-12 cells from the toxicity of 20 uM a-syn oligomers
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added to the cell-culture medium with half-maximal inhibition (ICsg) = 4 + 1 uM. The sub-
stoichiometric inhibition was attributed to the high number of potential binding sites for CLROI,
15 Lys residues, in a-syn. CLRO1 also inhibited completely the toxicity of a-syn expressed in
human embryonic kidney, HEK293, cells when added at 1 uM (Prabhudesai et al., 2012). In a
more recent study, a dose-response analysis showed that CLRO1 inhibited the intracellular
accumulation of oligomeric a-syn in human neuroblastoma, SH-SY5Y cells, with ICsy = 85.4

nM (Bengoa-Vergniory et al., 2020).

In the latter study, the effect of CLRO1 on o-syn aggregation and toxicity was examined in
induced pluripotent stem-cell (iPSC)-derived dopaminergic neurons treated with LB extracts
from postmortem, human PD-brain samples. The LB-treated cells displayed shortened neuronal
processes and increased blebbing compared to cells treated with control brain extracts that did
not contain LBs. CLRO1 treatment improved the neurite length and reduced the blebbing back to
control level (Bengoa-Vergniory et al., 2020). In addition, treatment of LB-treated cells with
CLRO1 reduced a-syn-oligomer puncta, measured using an a-syn proximity ligation assay (AS-
PLA) (Roberts et al., 2015) and rescued a-syn-mediated cytotoxicity and aggregation in LB-
treated 1iPSC-derived dopaminergic neurons in a dose-dependent manner (Bengoa-Vergniory et

al., 2020).

The first in vivo testing of CLRO1 was in a zebrafish (ZF) embryo model of a-syn toxicity, which
expresses human wild-type a-syn under control of the neuronal HUC promoter (Prabhudesai et
al., 2012). Expression of a-syn in the ZF embryos caused severe toxicity. Morphologically, the
embryos were deformed, ranging from a modest bend in the tail region to gross deformation. A
few embryos had normal morphology but were partially or completely paralyzed. Most of these

embryos died within 48—72 hours post-fertilization (hpf). Addition of 1 or 10 uM CLRO1 to the
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water in which the embryos developed led to a dramatic improvement in both their phenotype
and survival. The protective effect was both dose- and time-dependent. Thus, at the high dose,
survival improved 3-fold at 72 hpf and 13-fold at 240 hpf compared to untreated fish. CLRO1
was found to rescue a-syn-induced apoptosis of the fish neurons and to facilitate degradation of

a-syn by the ubiquitin-proteasome system (UPS) (Prabhudesai et al., 2012).

In a subsequent study examining the toxicity of the pesticide Ziram (zinc dithiocarbamate),
which had been found to be strongly linked to an increased prevalence of PD (Fitzmaurice et al.,
2014; Fitzmaurice et al., 2013), a surprising finding was that part of the mechanism by which
Ziram caused strong toxicity in ZF embryos was through accumulation and aggregation of the
endogenous ZF y-synuclein, the closest orthologue to human o-syn. Therefore, CLROl was
tested for its ability to inhibit Ziram toxicity and was found to reduce significantly the Ziram-
induced neurotoxicity in the ZF, which was measured by quantifying the number of neurons
expressing green-fluorescent protein (GFP)-conjugated vesicular monoamine transporter 2
(VMAT?2) (Lulla et al., 2016). VMAT?2 is an integral membrane protein involved in the transport
of monoamines, particularly neurotransmitters, including dopamine. The GFP-VMAT2
conjugate thus was used to visualize the ZF monoaminergic, including dopaminergic, neurons.
The results of these ZF studies have been summarized previously in Figure 7 of reference

(Schrader et al., 2016) and therefore are not reproduced here.

A different fish study used a lamprey model of spinal-cord injury (SCI). The background for the
study was a report by Busch et al. who found that SCI caused accumulation of the endogenous
lamprey synuclein in a subset of giant reticulospinal neurons, which correlated with poor
survival of these neurons, whereas neurons that showed good survival after SCI did not

accumulate synuclein (Busch and Morgan, 2012). To test whether the accumulation of synuclein
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reflected formation of toxic oligomers and/or aggregates, and if CLRO1 could protect the fish
against the toxicity of these species, Fogerson et al. applied a single dose of 1-mM CLRO1 or
buffer to the spinal-cord transection site via a small Gelfoam piece, which yields an effective
concentration of CLRO1 in the spinal cord in the 1 to 100 uM range. Eleven weeks post-
transection, punctate synuclein accumulation was found in poor-survivor neurons of vehicle-
treated animals, whereas CLRO1 treatment resulted in significant reduction of synuclein
accumulation within the giant reticulospinal neurons, and the staining pattern was diffuse as
opposed to punctate in the CLROI-treated fish. In correlation with the reduced synuclein
accumulation and change in the morphology from aggregated to diffuse, CLROI treatment

improved significantly the survival of the neurons (Fogerson et al., 2016).

CLRO1 then was tested in a mouse model expressing wild-type human a-syn under the Thyl
promoter, which leads to a broad expression of a-syn in the brain (Chesselet et al., 2012). First,
to avoid the blood-brain barrier and obtain proof of concept, CLROl was administered
intracerebroventricularly (i.c.v.) for 28 days via osmotic minipumps. The treatment was found to
improve motor deficits assessed using the challenge-beam test by 29% compared to mice treated
with vehicle. After treatment completion, the brain of the mice was extracted using a 3-step
protocol, fractionating the proteins into: 1) a buffer-soluble fraction containing cytoplasmic and
water-soluble extracellular proteins; 2) detergent-soluble, membrane-associated proteins; and 3)
insoluble proteins from inclusion bodies and aggregates. A significant reduction in a-syn was
observed using western blots in the buffer-soluble fraction of the striatum region of CLROI-
treated animals compared to those treated with vehicle, suggesting that the treatment reduced
toxic, soluble oligomers. Importantly, the study suggested that CLRO1 could improve motor

deficits in the mice by lowering soluble a-syn in the striatum, even though the treatment did not
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change the level of aggregated o-syn in the substantia nigra (SN) (Richter et al., 2017),
supporting the notion that the soluble/oligomeric form was the main culprit (Conway et al., 2000;

Conway et al., 2001).

The impact of CLR0O1 administered subcutaneously (S.C.) at 0.4 mg/Kg per day via osmotic
minipumps then was tested in the same mice for 28 days. A 14% improvement was found in the
challenge-beam test, smaller than the 29% improvement found using i.c.v.-administered CLROI,
yet using this route of administration, a significant improvement also was found in the pole test,
in which mice are placed face-up on a vertical pole and the time they require to turn and descend
is measured. Significant improvement was found both in the time it took the CLRO1-treated mice
to turn, and in the time it took them to descend from the pole compared to vehicle-treated mice.
Perhaps counterintuitively, following i.c.v. administration, there was no improvement in the pole
test, but this likely was due to limitation in the ability of the mice to maneuver themselves on the
pole due to the canulae implanted in their brains, as compared to the less demanding movement

across the challenge beam.

In another proof-of-concept study, the effect of i.c.v.-administered CLRO1 was tested in a mouse
model of the rare synucleinopathy MSA (Herrera-Vaquero et al., 2019). In this model,
overexpression of wild-type, human a-syn in oligodendrocytes is driven using the proteolipid
protein (PLP) promoter (PLP-o-syn mice) (Stefanova and Wenning, 2015). Animals were
administered 0.3 or 1.0 mg/Kg per day CLRO1 for 32 days using osmotic minipumps. In an
open-field behavioral test, vehicle-treated PLP-a-syn mice showed a significant anxiety-like
behavior, reflected by a lower fraction of time spent in the center of the field relative to the
periphery. CLRO1 improved the anxiety-like behavior dose dependently. Immunohistochemistry

(IHC) analysis showed that the treatment reduced glial cytoplasmic inclusions (GCIs) in the

33

#7202 ‘0T |1dy uo sfeuinor 134S Y e 6.o'seulno isdse: Asawreyd wol) papeo jumoq


http://pharmrev.aspetjournals.org

Pharmrev Fast Forward. Published on 22 December 2022 as DOI 10.1124/pharmrev.122.000654 This
article has not been copyedited and formatted. The final version may differ from this version.

brain of the treated mice dose-dependently. Moreover, the reduction in GCI density in various
brain regions, including the prefrontal cortex, basolateral amygdala and commissura anterior was
found to correlate strongly with the improvement in the anxiety-like behavior. Western-blot
analysis of a-syn phosphorylated at serine 129 (pS129-a-syn) was performed following brain
extraction into buffer-soluble and insoluble fractions, as described above. In the soluble fraction,
only monomeric pS129-a-syn was observed and its abundance was not affected by CLRO1
treatment. In contrast, in the insoluble fraction, both pS129-0-syn monomer and a high-
molecular-weight (HMW) band were observed, and both were reduced dose-dependently by the
treatment. The decrease in the HMW pS129-a-syn band intensity correlated strongly (r = -0.453,
p = 0.039) with the improvement in the anxiety-like behavior, suggesting that this band

represented a toxic form of a-syn.

Neurodegeneration in the substantia nigra pars compacta (SNc) at six months of age is a
prominent neuropathologic feature of the PLP-a-syn mouse model. CLRO1 treatment inhibited
SNc neuronal loss, assessed by the number of tyrosine-hydroxylase (TH)-positive neurons, dose-
dependently and the inhibition correlated with a decrease in the abundance of HMW a-syn
oligomers and an increase in the abundance of monomers measured using native-PAGE/western
blots. In addition, the treatment reduced prion-like seeding of a-syn measured using biosensor
HEK293T cells (Figure 10) (Holmes et al., 2014). These cells express the familial-PD-causing
variant, A53T-a-syn, conjugated to yellow fluorescent protein (YFP) or cyan fluorescent protein
(CFP), both in the same cells. Introduction of a-syn oligomers or small fibrils, which act as
seeds, to the biosensor cells leads to co-aggregation of the endogenous YFP- and CFP-
conjugated a-syn. The aggregation can be visualized by fluorescent microscopy as bright puncta

and quantified with high sensitivity using flow-cytometry, measuring the fluorescence-resonance

34

#7202 ‘0T |1dy uo sfeuinor 134S Y e 6.o'seulno isdse: Asawreyd wol) papeo jumoq


http://pharmrev.aspetjournals.org

Pharmrev Fast Forward. Published on 22 December 2022 as DOI 10.1124/pharmrev.122.000654 This
article has not been copyedited and formatted. The final version may differ from this version.

energy transfer (FRET) signal between CFP and YFP (Figure 10A) (Holmes et al., 2014;
Yamasaki et al., 2019). When the soluble fraction of brain lysates from PLP-a-syn mice were
added to the cells, a significant, dose-dependent reduction in the seeding activity was observed in
CLRO1- compared to vehicle-treated mice (Figure 10B), which correlated strongly with the
improvement in anxiety-like behavior (Figure 10C). Thus, the study suggested that CLRO1
treatment decreased dose-dependently the presence of several neurotoxic forms of a-syn,
including HMW oligomers, pS129-a-syn, and seeding-competent a-syn, all of which correlated

with the improvement in the behavioral phenotype.

Recently, CLRO1 was tested in another PD mouse model, called SNCA-OVX, which
overexpresses wild-type human a-syn on a mouse snca-null background. This model shows
localized, early, and selective deficits in dopamine neurotransmission in the nigrostriatal
pathway followed by loss of dopaminergic neurons, reduced SNc¢c dopamine neuron firing rates,
and motor impairments in aged animals. This constellation of PD-like phenotypes caused by
elevated human a-syn is associated with soluble high-molecular-weight a-syn species observed
beginning at 3 months of age. SNCA-OVX mice do not develop Lewy-body pathology,

suggesting that they model early-stage PD (Janezic et al., 2013).

Twelve-months old SNCA-OVX mice showed rescued motor deficits in their latency to fall in
the Rotarod test (Dunham and Miya, 1957) and their speed in CatWalk (a gait-analysis system
(Vrinten and Hamers, 2003)) after treatment with 0.14 mg/Kg CLRO1 administered S.C. twice a
week for 2 months, concomitant with a significant reduction in a-syn oligomers measured using
AS-PLA in the dopaminergic neurons (Bengoa-Vergniory et al., 2020). Microglia in the SN are
preferentially ramified (homeostatic) in WT animals, whereas the microglia of SNCA-OVX mice

adopt a more ameboid morphology, suggesting an activated state, which is part of an
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inflammatory response to the a-syn pathology. CLRO1 treatment shifted the microglial
morphology back to the ramified appearance in the SN of the mice. Another component of the
neuroinflammatory response is activation of the astrocytes, which can be visualized and
quantified using the astrocytic marker glial fibrillary acidic protein (GFAP). CLRO1 treatment
reduced GFAP immunostaining in the brain of the treated mice compared to mice receiving
vehicle (Bengoa-Vergniory et al., 2020), demonstrating that CLRO1 inhibited not only motor
deficits and oligomerization of a-syn in this mouse model, but also the neuroinflammation

resulting from a-syn-mediated insults.

Because OVX-SNCA mice do not develop Lewy-body-like pathology, CLRO1 was tested also in
models in which fibrillar a-syn seeds are introduced intracranially into a mouse brain, leading to
spread of Lewy-body-like fibrillar deposits in the brain and representing a relatively late stage of
PD pathology (Luk et al., 2012). Recombinant mouse a-syn pre-formed fibrils (PFFs) were
injected into the striatum of 3-months-old, C57Bl/6, wild-type mice. In this model, small seeds
of non-phosphorylated PFFs induce the transformation of the endogenous mouse a-syn into
pathological aggregates. S.C. administration of 0.14 mg/Kg CLRO1 twice-weekly for one month
reduced pS129-a-syn aggregates in the SNc and improved both general neuronal viability,
assessed by Nissl staining, and dopaminergic-neuron viability measured by immunostaining of
dopamine transporter, compared to animals treated similarly with phosphate-buffered saline
(PBS). In a similar experiment, LB extracts from a postmortem PD brain were injected into the
striatum of 4-month-old, C57B1/6 mice, which then were aged for additional 3 months. This
model mimics an advanced and severe PD pathology. At 7 months of age, the mice were treated
for 2 months with 0.04 mg/Kg per day CLRO1 administered S.C. via osmotic minipumps. The

treatment improved significantly dopaminergic neurodegeneration measured by tyrosine-
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hydroxylase immunostaining, and reduced proteinase-K resistant a-syn aggregates. Importantly,
these data demonstrated that CLRO1 treatment not only prevents a-syn aggregation in the brain,
but also can disrupt pre-formed a-syn fibrils in the mouse brain when administered peripherally
at a low dose. Taken together, the in vitro, cell-culture, and animal studies demonstrate that

CLRO1 is a highly effective and safe drug candidate for synucleinopathies.

B. Alzheimer’s disease and other tauopathies
Neurodegenerative diseases associated with aberrant post-translational modification and self-
assembly of the microtubule-association protein tau into pathological oligomers and aggregates
are known as tauopathies, of which the most common is Alzheimer diseases (AD). Unlike other
tauopathies, in which tau is the primary neuropathologic protein, in AD, tau self-assembly and
neurotoxicity occur downstream of neurotoxic insults by AB. Both proteins are thought to form
neurotoxic oligomers first, which later may transform into amyloid fibrils and deposit in the
brain. Thus, extracellular amyloid plaques composed primarily of AP and intracellular
neurofibrillary tangles comprising hyperphosphorylated tau (p-tau) are the main pathological
hallmarks of AD (Arriagada et al., 1992). The monoclonal antibody aducanumab, which has
been shown to reduce amyloid plaques in the brain of patients with AD in clinical trials, recently
has been approved by the FDA raising hope that it will be the first disease-modifying therapy for
AD. However, contradicting clinical trial results (Knopman et al., 2021) also have raised
concerns about the ability of this drug to improve cognitive deficits (Mullard, 2021). There are
no current disease-modifying therapies targeting tau and unfortunately, two clinical trials testing
immunotherapy against the N-terminal region of tau recently have failed (Jabbari and Duff,

2021). In this section, we discuss the inhibitory effect of CLR0O1 on both A and tau.
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1. Amyloid pB-protein
Effective therapy for AD would target the early pathology before devastating neurodegeneration
occurs. Formation of toxic AP oligomers is thought to be one of the earliest, potentially the
earliest, pathological event in AD (Kirkitadze et al., 2002; Selkoe, 2002; 2008) and therefore
preventing the formation of these oligomers and/or facilitating their clearance are expected to be
highly effective ways to prevent AD and treat the diseases in its prodromal and early stages.
CLRO1 has been shown to interact with AB40 and AP42 rapidly and modulate their self-
assembly into formation of non-toxic oligomers that are similar in size or smaller than the toxic
oligomers formed in the absence of CLROI (Sinha et al., 2011). Top-down mass spectrometry
and solution-state NMR studies showed that CLRO1 binds primarily at Lys16 in AB40 and AB42
leading to formation of non-toxic assemblies, which unlike oligomers formed in the absence of
CLROI, are not detectable by the oligomer-specific antibody A11 and do not form fibrils (Sinha

etal., 2011).

Replica exchange molecular dynamics (REMD) simulations and QM/MM calculations were
carried out to further investigate the binding sites and effect of CLRO1 on the aggregation of two
AP42 monomers. The results showed that the MT could encapsulate both Lys residues of the
AP42 monomers (Mittal et al., 2018), in agreement with ion mobility spectroscopy—mass
spectrometry (IM—MS) experiments indicating a 1:2 stoichiometry for AB1-42: CLROI binding
(Zheng et al., 2015). Contrarily, only labile interactions were found in the simulations with Arg5.
In agreement with experimental results (Sinha et al., 2011), the results indicated that Lys16 was
favored for CLRO1 binding compared to Lys28, which was related to additional stabilizing
interactions between the MT encapsulating Lys16 and the neighbor residue Glnl15. Furthermore,

the simulations allowed proposing a molecular mechanism for the effect of CLRO1 on Ap42,
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characterized by an aggregation pathway different than the one acting in the absence of the MT.
In the presence of CLRO1, aggregation is driven by the encapsulation of Lys residues by the MT
and by secondary intermolecular interactions between MT molecules as well as secondary

interactions of CLRO1 with other residues of AB42 (Mittal et al., 2018).

Similar to a-syn (Figure 9¢), incubation of pre-formed fibrils of either AB40 or AB42 with 10-
fold excess CLRO1 led to a slow dissociation of the fibrils, suggesting that the compound could
be effective in vivo not only for prevention, but also for treatment of AP self-assembly and
pathology. Further mechanistic investigation using ion-mobility spectroscopy-coupled mass
spectrometry (IM-MS) showed that CLRO1 stabilized AB42 monomers, dimers, and tetramers
and prevented formation of larger oligomers. Interestingly, the cross-section of CLRO1-bound
AP42 dimers and tetramers was significantly smaller than that of AP42 dimers or tetramers
formed in the absence of CLROI, suggesting that CLRO1 induces compaction of the structure,
which inhibits formation of larger oligomers or conversion into amyloid fibrils (Zheng et al.,

2015).

CLRO1 was found to protect differentiated PC-12 cells, primary rat hippocampal neurons, and
mixed primary neuronal/glial cultures against AB-induced cell death (Sinha et al., 2012a; Sinha
et al., 2011). The compound also rescued primary neurons from AB42-induced synaptotoxicity
(Attar et al., 2014; Attar et al., 2012). Incubation of primary rat hippocampal neurons with 3 pM
AP42 showed substantial depletion of dendritic spines and abundant axonal swelling, in which
endosomes and lysosomes are thought to accumulate. Ten-fold excess CLRO1, but not the
negative-control MT derivative, CLRO3, rescued this phenotype to ~80% of the level of neuron
not exposed to AP42. Moreover, CLRO1 also rescued primary hippocampal mouse neurons from

AP42-induced reduction of spontaneous synaptic firing (miniature excitatory postsynaptic
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currents), induced synaptic firing (excitatory postsynaptic currents), and long-term potentiation,

a cellular correlate of learning and memory (Attar et al., 2012).

Metal cations, such as Zn>", have been reported to be important modulators of Ap self-assembly
(Bush, 2002; Lovell et al., 1998; Tougu et al., 2009). A high concentration of Zn*" (~1 mM) was
found in amyloid plaques in the AD brain along with increased levels in patients’ serum (Watt et
al., 2010). Zn>" ions have been found to associate with AP and induce the formation of
neurotoxic AP assemblies depending on the specific conditions, including the concentration of
AP and Zn*", the ratio between the concentrations, and the solution conditions (Ali et al., 2004;
Bush, 2003; Lacor et al., 2007; Townsend et al., 2006). Therefore, testing the activity of
aggregation and toxicity inhibitors not only on AP itself but also on Ap42-Zn** complexes has
been postulated to be important. Zn*" has been shown previously to accelerate formation of
atypical, B-sheet rich, non-fibrillar aggregates of AB40 and AB2, and the toxicity of AB40-Zn**
and AP42-Zn>* complexes in cell culture was found to depend on the method of addition (Mason
et al., 2020; Solomonov et al., 2012). When the complexes were added all at once, they rapidly
formed non-toxic, larger aggregates, yet when the same total amount was divided into four parts,
to maintain the concentration low and prevent rapid aggregation, the Ap-Zn>" complexes were

potently toxic (Mason et al., 2020; Solomonov et al., 2012).

CLRO1 has been found to have a relatively high affinity for Zn*" (Figure 11), Kq = 5 pM,
compared to other metal ions (Wilch et al., 2017), and therefore when applied to AB-Zn**
complexes, it can target both Ap42 and Zn®" simultaneously. ThT fluorescence analysis at
different CLRO1 concentrations added to AP42 in the presence of Zn*" showed a rapid increase
in fluorescence in the presence of CLRO1 which correlated with formation of nonfibrillar

structures similar to those observed when CLRO1 was added to other amyloidogenic proteins
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(Attar and Bitan, 2014; Gessel et al., 2012; Hadrovic et al., 2019; Herzog et al., 2015; Kirkitadze
et al., 2001; Mason et al., 2020; Schrader et al., 2016; Sinha et al., 2011; Wilch et al., 2017).
Electron microscopy analysis of Ap42- Zn*" in the presence of 10 uM CLRO1 showed a mixture
of short, thin fibrils and oligomer-like structures, whereas in the presence of 30 uM or 100 uM
CLRO1, mostly oligomers and rarely fibrillar structures were observed. The effect of CLRO1 on
AP42 toxicity in the presence of Zn>* then was tested in differentiated PC-12 cells using the
MTT assay. These experiments showed that CLRO1 inhibited the toxicity of AB42-Zn®>" with
ICso = 20 uM, which surprisingly was ~2.5 times lower than the ICsy for CLRO1 inhibition of
AP42 in the absence Zn®" (Sinha et al., 2011), suggesting that the ability of CLROI to bind to
Zn*" may act cooperatively with binding to Lys to inhibit AB42-mediated toxicity (Mason et al.,

2020).

After establishing the inhibitory effect of CLRO1 on AP self-assembly in vitro and AB-induced
toxicity in cell-culture models, the compound was tested in a triple-transgenic mouse model of
AD, which overexpresses mutant forms of the human genes encoding presenilin 1 (PS1)
containing the M146V substitution, amyloid B-protein precursor (APP) containing the double
substitution KM670/671NL, each of which causes early-onset familial AD, and tau containing
the substitution P301L, which causes familial frontotemporal dementia. This model exhibits both
amyloid plaques and neurofibrillary tangles (Oddo et al., 2003). Animals were administered
0.04 mg/Kg per day CLRO1 or vehicle (sterile saline), S.C. using osmotic minipumps for 28
days. Mice treated with CLRO1 showed a significant, 33% decrease in plaque burden in their
brain. A similar reduction in p-tau was observed in CLRO1-treated mice. Moreover, the CLRO1-
treated mice showed a 46% reduction in the number of microglia in the hippocampus compared

with vehicle-treated triple-transgenic mice, suggesting reduced neuroinflammation in the mice
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receiving CLRO1 (Attar et al., 2012). Importantly, all of these beneficial effects were observed in
14—15-months old mice, well after the onset of plaque and tangle pathology, demonstrating that
despite the low dose and short duration of the study, the treatment not only halted, but also

reversed the buildup of the toxic protein aggregates in the brain.

In another small study, CLRO1 was tested in a transgenic rat model of AD expressing familial
AD-linked mutated forms of human APP (K670N/M671L/V7171) and PS1 (M146V). The
animals were treated with 0.1 or 0.3 mg/Kg per day, S.C. using osmotic minipumps for 28 days
at the age of 9 months, in which this model has moderate plaque pathology. The treatment
resulted in 45% and 52% reduction in the plaque pathology, respectively, when compared to the
vehicle-treated animals (Malik et al., 2018), further supporting the therapeutic potential of

CLROI.

2. Tau
It is estimated that > 30 million people currently are suffering from tauopathies, including AD,
frontotemporal dementia (FTD), progressive supranuclear palsy (PSP), corticobasal degeneration
(CBD) and chronic traumatic encephalopathy (CTE) (Chang et al., 2018; Spires-Jones et al.,
2017). Thus, modulating tau accumulation, post-translational modification, and aggregation, and
inhibiting tau toxicity are central strategies in developing disease-modifying therapy for
tauopathies. Unlike most amyloidogenic proteins, tau does not aggregate spontaneously and
aberrant phosphorylation, as well as other post-translational modifications, are key factors
inducing its self-assembly. In-vitro aggregation of tau typically is triggered by addition of

polyanions, such as heparin or arachidonic acid (Goedert et al., 1996; Wilson and Binder, 1997).

The first demonstration that CLRO1 could inhibit tau aggregation was in experiments in which

tau was induced to aggregate by arachidonic acid. ThT-fluorescence measurements showed that
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CLRO1 inhibited tau B-sheet formation completely at a 1:1 tau:CLROI concentration ratio (Sinha
et al.,, 2011). The strong inhibition was rationalized by the high number of binding sites for
CLRO1 on tau. Similar to a-syn, whose aggregation also was inhibited by 1 molar equivalent of

CLRO1, ~10% of the amino acid residues in tau are Lys.

To mimic more closely the pathological tau found in patients’ brain, which contains multiple
post translational modifications including hyperphosphorylation, a later study used in-vitro
phosphorylated tau, which was produced by incubation either with activated extracellular signal-
regulated kinase 2 (ERK?2), p-tauERK, or with a whole rat brain extract (RBE), p-tau(S262A)RBE.
The S262A substitution in the latter form was included to promote aggregation (Despres et al.,
2019). These in-vitro phosphorylated forms of tau were compared to unphosphorylated tau
induced to aggregate by heparin. The study characterized the oligomerization and aggregation
properties of these forms and the effect of CLRO1 on their aggregation and seeding. p-Tau™ " did
not form fibrils and therefore was used only in oligomerization, but not in fibrillation
experiments. Seeding was studied using a HEK293 biosensor cell line (Holmes et al., 2014),
similar to the one described above for a-syn. Both cell lines were created by the Diamond group
and are similar in their design and function. Unlike the a-syn biosensor cells, which express a
variant of full-length a-syn, in the tau-biosensor cells, it is not the full-length protein, but rather
the aggregation-prone repeat-domain of tau, containing the FTD-associated substitution P3018S,
which is conjugated to CFP or YFP. Addition of tau seeds, but not a-syn seeds, to the tau-
biosensor cells leads to intracellular tau aggregation that can be observed as bright puncta by a
fluorescence microscope and quantified with high sensitivity using FRET-based flow cytometry

(Holmes et al., 2014; Maina et al., 2022).
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Because heparin and CLRO1 are both negatively charged, they may compete for binding to
positively charged residues in tau. To address whether this is the case, SPR was used to assess
the competition between the two compounds. As would be expected for CLR0O1’s labile binding
mode, it was found to be a weak competitor for heparin’s more avid binding to tau. Thus, 6-fold
excess CLRO1 was needed for inhibiting heparin-induced tau aggregation whereas aggregation
of p-tau(S262A)*P" was inhibited completely by two equivalents of CLROI1, suggesting that
heparin indeed interfered with the binding of CLRO1 to tau. Using the biosensor cells, treatment
with CLRO1 was found to inhibit intracellular aggregation of tau seeded by fibrils formed either
by unphosphorylated tau in the presence of heparin or by p-tau(S262A)*"F. The effect of CLRO1
on tau fibrils formed using heparin-induced tau fibrils was atypical, increasing seeding at CLRO1
concentrations < 0.3 uM and inhibiting the seeding dose-dependently at higher concentrations,
likely reflecting perturbation of the interaction between CLROI and tau by heparin. In contrast,
inhibition of p-tau(S262A)*P" aggregation followed a typical sigmoidal behavior and was

effected by CLRO1 with ICsy = 660 = 140 nM (Despres et al., 2019).

ECD-MS investigation of the binding sites of CLRO1 using the longest of the six human
isoforms of tau, in which 44 out of 441 residues are Lys and 14 are Arg, found preferential
binding to Lys residues located in the repeat domain, which is known to be the main region
driving tau self-assembly (Nshanian et al., 2019). These observations were corroborated by a
solution-state NMR investigation, which showed CLRO1 binding to multiple Lys residues in
tau’s repeat domain, primarily Lys321 and Lys331, in the 3" and 4™ repeats, respectively. Tau
phosphorylation either by ERK or by a whole rat-brain extract had little impact on CLRO1

binding (Despres et al., 2019).
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The experiments described above using the triple-transgenic mouse model of AD had shown a
robust clearance of p-tau pathology. However, tau-pathology in AD and in this mouse model is
believed to be a downstream consequence of AP insults (Stancu et al., 2014). Thus, the question
whether the observed reduction in p-tau in this model was a direct effect of CLRO1 treatment on
tau or a secondary effect resulting from inhibition in A toxicity remained unanswered. To
address this question, a pure tauopathy mouse model expressing the FTD-linked P301S-tau
variant (PS19 line) (Yoshiyama et al., 2007) was treated with 0.3 or 1.0 mg/Kg per day CLRO1

or vehicle, administered S.C. for 35 days using osmotic minipumps.

A prominent feature of the behavioral variant of FTD (Lindau et al., 2000), which often presents
also in patients with AD (Moretti et al., 2001), is disinhibition. Supporting the relevance of the
PS19 mouse model to studying human tauopathy, an early-onset, progressive, disinhibition-like
behavior has been reported in these mice (Przybyla et al., 2016). CLRO1 protected the P301S-tau
mice from the disinhibition-like behavior, which was assessed by the number of freezing
episodes in the open-field test, normalizing the number of these episodes to the level of wild-type
mice. The maximal effect was observed already in the low-dose group (Di et al., 2021). The
treatment also prevented deterioration in muscle strength, a phenotype starting at 6-7-months of
age in these mice. Muscle strength was measured using the grip-strength test, in which the
animals are placed hanging upside down on a wire mesh and the latency to fall is measured.
Again, both treatment groups showed complete rescue of this phenotype compared with vehicle-
treated P301S-tau mice (Di et al.,, 2021). The improvement in these behavioral phenotypes
correlated with reduced toxic p-tau aggregates in the hippocampus, measured by immunostaining
with monoclonal antibody ATS, which binds specifically to tau phosphorylated at Ser202 and

Thr205 (Mercken et al., 1992). In the vehicle-treated group, 11.2 + 6.7% of the hippocampus
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was ATS8-positive. CLRO1 treatment reduced the hippocampal AT8-positive area to 5.1 + 3.7%
(p=0.0156 compared to vehicle) in the 0.3 mg/Kg per day group and 5.0 = 3.8% (p=0.0127) in
the 1.0 mg/Kg per day group. Similarly, reduction of aggregated intracellular tau measured using
Gallyas silver-staining (Gallyas, 1971) (Figure 12a-c) was maximal already at 0.3 mg/Kg per
day CLRO1 (Figure 12d). The number of cells containing tau aggregates in the CA3 region of
the hippocampus was reduced from 477+ 244 cells per mm” in the vehicle-treated transgenic
mice to 126 + 62 (p = 0.0001) and 171 + 68 (p = 0.0005) cells per mm”. CLRO1 treatment also
was found to reduce tau-oligomers measured using dot blots in the soluble fraction of brain
extract using monoclonal antibody tau oligomeric complex-1 (TOC1) (Ward et al., 2013), and
neuroinflammation assessed as the area covered by microglia in the hippocampal CA3 region (Di

et al., 2021).

The seeding capability of brain lysates from vehicle- and CLRO1-treated P301S-tau mice also
was tested using the tau-biosensor cell line described above. The integrated FRET density was
133+ 114 in the vehicle-treated mice and was reduced to 59+90 (p=0.053) and 45+48
(p=0.016) in the low- and high-dose treatment groups, respectively, in agreement with the cell-
culture findings showing that CLRO1 inhibits seeded intracellular tau aggregation, as described
above. The inhibition of seeded aggregation in the brain of the transgenic mice correlated well (r
=-0.314, p = 0.028) with the improvement in grip strength (Di et al., 2021). Taken together, the
data demonstrated clearly that CLRO1 inhibited tau self-assembly, facilitated p-tau clearance,
and reduced tau pathology in the brain of the mice by its direct action on tau in vivo, rather than
as a secondary effect through inhibition of AP toxicity. This demonstrated ability of CLRO1 to
ameliorate simultaneously, yet independently, both AP and tau pathology in the brain makes it a

particularly attractive candidate for treatment of AD, where clinical trials of experimental
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therapies addressing only one of the offending proteins have repeatedly failed to produce a

meaningful clinical improvement despite clear evidence of target engagement.

C. Amyotrophic lateral sclerosis (ALS)
ALS 1is a rare neuromuscular disorder characterized by progressive degeneration of motor
neurons in the spinal cord, brain stem, and motor cortex (Arora and Khan, 2021). Most ALS
cases are sporadic, whereas 5-10% are familial (Chio et al., 2013). The first gene linked to
familial ALS was superoxide dismutase 1 (SOD1) (Deng et al., 1993; Rosen et al., 1993), in
which over 160 mutations cause 15-20% of the familial ALS cases (Sreedharan and Brown,
2013). The resulting amino acid substitutions in the protein lead to SODI1 destabilization,
misfolding, and accumulation of neurotoxic oligomers and aggregates (Sreedharan and Brown,
2013). To date, only two drugs have been approved for ALS treatment, riluzole (Martin D et al.,
1993) and edaravone (Sawada, 2017), which increase survival by 2—3 months but do not address
the cause of the disease. Inhibition of SOD1 self-assembly can lead to development of promising
therapy for familial ALS cases involving mutations in the SOD1 gene. Moreover, aggregation of
other proteins, such as transactive response DNA binding protein 43 kDa (TDP-43), fused in
sarcoma (FUS), ubiquilin 2, and repeat-associated non-AUG (RAN) translation products of
CO90ORF72 have been reported to cause, or contribute to, the pathology of both familial and
sporadic cases of ALS. Therefore, aggregation modulators, especially broad-spectrum inhibitors
such as the MTs, could be useful also in these cases and provide wide-ranging therapy for ALS.
However, to date, only a few small-molecule aggregation inhibitors have been tested in the
context of ALS, primarily against SOD1 aggregation (Brown et al., 2020; Trippier et al., 2014;

Xia et al., 2011), and secondarily against TDP-43 (Martinez-Gonzalez et al., 2020).
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To begin assessing the potential utility of MTs for ALS, the effect of CLRO1 on the aggregation
of the wild-type and disease-associated variants of SODI, including E21K, H46R, D76Y and
G93A (Deng et al., 1993; Rosen et al., 1993; Wong et al., 1995) was evaluated using the ThT
assay. CLRO1 was found to inhibit the aggregation of all of these variants in a dose-dependent
manner, yet with different kinetics (Malik et al., 2019). A complete or -near complete inhibition

was observed at 5-fold excess CLRO]1 in all cases.

CLRO1 also was tested for its ability inhibit the aggregation of TDP-43. Although ThT arguably
is the most common assay for evaluation of amyloidogenic protein aggregation, some amyloid
fibrils resist ThT binding, precluding the use of this assay for measurement of their aggregation
kinetics. Sinha et al. reported previously that this was the case for transthyretin and the peptide
PrP(106-126) and in both cases used turbidity measurements instead to assess CLRO1’s ability
to inhibit the aggregation of these proteins (Sinha et al., 2011). Similarly, in the case of TDP-43,
ThT did not show a change in fluorescence during the aggregation process and therefore we
evaluated the aggregation process of the protein using a turbidity assay. In addition, we analyzed
the morphology of the protein at the end of the aggregation reaction using transmission electron
microscopy (TEM). The aggregation of TDP-43 is a very fast process, making it difficult to
maintain the protein in an unaggregated state in vitro and initiate the aggregation reaction
reproducibly. To overcome this difficulty, TPD-43 was expressed and purified as a conjugate
with small ubiquitin-like modifier (SUMO), keeping it in an unaggregated form. The aggregation
then was initiated by addition of ubiquitin-like protease 1 (Ubl 1), which cleaves the SUMO tag

and releases the highly aggregation-prone TDP-43.

The reaction mixtures of 3 uM TDP-43 in the absence or presence of 1, 5, or 10 equivalents

CLRO1 were shaken at 1,400 rpm and absorbance was measured at A = 395 nm to evaluate the
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turbidity of the solution. In the absence of CLRO01, an increase in absorbance was observed up to
~10 h and then reached a plateau (Figure 13a). CLRO1 inhibited the aggregation of TDP-43
dose dependently, reaching near-complete inhibition at a 1:10 TDP-43:CLRO1 concentration
ratio. Morphological analysis at the end of the reactions showed that TDP-43 formed abundant

amorphous aggregates, which were inhibited dose dependently by CLRO1 (Figure 13b).

C90RF72-derived RAN translation of the aberrant repeat-expansion domain forms five RAN
polypeptides—poly-(PR), poly-(PA), poly-(GP), poly-(GA), and poly-(GR), of which the Arg-
containing peptides, poly-(GR) and poly-(PR) were reported to be the most neurotoxic (Gupta et
al., 2017; Shi et al., 2017). To test whether CLRO1 could protect cells from the toxicity of these
two RAN polypeptides, PC12 cells were treated with 20 uM each of synthetic (GR),o or (PR)2
conjugated to a human influenza hemagglutinin tag for 48 h in the absence or presence of
CLROI and the viability of the cells then was measured using the MTT assay. Both peptides
decreased the cell viability to 40-50% and their toxic activity was inhibited dose-dependently by
CLRO1 (Figure 14A). To further examine the protective activity of CLRO1 in a system that is
closer to the actual disease, the effect of CLRO1 was tested on the viability of induced
pluripotent stem-cell (iPSC)-derived motor neurons from a patient with ALS carrying a ~6kb
C90RF72 expansion. The cells were labeled with Isl1-tomato knock-in reporter to identify the
motor neurons and were followed by longitudinal tracking (daily robotic imaging) to measure
their survival. A significant increase in cell viability (Kaplan-Meier analysis) in the presence of
10 uM CLRO1 showed that the compound could protect human motor neurons from the toxic

effects of Arg-containing RAN peptides (Figure 14B).

To test the effect of CLRO1 on SODI1 aggregation and toxicity in vivo, the compound was

administered by a daily S.C. injection to G93A-SODI1 mice (Malik et al., 2019). This model
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overexpresses relatively high levels of G93A-SOD1 and develops neurodegeneration of spinal
motor neurons starting at ~60 days of age, followed by rapidly progressing motor deficits leading
to paralysis and death at 100120 days of age (Gurney et al., 1994). Mice were treated with 0.5
or 5.0 mg/Kg CLRO1 or with vehicle starting at 50 days of age until they met criteria for
euthanasia due to advanced weakness or weight loss. IHC of the spinal cord showed little change
in total SODI in mice treated with CLRO1, whereas the misfolded pathological form of SOD1
staining, detected using antibody 10C12 (Atlasi et al., 2018; Grad et al., 2014), was decreased
significantly with a maximal response of ~3-fold decrease already at 0.5 mg/Kg. Similar results
were obtained also by immunostaining with antibody C4F6, which is less specific for pathologic

SOD1 (Atlasi et al., 2018).

Surprisingly, despite the marked reduction in the immunostaining for misfolded SODI1, the
treatment did not improve survival, motor function (Rotarod test), or muscle strength
deterioration (grip-strength test, respiration volume (Brooks and Dunnett, 2009)). This is the
only case to date in which the reduction of the toxic form of an offending amyloidogenic protein
did not correlate with improvement in disease phenotype in an animal model, raising questions
regarding the causative role of the misfolded SOD1 detected by antibody 10C12 in this model. A
potential explanation for this unexpected result is the high copy number of the SOD1 transgene
in this particular mouse model, which reduces the concentration of the available co-factors Zn>"
and Cu®" in the brain. As mentioned above, when the binding of CLRO1 to a series of common
metal ions was examined, the only one that showed high affinity (low puM range) was Zn>"
(Wilch et al., 2017). Thus, the lack of therapeutic effect by CLRO1 in the G93A-SOD1 mouse

model might have resulted not from an insufficient impact of CLRO1 on misfolded SOD1, but
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rather reflected a model-specific depletion of brain Zn**, which would not be expected in familial

ALS.

D. Other CNS diseases

1. Huntington disease.
In Huntington’s diseases (HD), misfolding and aggregation is associated with the expansion of a
polyglutamine (polyQ) tract in the region of the protein corresponding to exon 1 of the cognate
Htt gene (Htt°"). The expanded polyQ sequence forms the core of the amyloid fibrils (Bugg et al.,
2012; Hoop et al., 2014; Lin et al., 2017; Sivanandam et al., 2011). Because CLRO1 binds
specifically to Lys residues, we did not expect it to affect the aggregation of Htt®', where no Lys
residues are in the fibril core (Adegbuyiro et al., 2017; Hoop et al., 2014). However, the 17-
residue N-terminal region (N17) immediately adjacent to the polyQ domain of Htt has been
reported to be an important initiator and mediator of the aggregation (Jayaraman et al., 2012;
Thakur et al., 2009). This region includes three Lys residues, which have been shown to be
important for Htt aggregation (Arndt et al., 2015). Therefore, Vopel et al. tested whether through
binding to these Lys residues, CLRO1 could modulate or inhibit the aggregation of Htt*'. CLRO1
was found to inhibit the aggregation of htt"', not only in test-tube assays but also when the
protein was induced to aggregate intracellularly in HeLa cells expressing Htt' containing a 72Q
expansion. REMD simulations and ECD-MS measurements showed that the inhibition was
achieved through binding of CLRO1 to Lys residues in the N17 domain and remodeling the
secondary structure of this region (Vopel et al., 2017). Lys9 in the N17 sequence was identified
using QM/MM calculations and ECD-MS measurements as the primary binding site of CLRO1

in Htt®!.
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2. Mucopolysaccharidosis type I11A.
Lysosomal storage diseases (LSDs) consist of over 70 diseases characterized by lysosomal
dysfunction due to mutations in genes encoding lysosomal, and certain non-lysosomal enzymes.
Most LSDs are inherited in an autosomal recessive manner (Filocamo and Morrone, 2011).
LSDs typically occur in infants and children and often are related to neurodegeneration due to
the failure of the autophagy-lysosome pathway (ALP). Over the last several years, options for the
treatment available for LSDs have increased, including bone marrow transplantation, enzyme
replacement therapy, substrate reduction, chaperones-based therapies, and gene therapies.
Despite these encouraging advances, the availability of therapy for many LSDs is limited or

nonexistent (Beck, 2018).

Mucopolysaccharidosis type III (MPS III, Sanfilippo syndrome) is a type of LSD, caused by a
deficiency in one of the four enzymes involved in the catabolism of the glycosaminoglycan
heparan sulfate. MPS 1II is characterized by a progressive cognitive decline and severe
hyperactivity. It is the one of the most common types of MPS, with an estimated prevalence
between 0.3 and 4.1 cases for every 100,000 live births, depending on the subtype—A, B, C, or

D (Andrade et al., 2015).

A mouse model of the more common subtype, MPS IIIA, shows in addition to the primary
lysosomal storage of undegraded heparan sulfate, progressive accumulation of multiple amyloid
protein aggregates as a secondary storage in the CNS neurons, including a-syn, AP, tau, and
prion protein (Monaco and Fraldi, 2020; Sambri et al., 2017). Concomitantly, the autophagy-
lysosome system becomes defective resulting in the accumulation of enlarged autolysosomes at

~6 months of age. The mice develop severe and progressive neurological defects reminiscent of
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the human disease, including, synaptic dysfunction, cognitive and memory deficits, and

neuroinflammation (Bhaumik et al., 1999; Sorrentino et al., 2019).

Because multiple amyloidogenic proteins were found to accumulate in the lysosomes of MPS
IITA mice, CLRO1 was tested for its ability to reduce the amyloid burden and potentially improve
the disease phenotype in these mice. Although such treatment does not fix the defective enzyme,
targeting the secondary storage of amyloid is a novel therapeutic approach for MPS III, which
could substantially delay symptom onset, ameliorate symptoms, and expand the time window for

approaches, such as enzyme-replacement therapy and gene therapy.

One mg/Kg CLRO1 was administered to the mice by a daily S.C. injection between 4.5 and 9
months of age. The treatment was found to fully rescue the mice from the memory deficits
measured in the fear-conditioning test compared to vehicle-treated mice (Monaco et al., 2020).
To visualize the amyloid pathology in the brain, brain sections were stained with thioflavin-S
(ThS) a common dye for histological staining of amyloid (Sigurdsson, 2005). CLRO1 treatment
resulted in a marked reduction in ThS staining in brain sections of CLROI-treated mice
compared to those from vehicle-treated mice. In agreement with the decrease in accumulation of
amyloid proteins, CLRO1 treatment reduced the lysosome diameter in the neurons of the treated

mice from an abnormal size of >800 nm to a normal value of ~400 nm.

The microtubule-associated protein 1A/1B-light chain 3 (LC3) has two forms — a cytoplasmic
form, LC3-I, which is converted to a membrane-associated form LC3-II found in
autophagosomes. Punctate appearance of LC3-II in immunofluorescence analysis is a common
method for labeling autophagosomes (Tanida et al., 2008). Immunofluorescence analysis of the
MPS IIIA mice showed a striking increase in the overall number of LC3-positive puncta

compared to wild-type mice, representing the halt in the autophagic flux in MPS-IIIA mouse
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brain. This phenotype was decreased dramatically after CLRO1 treatment, suggesting that the
treatment relieved the blockage of the autophagic flux, resulting in clearance of the protein
aggregates. CLRO1 treatment also reduced significantly neuroinflammation in the mouse brains,
measured by immunostaining of microglial and astrocytic markers, and protected the neurons

against loss of synaptic vesicles, which was assessed by TEM (Monaco et al., 2020).

E. Non-CNS amyloidoses
Systemic (non-CNS) amyloidoses are diseases associated with abnormal protein misfolding and
formation of toxic amyloids in various organs outside the CNS, including heart, liver, kidney,
skin, eyes, lungs, and others (Cohen, 1967). Some amyloidoses affect multiple organs, e.g., light-
chain (AL) amyloidosis and systemic (reactive) AA amyloidosis, whereas others are organ-
specific including cardiac amyloidosis, type-2 diabetes in which amyloid accumulates in the

pancreas, and conjunctival amyloidosis (Desai et al., 2010).

1. Transthyretin (TTR) amyloidosis.
Several diseases including, senile systemic amyloidosis, familial amyloid polyneuropathy, and
familial amyloid cardiomyopathy are associated with misfolding and aggregation of TTR (Cakar
et al., 2019; Ruberg and Berk, 2012; Westermark et al., 2003). TTR is a homotetramer protein
that serves as a transporter of thyroxin and retinol in the serum and cerebrospinal fluid (Blake,
1978; Larsson et al., 1985). More than 100 point mutations in the TTR gene lead to misfolding of
the protein and its abnormal self-assembly (Saraiva, 1995; 2001). In these cases, TTR tetramers
dissociate into monomers that misfold, form toxic oligomers, and accumulate as amyloid fibrils
(Ruberg and Berk, 2012). The TTR amyloid deposits extracellularly in various organs including

the heart, kidneys, gastrointestinal system, peripheral nervous system, and vascular system.

54

#7202 ‘0T |1dy uo sfeuinor 134S Y e 6.o'seulno isdse: Asawreyd wol) papeo jumoq


http://pharmrev.aspetjournals.org

Pharmrev Fast Forward. Published on 22 December 2022 as DOI 10.1124/pharmrev.122.000654 This
article has not been copyedited and formatted. The final version may differ from this version.

Thus, we tested if CLRO1 could modulate TTR aggregation and toxicity, starting with simple

test-tube and cell-culture experiments (Cardoso et al., 2007; Ferreira et al., 2014).

Initial demonstration on the inhibitory effect of CLROI on wild-type TTR aggregation was
achieved using a turbidity assay (Sinha et al., 2011). CLRO1 also prevented the toxicity of wild-
type TTR oligomers added to differentiated PC-12 cells and inhibited the aggregation of mutant
TTR in a rat Schwannoma cell line, RN22, transfected with TTR-L55P, the least stable and the
most pathogenic variant, which leads to the earliest onset of disease in mutation carriers
(Cardoso et al., 2007; Lashuel et al., 1998; McCutchen et al., 1995). Immunodetection of TTR in
an immunofiltration assay showed that cells incubated in the presence of CLROI1 displayed
significantly fewer aggregates compared to those incubated in the absence of the MT (Ferreira et
al., 2014). In addition, CLRO1 protected RN22 cells against TTR-Y78F-mediated toxicity. The
TTR-Y78F variant was designed to destabilize the native structure and stabilize an intermediate
structure in the fibrillogenesis pathway, facilitating the demonstration of TTR misfolding, self-
assembly and toxicity (Redondo et al., 2000; Terazaki et al., 2006). Pre-treatment of TTR-Y78F
with CLRO1 rescued RN22 cells from the cytotoxicity of the protein’s oligomers in a dose-

dependent manner (Ferreira et al., 2014).

Following up on these experiments, the therapeutic potential of CLRO1 was tested in an animal
model of TTR amyloidosis. A transgenic mouse model (hTTR V30M/HSF) expressing the
amyloidogenic human TTR V30M variant on a mouse TTR-null background and heterozygous
for the heat shock transcription factor 1 (HSF1) was used in these experiments. These genetic
manipulations lead to an extensive, early accumulation of non-fibrillar TTR starting at the age of
1 month, evolving later into fibrillar deposits in distinct organs including the peripheral nervous

system and gastrointestinal tract (Santos et al., 2010). Animals were treated for 5 weeks at the
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age of 4 months with 1.2 mg/Kg per day CLRO1 administered S.C. using osmotic minipumps.
TTR deposition measured by IHC was found to be significantly reduced in the treated mice
compared to mice receiving vehicle in all the target organs, including 33% reduction in the

stomach, 51% in the colon, and 47% in the dorsal root ganglion (Ferreira et al., 2014).

Extracellular deposition of TTR on the cell membrane causes permeabilization of the membrane
and consequently perturbation of intracellular calcium homeostasis. This mechanism has been
proposed as a common primary pathogenic process responsible for initiating several pathogenic
signaling pathways. Assessing these pathways by IHC, CLRO1 treatment was found to reduce
tissue injury indicated by decreased staining for the endoplasmic-reticulum-stress marker BiP
(34% in the stomach and 67% in both the colon and DRG), the apoptosis marker Fas/CD95 death
receptor (39% in the stomach, 56% in the colon, and 68% in the DRG), and the protein
nitrosylation marker 3-nitrotyrosine (78% in the stomach, 76% in the colon, and 68% in the

DRG).

2. Desmin-related cardiomyopathy.
Mutations in desmin or its chaperone aB-crystallin, a small heat-shock-like protein, can cause a
disease called desmin-related myopathy (DRM), characterized by formation of toxic oligomers
and insoluble, intracellular proteinaceous deposits of the mutant protein and its interaction
partners, ultimately resulting in muscle weakness and dilated cardiomyopathy (Pattison and
Robbins, 2008). There is no effective treatment available for this disease, though some
complications can be prevented by implanting a pacemaker or by a heart transplantation. CLRO1
was tested both in cell culture and in a mouse model of DRM. In primary, neonatal, rat
ventricular myocytes expressing mutant aB-crystalline leading to a R120G substitution

(CryABR'?%%) CLRO1 treatment decreased CryAB®'**“_induced cytotoxicity in a dose-dependent
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manner (Xu et al., 2017). In a transgenic mouse model in which CryAB?'*°¢

overexpression
under the o-myosin heavy-chain promoter is restricted to cardiomyocytes, CLRO1 was
administered by a daily S.C. injection at 1, 3, or 6 mg/Kg for 5 weeks beginning at 4 weeks of
age and then the mice were sacrificed for IHC analysis of the heart. Similar to the cell-culture

results, CryABR'2%¢

-positive aggregates were found to decrease in a dose-dependent manner and
were significantly lower by ~3-fold at the highest dose compared with vehicle-treated mice. In
addition, sensitive mRNA markers of hypertrophy and stress, atrial- and brain-specific natriuretic

R120G

peptides, respectively, were found to be highly increased in CryAB animals relative to their

wild-type counterparts and were reduced significantly by the CLRO1 treatment (Xu et al., 2017).

3. Type-2-Diabetes.
Abnormal self-association of TAPP into toxic oligomers and aggregates is an important
deleterious mechanism thought to kill insulin-producing pancreatic islet B-cells in type-2
diabetes, a disease affecting > 400 million people worldwide (Sharma et al., 2021). IAPP is one
of the most amyloidogenic proteins known. It has only one Lys residue at position 1 in its 37-
amino-acids sequence and therefore CLR0O1 was not expected to affect its assembly or toxicity.
Surprisingly, using the ThT fluorescence assay, CLR0O1 was found to inhibit IAPP aggregation at
a 1:10 ration, respectively (Sinha et al., 2011). Further investigation using ThT fluorescence and
TEM showed that CLROI inhibited IAPP aggregation at even lower concentration ratios (Lopes
et al., 2015).Circular dichroism spectroscopy showed that CLRO1 facilitated the formation of a-
helical structures already at [CLRO1] < [IAPP] and excess CLRO1 stabilized these structures.
Solution-state NMR showed that CLRO1 predominantly bound to Lys1 and to a lower extent to
Argll. Cell-culture experiments using the MTT-reduction assay showed that CLRO1 protected

rat insulinoma RINSfm cells from [APP-induced toxicity with ICsp = 6 = 3 uM (Sinha et al.,
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2011) and inhibited IAPP-induced apoptosis in these cells (Lopes et al., 2015). In agreement
with the NMR findings, REMD simulations showed that both Lysl and Argll sidechains
contributed to the binding of CLRO1 to IAPP (see also the Figure 6) yet the precise mechanism
allowing CLROI to inhibit IAPP aggregation at low substoichoimetric ratios remains to be

elucidated.

4. pS3 aggregation.
p53 is a key transcription factor and cell cycle regulator whose proper function prevents cancer
development. The functional unit of p53 is a homotetramer of 393-amino-acid polypeptide
monomer s. The DNA binding domain, p53-DBD, is intrinsically unstable and unfolds rapidly at
body temperature (Bullock et al., 2000). Certain mutations in the cognate TP53 gene that lead to
destabilizing substitutions in the protein cause conformational changes that promote dissociation
of the tetramer, misfolding, and aggregation of p53 (Friedler et al., 2003). G245S and R249S
within the pS3DBD are two such substitutions, which are among the six most frequent

“conformational mutations” in human cancers (Joerger and Fersht, 2007).

CLRO1 was tested for its ability to prevent the aggregation of G245S-p53 and R249S-p53 using
several biophysical assays. First, the effect of CLRO1 on G245S-p53 aggregation was evaluated
using ThT fluorescence, CD spectroscopy and static light scattering and showed that CLRO1
induced formation of B-sheet-rich structures at the a 1:5 G245S-p53:CLRO1 concentration ratio
(Herzog et al., 2015). Dot blot probed with polyclonal antibody OC, which is selective for
fibrillar amyloid structures showed increased OC binding with increasing CLRO1 concentrations,
supporting the formation of B-sheet-rich G245S-p53 structures, although these structures did not
have the typical morphology of amyloid fibrils (similar to the B-sheet-rich structures formed by

AP in the presence of Zn** (Mason et al., 2020; Solomonov et al., 2012). CLRO1 induced similar
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B-sheet-rich structures in the R249S-p53 variant. However, turbidity measurements showed that
5-fold excess CLRO1, the same concentration ratio that induced the B-sheet-rich structure in both
variants also inhibited their aggregation. TEM analysis showed that in presence of CLRO1, the
pS3DBD variants formed smaller, disperse aggregates compared to larger aggregates in the
absence of the MT (Herzog et al., 2015). Toxicity was assessed using the XTT cell-viability
assay in human H1299 lung carcinoma cells and showed that CLRO1 protected the cells from
G245S-p53DBD- or R249S-p53DBD-induced toxicity at 5:1 and 2:1 concentration ratios,
respectively. CLRO1 had a hormetic effect on the toxicity of the pS3 variants. It protected the
cells from the toxicity of G245S-p53DBD or R249S-p53DBD back to the level of untreated cells
at 5-fold and 2-fold excess, but its protective effect declined at higher concentration ratios for

reasons that currently are not well understood (Herzog et al., 2015).

F. Semen amyloids
Human seminal fluid naturally contains amyloid fibrils formed by fragments derived from the
abundant semen proteins prostatic acid phosphatase (PAP) and semenogelins 1 and 2 (SEM
1&2) (Arnold et al., 2012; Miinch et al., 2007; Roan et al., 2014; Rocker et al., 2018a). These
fibrils may be play important roles in reproduction and innate immunity as they bind to apoptotic
sperm cells and bacterial pathogens, promoting their phagocytotic clearance in the female
reproductive tract (Easterhoff et al., 2013; Roan et al., 2017). Semen amyloids were identified in
2007 as agents that promote the infectivity of the human immunodeficiency virus 1 (HIV-1), a
mainly sexually transmitted pathogen (Miinch et al., 2007). The mechanism underlying
infectivity enhancement is a direct interaction of the positively charged fibrils with the
negatively charged viral and cellular membranes, which results in orders-of-magnitude increased

rates of viral attachment and infection (Roan et al., 2009). Further studies showed that semen
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itself enhances HIV-1 infection and semen amyloids are the responsible factor (Roan et al.,
2014). Thus, antagonizing the HIV-1-promoting activity of semen could reduce rates of sexual
viral transmission and several compounds interfering with formation and function of semen
amyloids have been described (reviewed in (Rocker et al., 2018a)). Since amyloidogenic
peptides in semen are rich in Lys and Arg residues, CLRO1 was hypothesized to modulate their
HIV-1 enhancing activity (Lump et al., 2015). Indeed, CLROI (but not CLRO03, which lacks the
hydrophobic site walls) not only inhibited the formation of PAP and SEM fibrils but also
remodeled preformed semen amyloids, thereby abrogating their ability to interact with virions
and to promote infection (Lump et al., 2015). Unexpectedly, CLRO1 also exhibited a direct
antiviral effect by disrupting the membrane of HIV-1 and other enveloped viruses (see below).
This combined anti-amyloid and anti-HIV-1 activity renders CLRO1 an interesting microbicide

candidate for preventing or reducing sexual HIV-1 transmission (Lump et al., 2015).

G. Antiviral activity of MTs
The finding that CLRO1 has direct anti-HIV-1 activity was surprising and stimulated further
research. It was shown that CLRO1, but not CLRO3, inhibited HIV-1 infection independently of
the viral coreceptor tropism or HIV-1 strain, with ICsy values in the uM range, by directly
targeting the virion but not the cell (Lump et al., 2015). Atomic force microscopy showed that
CLRO1 caused a physical disruption of the retroviral particles confirming a direct antiviral effect
(Lump et al., 2015). Further biophysical experiments using giant unilamellar vesicles (GUVs)
demonstrated that CLRO1 preferentially destroys lipid raft-enriched membranes, which are
typical for viral envelopes derived from the plasma membrane (Lump et al., 2015). Thus,
CLRO1’s ability to exert broad antiviral activity against other enveloped and non-enveloped

viruses was investigated. In agreement with the mechanism proposed above, CLRO1 was found
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to suppress infection by all analyzed enveloped viruses, including members of the herpesviruses
(Herpes Simplex Virus 1 and 2, Cytomegalovirus), flaviviruses (Zika Virus), filoviruses (Ebola
Virus), hepaciviruses (Hepatitis C Virus), paramyxoviruses (Measles Virus), orthomyxoviruses
(Influenza A Virus), pneumoviruses (Respiratory Syncytial Virus) and coronaviruses (SARS-
CoV-2) (Brenner et al., 2021; Lump et al., 2015; Rocker et al., 2018b; Weil et al., 2020). In
contrast, CLRO1 did not abrogate infectivity of non-enveloped adenoviruses or the
encephalomyocarditis virus, further confirming that the compound targets the viral envelope
(Brenner et al., 2021; Lump et al., 2015; Rocker et al., 2018b; Weil et al., 2020). These and the
mechanistic data discussed below show that CLRO1 attacks and destabilizes the viral membrane,
ultimately leading to a loss of viral infectivity. The observed ICsy values against the different
viruses ranged between the low to median pM range. These different activities could be
explained by differences in the composition of the viral lipid membrane, the accessibility of the
membrane due to tightly packed glycoproteins, or the effects of membrane curvature and tension
of virus particles of different sizes. Another explanation that might affect the MTs antiviral
activity is the total number of infectious particles and/or the presence of enveloped but non-

infectious particles in a given viral stock solution.

In studies aimed to clarify the mechanism underlying membrane disruption by MTs, the antiviral
effects of CLROS and the molecular clip PC were investigated, together with CLRO1 (Figure 1)
(Weil et al., 2020). PC features planar naphthalene side walls, which result in a different cavity
with respect to that of CLRO1. As discussed below, only CLRO1 and CLROS5, but not PC, formed
closed inclusion complexes with lipid head groups of viral membranes, thereby altering lipid
orientation and increasing surface tension. Consequently, CLRO1 and CLROS5, but not CLRO3 or

PC, showed broad antiviral activity against enveloped viruses, suggesting that introducing

61

#7202 ‘0T |1dy uo sfeuinor 134S Y e 6.o'seulno isdse: Asawreyd wol) papeo jumoq


http://pharmrev.aspetjournals.org

Pharmrev Fast Forward. Published on 22 December 2022 as DOI 10.1124/pharmrev.122.000654 This
article has not been copyedited and formatted. The final version may differ from this version.

aliphatic ester arms into each phosphate group of CLR0O1 might act as lipid anchors that promote
membrane targeting (Weil et al., 2020). Indeed, the best antiviral MT candidate was found to be
the one containing N-pentylphosphate groups as side arms (Scheme 6). This derivative was
approximately one order of magnitude more effective against HIV-1 than CLRO1 (Weil et al.,
2020). These findings open the path for structural optimization toward generation of even more
potent MTs that represent promising leads for a novel class of broad-spectrum antivirals.
Advanced MTs might be particularly useful for prevention and treatment of viruses where
currently no effective therapy exists, as was the case for the first 1.5 years of the SARS-CoV-2

pandemic or other newly emerging enveloped human pathogens.

More recently, it also became clear that CLRO1 not only inhibits cell-free virus infection but also
cell-to-cell viral spread (Brenner et al., 2021). Many enveloped viruses, including several
herpesviruses, have evolved a cell-to-cell mode of spread involving direct cell-cell contacts
which most likely also accounts for viral dissemination in vivo (Sattentau, 2008). Clinical
isolates of the human cytomegalovirus (HCMV) grow mainly in a cell-associated manner
without releasing infectious progeny virus into the extracellular environment (Jackson and
Sparer, 2018). Interestingly, this direct cell-to-cell transmission of HCMV could be blocked by
CLROI but not by antibodies that neutralize cell-free HCMV infection (Brenner et al., 2021).
Similar results were obtained for HSV-1 and HSV-2 suggesting that MTs may be particularly
useful in the prevention or treatment of herpesviral infections. However, the exact mechanism by
which CLRO1 restricts herpesvirus cell-to-cell spread remains to be determined, and it would be
interesting to investigate whether CLRO1 and newer MTs also block cell-associated spread of

other viruses.
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H. Bacterial biofilm
Bacterial infections often involve surface-associated bacterial communities embedded in a
polymeric matrix called biofilm (Flemming et al., 2016). The composition of the biofilm matrix
varies among bacterial strains and includes polysaccharides, extracellular DNA, and proteins
constructing solid layers supporting bacterial cell growth and development (Limoli et al., 2015;
Schwartz et al., 2016). Biofilm proteins often are self-assembled into functional amyloids, which
provide high stability to the structure and resemble amyloids involved in proteinopathies (Blanco
et al., 2012; Zaman and Andreasen, 2020). The biofilm functional amyloids contribute to
bacterial persistence in the host cells and promote their resistance to antimicrobial drugs. Thus,
inhibiting biofilm formation or disassembling biofilm by targeting the functional amyloids
involved in these structures is a promising strategy for tackling bacterial infection and drug

resistance.

Among gramicidin-positive bacteria, Staphylococcus aureus (S aureus) infections are one of the
five most common causes of hospitalizations in the US and have an estimated > 25% mortality
rate (Bridier et al., 2011; Schlecht et al., 2015). S aureus bacteria form a rigid, impenetrable
biofilm containing functional amyloid proteins named phenol-soluble modulins (PSMs) that
contribute to the pathogenicity and drug-resistance of these bacteria (Cheung et al., 2014). In a
recent study (Malishev et al., 2021), CLRO1, CLROS5, and CLRO3 as a negative control, were

tested for their impact on S aureus biofilm formation.

Both CLROI and CLROS inhibited S aureus growth at concentrations > 50 uM with 1Csy values
of ~130 uM and ~90 uM respectively, whereas CLR0O3 was inactive, as expected. Therefore, in
subsequent experiments, the anti-biofilm activity of these compounds was studied at

concentrations < 50 uM, which allowed the bacteria to survive. Confocal fluorescence
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microscopy images recorded after 24 incubation of S aureus with 50 uM of each compound at
37 °C showed pronounced disruption of the biofilm assembly (Figure 15a) (Malishev et al.,
2021). The ability of the MTs to inhibit biofilm formation also was evaluated using scanning
electron microscopy in 10% mouse serum to test whether inhibition could still be observed in the
presence of biomolecules, including competition by Lys and Arg residues in the environment.
This analysis revealed a significant reduction of S aureus biofilm mass in the presence of both

MTs, though interestingly, under these conditions CLRO1 was more effective than CLROS.

PSMa is a member of the PSM peptide family. Some, though not all the peptides in this family
form amyloid in the context of biofilm formation (Malishev et al., 2021; Salinas et al., 2018).
One of the peptides known to form amyloid is PSMal and therefore this peptide was used as a
model to further investigate the mechanism by which the MTs disrupt biofilm using
experimental and computational approaches. A ThT-fluorescence assay showed that CLRO1
inhibited PSMal B-sheet formation completely at a 1:1 concentration ratio, whereas CLROS5 was
a weaker inhibitor of PSMal B-sheet formation, requiring 5-fold excess for complete inhibition.
TEM analysis revealed that in the presence of CLR01, PSMal formed relatively scarce, short
and thin fibrils, as opposed to abundant long and thick fibrils in the absence of MTs.
Interestingly, in the presence of equimolar CLR05 PSMal formed quasi-oval “bundles” of short
fibrils, distinct from the abundant, long fibrils formed by PSMal on its own (Figure 15b).
Equimolar concentrations of CLROI, and to lesser extent CLROS5, dissociated PSMal fibrils
upon incubation for 24 h (Figure 15¢). The stark difference between the kinetics of these
dissociation reactions and those of AP (Sinha et al., 2011), a-syn (Prabhudesai et al., 2012), and
SOD1 (Malik et al., 2019), which required excess CLRO1 and took weeks, demonstrates the

substantially lower intrinsic stability of functional amyloids, which are designed to be assembled
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and disassembled according to the needs of the organism, compared to disease-related amyloids

forming under pathologic conditions.

Solution-state NMR experiments demonstrated that CLROI binding to PSMal involved
inclusion of Lys sidechains inside the cavity of the MT, as has been demonstrated previously
(Figure 16) (Lopes et al., 2015; Talbiersky et al., 2008), whereas CLR05 binds more weakly and
uses a distinct binding mode (Figure 5). The weaker binding of CLR05 compared to CLRO1
indicated that the stronger anti-biofilm activity of this compound likely is mediated via
mechanisms other than its direct binding to PSMal. Molecular-dynamics simulations and free-
energy calculations supported the different binding modes of the two MTs observed by NMR yet
deciphering the mechanisms by which each compound disrupts S aureus biofilm will require

further study.

IV. Mechanism of action against amyloidogenic proteins

A. Anti-amyloid activity in vitro.
Unlike many inhibitors of protein aggregation (Liu and Bitan, 2012; Rahimi et al., 2016), MTs
do not target the cross-p structures of amyloid fibrils, but rather interfere with a combination of
hydrophobic and electrostatic interactions involving Lys, and to a lower extent Arg, residues,
which are key to the early self-assembly processes before formation of the cross-p structures. As
this unique mode of inhibitory activity allows MTs to interfere with the abnormal self-assembly
of virtually any amyloid protein as long as Lys or Arg residues are available, we call this mode
of activity “process-specific,” to distinguish it from the typical specificity of small-molecule
inhibitors of a particular protein target. Thus, MTs can be used as broad-spectrum inhibitors of
the oligomerization, aggregation, and toxicity of most amyloidogenic proteins as has been shown

for CLROI1, originally for 10 different proteins (Sinha et al., 2011) and subsequently for
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additional proteins (Table 3). The only other example of a similar approach we are aware of is a
substantially larger curcubit[7]uril that inhibits AP aggregation and toxicity by targeting a
particular amino acid, in that case Tyr (Lee et al., 2014), albeit with considerably lower efficacy
than CLRO1. In vitro, binding of at least 1 MT molecule to at least 1 Lys (or Arg) residue is
necessary for inhibition and therefore, the MTs act stoichiometrically (though sometimes the
concentration ratios are sub-stoichiometric and other times super-stoichiometric, depending on
the specific protein). Importantly, this mode of action is distinct from the catalytic action of MTs

in vivo (see below).

Unlike with CLRO1, computational and experimental studies indicated no inhibition of seminal
amyloid formation by CLROS5 or PC, nor remodeling of the fibrils (Weil et al., 2020). Further
testing the effect of the MTs and PC on infectivity enhancement mediated by SEVI fibrils
revealed complete inhibition of HIV-1 by CLRO1 but not by CLRO5 or PC (Weil et al., 2020).
However, CLRO5 reduced amyloid-infectivity enhancement, whereas PC had no effect at all.
Free energy calculations indicated that, with respect to CLRO1, CLRO5 displayed in general a
reduced ability to form inclusion complexes with Lys or Arg residues of PAPyg.2s6, an
amyloidogenic peptide forming the SEVI fibrils (Lump et al., 2015; Weil et al., 2020). In
addition, CLROS did not interact effectively with Lys281 or Lys282. These two Lys residues,
located at the C-terminal region of PAP24g 236, form part of the stable cross- SEVI fibril core.
The differences between the activity of CLRO1 and CLROS were related to the fact that the latter
forms both chelates and inclusion complexes with Lys/Arg residues in solution via its
carboxylate groups. Comparison between the two MTs suggests that the nature of the negatively
charged group attached to the central hydroquinone is the key to the difference in activity. Thus,

the anti-seminal-amyloid activity of CLROI results not only from inclusion of Lys/Arg in its
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torus-shaped cavity, but also from the hydrogen phosphate groups adorning its periphery, which
favor the formation of supramolecular complexes with Lys/Arg. The formation of the inclusion
complexes between CLRO1 and Lys/Arg residues in seminal peptides such as PAP,43 256 leads to
a neutralized zeta potential of the fibrils and thus to elimination of the fibrils’ ability to carry

virions to the cell membrane (Lump et al., 2015).

CLRO1 binds to Lys, simple Lys derivatives, and small Lys-containing peptides with ~10 uM
affinity (Dutt et al., 2013a; Sinha et al., 2011). It binds Arg derivatives with 5—-10-times lower
affinity and does not recognize other amino acids or small co-factors (Fokkens et al., 2005;
Talbiersky et al., 2008). Importantly, the binding of CLRO1 is kinetically labile and has a high
on-off rate, which was demonstrated by surface-plasmon resonance (Bier et al., 2013) and 'H-

NMR spectroscopy (Dutt et al., 2013a). The moderate affinity and high on-off rate are crucial for

the selectivity of MTs for the abnormal assemblies of amyloid proteins. Stable proteins, whose

structure was optimized by millions of years of evolution are unaffected by such gentle binding,
whereas the weak forces mediating formation of metastable oligomers and nuclei, which
(mis)fold considerably slower and through a rougher energy landscape (Yu et al., 2015) are
disrupted efficiently by MT binding. Moreover, there is a profound difference between freely
accessible Lys residues on unstructured protein domains, which are easily accessible to MTs, and
folded proteins whose surface often does not allow the sterically demanding MTs to approach a
Lys residue close enough for binding. This was evidenced by x-ray crystallography, isothermal
titration calorimetry, and molecular dynamics simulations combined with QM/MM calculations
of the complex between CLRO1 and 14-3-3, in which only 5 of 17 surface Lys residues were
available for CLRO1 binding (Bier et al., 2017; Bier et al., 2013). Thus, the mode by which MTs

target the abnormal self-assembly process itself, rather than a specific protein, is based on the
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fundamental difference in the binding energies holding polypeptide chains together in metastable

oligomers versus normal proteins.

The binding sites of CLRO1 on various amyloidogenic proteins have been studied using ECD-
MS and/or solution-state NMR and the findings are summarized in Table 4. As discussed above,
determining the primary binding site for CLRO1 on AP was particularly informative in the early
days of studying the anti-aggregation activity of MTs and in fact, opened the gate to discovering
their broad-spectrum activity. AP has two Lys residues at positions 16 and 28, in addition to one
Arg residue at position 5. The first publication describing water-soluble, Lys-selective MTs
(Fokkens et al., 2005) appeared around the same time a central turn structure in monomeric A
was discovered (Lazo et al., 2005). The turn was stabilized by both hydrophobic and electrostatic
interactions involving Lys28, leading us to postulate that MTs might bind to Lys28, disrupt these
interactions, and thereby inhibit AP self-assembly. Though the experimental evidence indeed
showed that CLRO1 was a potent inhibitor of both APB40 and AP42 oligomerization and
aggregation (Sinha et al., 2011; Zheng et al., 2015), we were surprised when the main binding
site for the compound was found by both ECD-MS and solution-state NMR to be Lys16 (Sinha
et al., 2011). These findings suggested that disruption of the central turn in A might not be
necessary for inhibition of its self-assembly, which prompted experiments testing the inhibitory
activity of CLRO1 against multiple other amyloidogenic proteins and the discovery of its broad-

spectrum activity (Table 3).

Using the same methods in combination with molecular dynamics simulations, QM/MM, and
free-energy calculations, CLRO1’s primary binding sites were found to be at Lys 10 and/or Lys
12 on a-syn (Acharya et al., 2014), mainly in the MTBD of tau, in which Lys331 had the highest

affinity followed by Lys321 (Despres et al., 2019; Nshanian et al., 2019), and Lys9 of Htt®'
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(Vopel et al., 2017). In addition, recent NMR experiments showed that all three Lys residues in
PSMal bound CLRO1 (Malishev et al., 2021). The identification of these multiple binding sites
reveals important mechanistic aspects of CLRO1’s inhibitory activity. First, the main binding
sites of the compound on different proteins do not occur at particular consensus motifs, but rather
appear to be determined by the unique amino-acid sequence and conformation in each case. MT
binding can be favored especially when charged groups such as hydrogen phosphates and
carboxylates are adorning the central hydroquinone, by formation of additional salt bridges and
hydrogen bond interactions between the MT’s charged groups and residues neighboring the
encapsulated Lys or Arg (Bier et al., 2013). Second, the main bindings sites do not have to be at
a region important for the protein’s aggregation in order to achieve efficient inhibition. The first
point is demonstrated in Table 5, showing the flanking residues around each Lys residue
recognized as a main binding site for CLROI. It stands out in particular when one considers the
seven-repeat motifs at the N-terminus of a-syn and four-repeat domain comprising the
microtubule-binding region of tau. In each of these cases, certain Lys residues in specific repeats
have been identified as primary binding sites for CLRO1, whereas Lys residues experiencing
similar environments in nearby repeats are not. The second point supports the unique mechanism
of action of MTs, which is distinct from typical inhibitors binding to specific binding sites of
receptors or active sites of enzymes. MTs bind Lys residues with moderate affinity and high on-
off rate. A major factor determining their preferred binding sites is simply the exposure of the
Lys residue to the environment, implying that residues involved in intramolecular interactions,
such as salt-bridges, would be less available for the MTs’ binding. Thus, the inhibition of self-

assembly is mediated by disruption of intermolecular interactions involving Lys (and nearby
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residues) and by the temporary reversal of the positive charge at the site of binding to a negative

charge for the duration of the MT binding.

Providing additional insight into the mechanism of action of MTs, the impact of CLRO1 binding
was shown to modulate the “reconfiguration rate” of a-syn, i.e., the rate by which the monomer
conformation changes, affecting both intra- and intermolecular interactions. This rate can be
measured by introducing a fluorophore-quencher system, e.g., Trp and Cys, into the sequence of
the protein (Ahmad et al., 2012; Ahmad and Lapidus, 2012). A slow reconfiguration rate
typically indicates strong intramolecular interactions and a stable structure, whereas a fast
reconfiguration rate suggests the lack of a stable structure. When the reconfiguration rate is
moderate, the structural stability is low and intermolecular interactions may be favorable, leading
to self-assembly, whereas a fast reconfiguration rate decreases the stability of intermolecular
interactions and the probability of self-association. Using this system, CLRO1 was shown to
increase the reconfiguration rate of a-syn, providing a plausible mechanistic explanation for the

strong inhibitory action of the MT on a-syn aggregation (Acharya et al., 2014).

In addition to inhibiting formation of toxic assemblies, CLRO1 also has been demonstrated to
dissociate existing amyloid fibrils of various amyloidogenic proteins, including AB40 and Ap42
(Sinha et al., 2011) a-syn (Bengoa-Vergniory et al., 2020; Prabhudesai et al., 2012), SOD1
(Malik et al., 2019), SEVI and PAP(85-120) (Lump et al., 2015), and PSMal (Malishev et al.,
2021). Incubation of CLRO1 with fibrils of IAPP, a particularly amyloidogenic protein bearing
only two binding sites for CLRO1 at Lys1 and Argl1, did not dissociate the fibrils but led to an
arrest of fibril growth (Lopes et al., 2015). In view of the gentle binding of CLRO1 described
above, its ability to dissociate pre-existing amyloid fibrils, where the forces holding the

polypeptide chains together are particularly strong, might be surprising. Because these forces are
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weaker in functional amyloids, such as those formed by SEVI, PAP(85-120), and PSMal, the
dissociation of these fibrils was achieved within hours using low protein:CLRO1 concentration
ratios, as opposed to the pathological amyloid fibrils, which required excess CLRO1 and several
weeks for dissociation. In these latter cases, binding of CLROI1 to exposed Lys residues on the
surface of the fibril likely does not contribute to fibril dissociation. Rather, when CLRO1 binds to
the minute amount of soluble protein that is in equilibrium with the fibril, it does not allow the
protein to re-bind to the fibril, thereby slowly shifting the equilibrium toward fibril dissociation

(Figure 17).

B. Anti-amyloid activity in cellulo and in vivo.
Despite the in-depth insight into the mechanisms by which MTs inhibit abnormal protein self-
assembly and dissociate existing aggregates in vitro, until recently, little was known about the
way they interact with cells, distribute within cells, and affect amyloidogenic proteins in the
context of a cellular environment. A major impediment to answering these questions is that the
intrinsic fluorescence of most MTs, which is sufficient for measurement of binding in simple
buffers (Figure 4), is too weak to observe on the background of a cell. Therefore, to address
these questions, recently two fluorescent MT derivatives were prepared in which fluorophore
beacons were attached to one of the phosphate groups of CLRO1 (Li et al., 2021). In a derivative
called CLR16, the fluorophore is 5-carboxytetramethylrhodamine (TAMRA), whereas in CLR18
it is 6-fluorescein amidite (FAM). Most of the work to date has been done using the red-
fluorescent CLR16 to allow counterstaining with various cellular markers labeled by GFP,

whereas the green CLR18 was used for validation of key experiments (Li et al., 2021).

In the first study using CLR16, the compound was shown to be internalized in human

oligodendroglioma cells (Herrera-Vaquero et al., 2019). Subsequent studies showed that this
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internalization is a general phenomenon as CLR16 was found also internalize into mouse
primary neurons and primary astrocytes, SH-SYS5Y cells, and HEK293 cells, primarily via
dynamin-mediated endocytosis (Li et al., 2021). Inspection of cells treated with either CLR16 or
CLRI18 under a fluorescence microscope revealed that most of the intracellular fluorescence
appeared to be punctate, rather than diffuse (Figure 18). Possible explanations included
intracellular aggregation of the MTs or their concentration in cellular compartments. As
discussed above, MTs have been found to form dimers only at high concentrations (Figure 3). In
addition, CLRO1 was found not to form colloids or micelles despite its amphipathic nature, likely
due to its rigid structure (Lump et al., 2015), suggesting against intracellular aggregation of the
fluorescent MTs. Therefore, the bright puncta were hypothesized to reflect concentration of the
MTs in particular cellular organelles and subsequent experiments were performed to decipher the

identity of these organelles.

Cells were treated with the fluorescent MT derivatives and counterstained with dyes or markers
for specific organelles. These experiments showed that the MTs did not co-localize with
mitochondria or nuclei, but rather overlapped weakly with early endosomes, moderately with late
endosomes and autophagosomes, and most strongly with lysosomes (Li et al., 2021). These data
revealed that MTs tend to concentrate in acidic compartments, which are the very compartments
to which cells direct misfolded and aggregated proteins for degradation. Though the reason for
the concentration in acidic compartments currently is not well understood, the data helped
explain the strong therapeutic effects of low-dose CLRO1 found in multiple animal models,
suggesting that the compound concentrates right where it is most needed, achieving a high
effective concentration in the small volume of these organelles, and acting catalytically to

facilitate enzymatic degradation of misfolded, aberrantly assembled proteins by lysosomal
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cathepsins. This putative mechanism helps explain the high efficacy of CLRO1 observed in the
mouse model of MPS IIIA described above, in which different amyloidogenic proteins form

secondary lysosomal storage (Monaco et al., 2020).

It might be argued that the relatively large fluorophores changed the chemical characteristics of
CLRO1 and therefore their internalization and cellular distribution do not reflect the behavior of
the unlabeled MT. To address this concern, we incubated the cells with CLR16 in the presence of
increasing concentrations of CLROI and found that CLRO1 competed with the internalization
and lysosome concentration of CLR16, suggesting that the behavior of both compounds in a

cellular environment was similar (Li et al., 2021).

A crucial demand from drugs aimed at treating CNS diseases is penetration through the blood—
brain barrier (BBB). The brain-to-blood ratio of CLRO1 has been tested using *H-CLRO1 initially
using intravenous (I.V.) administration and was found to be 2—-3% after 20 min in wild-type mice
and mouse models of AD and PD (Attar et al., 2014; Richter et al., 2017). Although this first-
pass penetration of CLRO1 into the brain was relatively low, it was more than might be expected
for a compound with a molecular mass of 722 g/mole and up to four negative charges.
Interestingly, we also found that although the plasma half-life of CLRO1 was ~2.5 h, the small
percentage that passed through the BBB persisted in the brain 72 h later (Attar et al., 2014),
providing the first clue for the strong efficacy of CLRO1 administered peripherally in the

multiple mouse models of CNS proteinopathies discussed above.

A second clue was discovered recently, as part of a study testing CLROI in the SNCA-OVX
mouse model of PD. The study re-evaluated the BBB penetration of the compound, which this
time was administered S.C. in the pharmacokinetics experiments, to match the efficacy

experiments. Surprisingly, when CLRO1 was administered S.C. in these mice, its brain-to-blood
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ratio was an order of magnitude higher than following 1.V. administration and appeared to
saturate at ~40% (Bengoa-Vergniory et al., 2020) (Figure 19). This substantial increase in brain-
to-blood ratio was not related to the mouse model itself because two mice included in the study
were wild-type littermates (red dots in Figure 19). Rather, the increase in brain-to-blood ratio
reflected a substantially lower concentration of CLRO1 in the blood and a 3—4-fold increase of
the brain concentration following S.C. administration compared to 1.V. administration, leading to
the hypothesis that using this route of administration, CLRO1 is temporarily deposed in the S.C.
adipose tissue, from which it is released slowly into the bloodstream. Indeed, initial tissue-
distribution analysis showed that a large fraction of CLRO1 was found in the adipose tissue at the
injection site 5 min after injection (manuscript in preparation), supporting this proposed

mechanism.

In the SNCA-OVX Parkinson’s disease mouse model, a dose of 0.14 mg/kg administered twice a
week for two months was found to have a significant beneficial therapeutic effect. Using
computer modeling, the intracellular average drug concentration was calculated to be 240 ng/mL,
with a predicted maximum concentration of 510 ng/mL, corresponding to cells exposed to
concentrations above the calculated ECso of 85.4 nM 93% of the time. Moreover, the model
predicted a rapid intracellular accumulation of CLRO1. The extracellular average concentration
was calculated to be 100 ng/mL, the maximum concentration was 230 ng/mL, and time above
the ECso in the extracellular space was 81%. These numbers support the findings that
administration of the same dose of CLRO1 using osmotic minipumps led to effective clearance of
amyloid plaques and neurofibrillary tangles in the triple-transgenic mouse model of AD (Attar et
al., 2012). The concentrations of the major amyloidogenic proteins in the brain are: AB42 ~7.5

ng/mL (Wang et al., 1999), tau ~120 pg/mL (Igbal et al., 2010), and a-syn 1.4-14 pg/mL
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(Bernal-Conde et al., 2019). Thus, the calculated intracellular concentration of CLRO1 allowed it
to disrupt formation of toxic oligomers, the concentration of which would be predicted to be
substantially lower than that of the total protein. However, as MTs bind to exposed Lys residues
on any protein and to free Lys, the percentage of CLRO1 available for interaction with the
amyloidogenic proteins might be considerably lower than the total concentration measured in the

brain. How then is the high efficacy of the compound achieved?

The recent study using fluorescent MT derivatives provided a third major clue. The study
revealed that upon endocytosis, the MTs concentrate rapidly in acidic organelles, primarily in
lysosomes, and to a lower extent in late endosomes and autophagosomes, which together
comprise ~2% of the total volume of a cell. These organelles are exactly those to which the cells
direct misfolded and aggregated amyloidogenic proteins, making the effective concentration of
CLROI 1-2 orders of magnitude higher than the concentration calculated based on total brain
volume and reducing substantially the number of competing Lys/Arg residues in the remaining
volume of the cell. Together with the catalytic activity in the lysosomes, as opposed to the
stoichiometric inhibition of aggregation in vitro, these new pieces of the puzzle explain how
CLRO1 achieves high efficacy at low doses in-vivo than would be predicted based on in-vitro

data.

C. Disruption of viral membranes.
CLRO1 and CLROS exerted broad antiviral activity against all analyzed enveloped, but not naked
viruses (Brenner et al.,, 2021; Lump et al., 2015; Rocker et al., 2018b; Weil et al., 2020),
suggesting that the viral lipid bilayer is the target of the tweezers. In fact, experiments using
synthetic GUVs and liposomes confirmed a direct membrane disrupting activity (Lump et al.,

2015; Weil et al., 2020). Importantly, the potency in liposome destruction correlated strongly
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with the antiviral activity, providing further evidence that the tweezers exert antiviral activity by
destroying the viral envelope. To obtain additional mechanistic insights, molecular dynamics
simulations and NMR studies were performed, which showed that CLRO1, CLR05 and PC
encapsulated the lipid head groups inside their cavities (Figure 20), yet PC did not form “closed”
inclusion complexes. Unlike PC, CLRO1 and CLROS induced changes on the orientation of the
head groups of the lipids, which raised surface tension resulting in destabilization of the viral

membrane.

In addition, QM/MM calculations indicated that CLROI-sphingomyelin (SM) complexes are
more stable than CLRO1-1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) complexes. As viral
membranes derived from the plasma membrane are enriched in cholesterol and SM (Lorizate et
al., 2013), the preferred destabilization of viral membranes in comparison to cellular membranes
can be rationalized by the difference in stability of these complexes. The ability of MTs to
disrupt viral membranes also results from the increased surface tension due to the higher
curvature of these membranes compared to cellular membranes making the latter more resistant
to disruption by MTs. Membrane repair mechanisms of cells, which are absent in viruses, might

further help prevent MT-mediated damage to the cells.

Importantly, free-energy calculations allowed establishing that CLRO1 is unlikely to penetrate
deep inside the membrane or cross the bilayers. Thus, the key to the antiviral activity is related to
the MTs’ effect on the lipid orientation and/or the preference of the MTs toward lipids, such as

SM.

In addition, biomolecular simulations of potentiated MTs featuring novel aliphatic or aromatic
ester groups and displaying improved antiviral activity against SARS-CoV-2 were carried out.

The results indicated that the presence of MTs’ substituents that can act as “inserted side arms”
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into the membrane increases the surface tension at a local side of the viral membrane, in addition
to the changes in lipid orientation discussed above. Therefore, the insertion of lipophilic arms,
which increase the MT affinity for the lipid membrane provides a rationale for the enhanced and

highly effective antiviral activity of these novel MTs.
V.  Drug-like properties and toxicology

A. CLRO01’s Chemistry and pharmacokinetics (PK)

CLROI is soluble in aqueous solutions at 10—15 mM. It complies with 3 of the 4 Lipinski rules-
of-5 (Lipinski et al., 2001). It has 2 H-bond donors, 8 H-bond acceptors, and its cLogP = 2.64.
CLRO1’s polar surface area of 139.18 A? also supports its druggability. The one violated rule is
the size. The molecular mass of CLRO1 is 722, above the recommended 500-Da cutoff. In
addition, the negatively charged phosphate groups of CLRO1 would raise caution for traditional
medicinal chemists or pharmacologists. However, as discussed above, substantial empirical data
demonstrate internalization into cells, blood-brain barrier BBB permeability following S.C.
administration well above expectation, and a putative catalytic mechanism in vivo, explaining the

efficacy in multiple animal models of CNS proteinopathies upon peripheral administration.

Pharmacologic characterization of CLRO1 began with standard in vitro experiments and yielded

the following results (Attar et al., 2014):

e CLRO1 was stable in human (99 + 9%) and mouse (97 £ 2%) liver microsome
preparations for 60 min, whereas testosterone, which was used as a positive control, was

degraded down to 29% and 1%, respectively.

e CLRO1 was stable (100 £+ 5%) in both human and mouse plasma for 60 min at 37 °C.
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e As would be expected based on its mechanism of action, CLRO1 was 96 + 3% and 99.0 +
0.2% bound to human and mouse plasma proteins, respectively. These results were

comparable to testosterone, (98.6 + 0.2% and 94 + 2%, respectively).

e CLRO1’s ICs for inhibition of 5 major cytochrome P (CYP) 450 isoforms were all above
1 uM (Table 6), suggesting against significant drug—drug interactions (Obach et al.,
2006). In addition, CYP450 34A induction by CLR0O1 was moderate relative to the

antibiotic rifampicin used as a positive control (Attar et al., 2012).

The plasma concentration of CLRO1 following a 1-mg/kg I.V. injection initially (20 min post
injection) was 5-times higher than upon S.C. administration, yet clearance was faster in the I.V.
route so the area under the curve was only ~2-times higher for I.V.-administered CLROI
compared to the S.C. route. The half-life in both routes was determined to be ~2.5 h (Attar et al.,
2014) but was quite variable in each group. These data suggest that mechanisms other than those
tested in plasma in vitro are responsible for CLRO1 clearance. Continuous S.C. administration of
1 mg/kg per day CLRO1 via osmotic minipumps for 21 days showed a plasma steady-state
concentration of ~140 nM (Lopes et al., 2015). In contrast, oral bioavailability by gavage
following administration at 10 mg/kg was low (Attar et al., 2014). In addition to the size and
negative charge of CLRO1, which likely have restricted its oral absorption, two additional factors
might have lowered oral bioavailability. First, the mice in those initial experiments were fed ad
libitum and the proteins in the food acted as a sink for CLRO1. Second, CLRO1 might have been
metabolized in the GI tract. We hypothesized that the most likely metabolism of CLRO1 would
be dephosphorylation. To begin testing this hypothesis, the compound was incubated in vitro
with alkaline phosphatase or with whole mouse brain extracts for 60 min. The release of free

phosphate was measured, using p-nitrophenylphosphate (PNP) as a positive control. The
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measurements showed quantitative dephosphorylation of PNP, but no release of free phosphate
from CLROI in either condition (Attar et al., 2014), likely because its rigid structure confers
metabolic stability, in agreement with the plasma and liver-microsome experiments. These
results suggested that the low oral bioavailability of CLRO1 might result from inability to be

absorbed by the gut and/or from its binding to food proteins.
B. CLRO1’s specificity in vitro.

To test the hypothesis that CLRO1 could disrupt aberrant protein self-assembly while sparing
normal assembly or other physiological functions, the protein:CLRO1 concentration ratio needed
for inhibiting aggregation of amyloid proteins was compared to that required for interfering with
a normal assembly process—tubulin polymerization. The protein:CLRO1 concentration ratios
needed for half-maximal inhibition (ICsg) of different amyloid proteins were mostly in the range
1:0.1 — 1:5, respectively (Schrader et al., 2016; Sinha et al., 2011). These concentration ratios
had no effect on tubulin polymerization. Only at a tubulin:CLRO1 concentration ratio of 1:55,

respectively, partial disruption of the process was observed (Attar et al., 2014).

CLRO1 also was tested as an inhibitor of enzymes containing key Lys residues at or near the
active site. The enzyme:CLROI ratios needed for inhibiting the activity of alcohol
dehydrogenase or PARP-1 were 1:865 (Talbiersky et al., 2008) and 1:1,435 (Wilch et al., 2017),
respectively. These data support the mechanism of action of CLRO1 and demonstrate that despite
its ability to bind exposed Lys residues essentially on any protein, its gentle, labile binding
affects amyloid proteins’ self-assembly at concentrations orders of magnitude lower than those

needed for disruption of normal biological processes.
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C. CLRO1’s specificity and toxicity in cell culture.

Because in most of the assays used to measure the toxicity of amyloidogenic proteins the
proteins were added to cells exogenously, the concentrations of CLROI needed for inhibition
depended on the concentration of the protein used and as discussed above, generally were in the
high nM to low puM range. Inhibition of a-syn oligomerization when expressed endogenously in
SH-SYSY cells by CLROI was achieved with ICso = 85.4 nM (Bengoa-Vergniory et al., 2020)
and inhibition of seeded intracellular tau aggregation in HEK293 biosensor cells with ICsy = 660
nM (Despres et al., 2019). Toxicity of CLRO1 itself in cell culture was observed at ~3 orders of
magnitude higher concentrations and depended on the cell type used. In differentiated PC-12
cells, no toxicity was observed up to 200 uM and ~15% reduced viability (MTT assay) occurred
at 400 uM (Sinha et al., 2011). No reduction in viability (XTT assay) was found up to 500 pM in

the HIV reporter cell line TZM-bl (Lump et al., 2015).
D. CLRO1’s Safety in vivo.

To test the safety of CLRO1 in mice, it was administered intraperitoneally to 2-months-old wild-
type mice either as an acute bolus at 10 or 100 mg/kg with subsequent analysis at 24 h, or
chronically for 30 days (Attar et al., 2014). In the acute setting, administration of 100 mg/kg
CLRO1 initially caused obvious signs of distress to the mice, mainly freezing and hunching,
which resolved completely within 2 h. No mouse died until the time point of euthanasia at 24 h.
Histological and serological analyses showed liver injury but no damage to other major organs,
including heart, lungs, kidneys, pancreas, spleen, or brain (Attar et al., 2014). In the 10-mg/kg
group there were no signs of distress and no significant serological findings. In one out of 8 mice
in this group there were mild signs of liver degeneration. Therefore, 10 mg/kg per day was used

as the high dose in the subsequent chronic administration experiments, whereas a low dose was 3
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mg/kg per day. There were no behavioral or histological findings in either of the chronic-
treatment groups. The only significant serological change was a ~40% decrease in blood
cholesterol in the 10-mg/kg per day group (Attar et al., 2014). These findings demonstrate that
CLRO1 has a high safety margin, though the formal therapeutic index could not be determined
because lethal doses were not reached. In further support of the safety of CLROI and its
mechanism of action, in all the efficacy in vivo studies performed to date, dose range 0.04—6.0
mg/kg per day, no treatment-related side effects were observed, including behavioral changes,
morbidity, mortality, weight loss, or any indication that CLRO1 treatment caused distress to the
treated animals. Overall, the chemistry, pharmacokinetics, and safety data suggest that CLROI
administered S.C. is an attractive drug candidate for multiple proteinopathies and LSDs for
which currently disease-modifying therapy is not available, and support further development of

orally bioavailable derivatives or pro-drugs.

VI. Pending questions and future directions

The body of evidence supporting the therapeutic efficacy, high safety, and pharmacokinetic
profile of MTs, particularly CLRO1, has been growing over the last decade. To date, positive
therapeutic effects have been demonstrated in more than ten in vivo studies using four different
species—zebrafish, lamprey, mouse and rat, some of which are highlighted in Figure 21.
Inhibition of pathologic protein self-assembly was found for nearly 20 proteins involved in
diverse diseases, including AD, other tauopathies, PD, ALS, MSA, TTR amyloidosis, desmin-
related myopathy, and MPS IIIA, as well as in spinal cord injury, viral infection, and bacterial-
biofilm formation. MTs act by remodeling toxic protein assemblies into benign structures prone
to degradation, and importantly, facilitate cellular clearance mechanisms, such as the USP and

ALP, acting catalytically in vivo, which yields far greater impact than would be expected based
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on their quasi-stoichiometric inhibitory activity in vitro. This difference in mechanism between
in vitro and in vivo environments is what allows CLRO1 administered peripherally at doses as
low as 0.14 mg/kg twice weekly or 0.04 mg/kg daily, yielding brain concentrations in the
nanomolar range, to achieve high efficacy (Attar et al., 2012; Bengoa-Vergniory et al., 2020)
even though inhibition of the corresponding proteins (AP, tau, o-syn) in Vitro requires
micromolar concentrations of CLRO1. Despite the progress made over the last decade, several
questions remain to be answered and additional data will support paving the path into clinical

trials and the eventual goal of using MTs as disease-modifying therapy in humans.

First, although the BBB permeability of CLRO1 has been shown to be sufficient for achieving
strong therapeutic effects and the brain-to-blood ratio can be increased by an order of magnitude
by administering the compound S.C., rather than 1.V., the first-pass penetration of the compound
is limited and likely can be improved. Ongoing studies are testing new MT derivatives and
CLRO1 pro-drugs and initial results suggest that compounds with similar activity and greater
blood-brain barrier penetration can be obtained. An important and currently unanswered
question is the mechanism by which MTs enter through the blood-brain barrier. As their size and
charge would be expected to keep these compounds outside the brain, a likely mechanism by
which they manage to get through the barrier is opportunistic “hitchhiking,” bound to Lys
residues on protein transporters, such as those importing glucose or amino acids into the brain or
the transferrin receptor. Another currently unexplained phenomenon is the trapping of MTs in
the brain (Attar et al., 2014). A plausible explanation for this phenomenon is the concentration of
the compounds intracellularly in acidic organelles, which prevents their diffusion back into the

extracellular space and the systemic circulation.
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Two additional sub-optimal pharmacokinetic characteristics of CLRO1 are its relatively short
plasma half-life, ~2.5 h, and low oral bioavailability. The relatively short half-life could reflect
either metabolic modifications or excretion of the compound. Based on the structure of CLROI,
the most likely metabolic alteration is dephosphorylation. However, incubation of the compound
either with alkaline phosphatase or a whole mouse brain extract yielded no detectable phosphate
release, whereas a positive control compound, 4-nitrophenylphosphate, was dephosphorylated
quantitatively under the same conditions (Attar et al., 2014). These findings do not rule out other
modifications, but they suggest against dephosphorylation, the most likely modification, as the
cause for the moderate plasma half-life. Formal metabolite analysis and measurement of the
kinetics of CLRO1 excretion remain to be done. The low oral bioavailability of CLRO1 (~1%)
may be due to the size and charge of the compound, which makes passing through the gut-blood
barrier difficult. An alternative explanation is binding to proteins in food, which would interfere
with absorption of orally administered CLRO1 into the blood. The initial pharmacokinetic
experiments measuring oral absorption were done in mice fed ad libitum. Future testing in
fasting animals will allow distinguishing between these two hypotheses. Encouragingly, initial
testing of new MT derivatives and CLRO1 pro-drugs suggests that the plasma half-life can be
extended, and the oral bioavailability can be increased without compromising the activity or

safety of the compounds.

The broad-spectrum activity of MTs against abnormal protein aggregation suggests that they can
be effective against multiple additional amyloidogenic proteins and may have more applications
than those explored to date. For example, MTs may be effective drug candidates for prionoses.
Another example is eye diseases involving protein aggregation, such as retinal ganglion cell

degeneration in glaucoma, where an extended exposure of proteins to reduced sugars leads to the
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non-enzymatic glycation of amino groups by Maillard reaction and alters the biological activity
and degradation of these proteins (Tezel et al., 2007). Other proteinopathies predicted to be good
candidates for MT therapy are Ap-related diseases other than Alzheimer’s disease, such as
cerebral amyloid angiopathy and inclusion-body myositis, systemic diseases, including primary
(AL) amyloidosis and reactive (AA) amyloidosis, and rare genetic diseases, such as Finnish
hereditary systemic amyloidosis caused by GSN (gelsolin) mutations, or Familial British
dementia and Familial Danish dementia caused by mutations in BRI2. A particularly interesting
case are poly-Q expansion diseases, in which the core of the amyloid consists of the poly-Q tract
and thus is inaccessible to the MTs, yet nearby Lys residues may allow them to inhibit the

aggregation of the mutant protein, as has been shown for Htt®' (Vépel et al., 2017).

Among LSDs, it will be interesting to test if MTs can help reduce not only the secondary storage
of amyloidogenic proteins, as has been shown in a mouse model of MPS IIIA (Monaco et al.,
2020), but also lipid storage, particularly of sphingomyelin, in view of the recent discovery of the
affinity of various MTs for the headgroups of these lipids (Weil et al., 2020). In Niemann-Pick
disease type-C (NPC), lysosomal hydrolases along with the mutated transporter enzymes (NPC1
and NPC2) restrict breakdown and recycling of various cellular products (Evans and Hendriksz,
2017), which may result in deposition of the APP C-terminal fragment C99 and AB42 in the late
endosomes (Jin et al., 2004; Yamazaki et al., 2001). In Krabbe disease, mutations in the gene
encoding galactocerebrosidase lead to a dysfunctional enzyme, which is responsible for the
hydrolysis of the galactosyl moiety from several galactolipids (Wenger et al., 1997). Aggregated
form of a-syn have been reported to accumulate as secondary storage in this disease in neuronal
lysosomes (Smith et al., 2014). In Gaucher disease, deficiency of the lysosomal enzyme

glucocerebrosidase leads to the accumulation of glucosylceramide and glucosylsphingosine
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(Breiden and Sandhoff, 2019; Platt, 2014), leading to deposition of a-syn and amyloidogenic
APP fragments. The failure to break down sphingosines and ceramides in this disease may lead
to accumulation of sphingomyelin clusters, which potentially can be disrupted by MT binding to
their head groups, as has been reported previously (Lump et al., 2015; Weil et al., 2020). As MTs
may disrupt both the secondary storage of amyloidogenic proteins and lipid clusters, particularly
of sphingomyelin, they are attractive therapeutic agents for these and potentially other LSDs,
especially in combination with enzyme replacement therapy or gene therapy correcting the
genetic defect while addressing also the existing accumulation of proteins and lipids at the time

of the treatment initiation.

MTs also could be useful against lipofuscinoses, such as Batten and Stargardt diseases, based on
their ability to interfere with abnormal protein aggregation and protein—lipid interactions (Bitan
et al., 2018). An additional potential application of MTs is CNS injury, including spinal-cord
injury, different types of traumatic brain injury, and stroke, in which amyloidogenic proteins,
such as tau or a-syn, are elevated (Acosta et al., 2015; Bi et al., 2017; Fogerson et al., 2016;
Hayden et al., 2019; Shahim et al., 2020; Wang et al., 2017; Wang et al., 2020) and may form

toxic aggregates that harm the cells surrounding the injury site.

Although proteinopathies are characterized by abnormal protein aggregation, they are complex
diseases in which many deleterious mechanisms act in concert. Therefore, inhibition of
aggregation and clearance of existing aggregates may not be enough for achieving the desired
therapeutic effects. It is thus plausible that in some cases MTs could be used in combination with
other drugs, ideally other disease-modifying drugs. For example, antisense-oligonucleotide and
siRNA therapies are promising approaches for treatment of diseases in which the main

mechanism is a toxic gain of function by an amyloidogenic protein, such as poly-Q diseases
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(Silva et al., 2020) and other rare proteinopathies (Daoutsali et al., 2021; Kluve-Beckerman et
al., 2011), but at the time of treatment initiation, substantial aggregation might have already
occurred and facilitation of clearance by MTs in combination with suppression of the offending
protein’s production could lead to a meaningful therapeutic outcomes where monotherapy might
fail. In LSDs, a combination of gene therapy or enzyme-replacement therapy with MTs can be
similarly advantageous, addressing simultaneously both the primary genetic defect and the harm

caused by secondary storage of aggregated proteins or sphingolipids.

A possible medical use of MTs as antivirals is currently limited to topical applications because
the antiviral activity of CLRO1 is rapidly lost upon incubation in serum, most likely due to
preferential binding to abundant serum proteins, such as albumin (Rdcker et al., 2018b). This
finding seems to be in conflict with the proven therapeutic effects of CLRO1 in animal models of
amyloid diseases described above. However, as discussed above, the concentrations of CLRO1
required for preventing amyloid formation in vitro and especially for facilitating degradation of
toxic oligomers and aggregates in vivo are orders of magnitude lower than those needed for
blocking viral infection (Rocker et al., 2018b). Thus, it is plausible that due to binding to serum
proteins, the effective concentration of CLRO1 is not sufficient for systemic antiviral activity but
does achieve anti-amyloid activity. This interpretation is supported by findings that CLRO1
retains antiviral activity in semen, urine, saliva, and cerebrospinal fluid—body fluids containing
substantially lower albumin and total protein concentrations than serum (Rocker et al., 2018b).
Whether advanced MTs similarly lose antiviral activity in serum or whether MTs can be
modified in ways that preclude serum protein binding will be addressed in ongoing studies. Until
these questions are answered, the proposed administration of MTs for anti-viral applications

must be topical, either formulated as a microbicide to protect from acquiring sexually transmitted
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pathogens such as HIV-1 or HSV-2 (Lump et al., 2015; Rocker et al., 2018b) or applied as nasal
or oral sprays to protect or treat respiratory viral pathogens. Such sprays may be particularly

important against emerging enveloped viruses, such as SARS-CoV-2.

VII. Conclusion

MTs are broad-spectrum inhibitors of protein aggregation and facilitators of the clearance of
abnormal protein assemblies. A lead compound, CLRO1, inhibits aggregation of ~20
amyloidogenic proteins and many of their disease-associated variants involved in
neurodegenerative diseases and other proteinopathies. The broad-spectrum activity of MTs is
achieved thanks to their unique mechanism of action, binding to exposed Lys and Arg residues,
primarily in disordered proteins, rather than to a specific protein. At the same time, the moderate
affinity and high on-off rate of the binding allows MTs to disrupt the process of abnormal protein

self-assembly without affecting the structure of function of normal proteins.

An important feature of MTs is their ability to dissociate pre-formed fibrils of different
amyloidogenic proteins. This ability allows them to be used not just for prevention of disease in
the prodromal stage, but also for treatment at later stages, when protein aggregation and
deposition already has been taken place. Dissociation of pre-formed fibrils of disease-associated
protein in vitro is a slow process as the labile binding of the MT is the only force preventing
monomers from re-associating with the fibril (Figure 9), whereas in vivo, the MTs join the
cellular clearance mechanisms, facilitating substantially more efficient dissociation of existing
aggregates, as has been demonstrated for AP, a-syn, and SODI1. A distinct case is functional
amyloids, such as those in bacterial biofilm or semen-associated amyloid that enhance HIV
infection. These amyloids are held together by weaker forces than those that cause proteinopathy

and can be destroyed efficiently by MTs themselves.
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The anti-aggregation and clearance facilitation activities of MTs translate into protection of cells,
tissues, and organisms from the cytotoxicity of amyloidogenic proteins. In support of the
process-specific mechanism of these compounds, CLRO1 has been shown to protect multiple cell
types, including cell lines and primary cultured cells from the toxicity caused by many different
proteins at concentrations well below those that cause cytotoxicity of the compound itself.
Recent experiments have shown that MTs concentrate in the same compartments where the cells
direct misfolded and aggregated proteins, primarily lysosomes, in neurons, astrocytes, kidney
cells, and likely many other cells types. The concentration of MTs in these compartments, and
their action facilitating clearance of amyloidogenic proteins, not only help cells mitigate the
toxicity of protein oligomers and aggregates, but also prevents prion-like cell-to-cell spreading of

the offending proteins, as has been demonstrated in biosensor cell lines and animal models.

The demonstration of CLRO1’s therapeutic efficacy in multiple cellular and animal models and
the high safety profile of the compound support development of MTs as therapeutic agents
against multiple proteinopathies and related conditions. The high efficacy has been demonstrated
despite sub-optimal pharmacokinetics, thanks to the atypical pharmacodynamics of CLRO1 and
its slow clearance from the brain, which allow it to act catalytically and achieve strong
therapeutic effects even when administered at low doses (e.g., 0.14 mg/Kg) at intervals
substantially less frequent (twice weekly) that would be required based simply on its plasma
half-life (2-3 h). At the same time, recent advances in chemistry needed for functionalization of
the bridgehead groups suggests that derivatives and/or pro-drugs with improved
pharmacokinetics can be obtained in the near future, which would offer even more attractive

drug candidates for formal development and initiation of clinical trials.
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Figure captions

Figure 1. Structures of symmetric MTs. a) Schematic representation of the torus-shaped MT
and the polar head groups in CLR01, CLR02, CLR04, and CLRO0S5. b) Structure of the
molecular clip PC. C) Structure of the negative-control compound CLR03.

Figure 2. A) Alkyl sidechain folding of the MT substituted by two OCH,CO,CH,CHj3 groups in
the central benzene unit detected by its single-crystal structure and its "H-NMR spectra (CDCl;).
B) '"H-NMR data (CDCls) of the MT substituted by one OCH,CO,CH,CH3 and one OAc group
on the central benzene ring.

Figure 3. Structure of a CLRO1 dimer calculated using the AMBER*/H,O force field. P
atoms are indicated in yellow, O in red, C in gray, and H in white.

Figure 4. Fluorescence titration of CLR01 with Lys or Arg derivatives. All the reactions
were carried out in 10 mM phosphate buffer, pH 7.6 and were monitored using Aex = 285 nm, Aem

= 336 nm. A) Schematic structure of Ac-Lys-OMe. B) Schematic structure of Ac-Arg-OMe. C)
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Fluorescence spectra of CLRO1 in the absence or presence of increasing concentrations of Ac-
Lys-OMe. D) Change in fluorescence intensity as a function of increasing Ac-Lys-OMe
concentration. E) Fluorescence spectra of CLRO1 in the absence or presence of increasing
concentrations of Ac-Arg-OMe. F) Change in fluorescence intensity as a function of increasing

Ac-Arg-OMe concentration.

Figure 5. Host-guest structures of the complexes of MTs with Lys or Arg derivatives, optimized
using QM/MM calculations without counter-ions. Each structure contains a 60 A water layer (not
shown) (Dutt et al., 2013a).

Figure 6. CLRO1 binding induces a massive upfield shift of Lys sidechain protons inside its
cavity. '"H-NMR spectra were recorded for CLRO1, IAPP(1—7), and their 1:1 or 1:3 complexes in
10 mM phosphate-buffered D,O, pH 7.2. The Lys1 side-chain methylene signals are assigned as
a, B, v, 0 and €. All the methylene resonances, most notably the 8- and e-protons, are shifted

upfield by 4.4 and 4.5 ppm, respectively, indicating strong binding of CLRO1 to Lys].

Figure 7. Crystal structures of CLRO1 docked onto Lys (A, B) or Arg residues (C, D) on 14-3-3
protein surfaces. In both cases, the postulated binding mode was corroborated by experimental
evidence, and the threading mode of the cationic sidechain together with the new ion pair

between the MT phosphate and the included cation were demonstrated.

Figure 8. 2D H2(C)N spectra specific for Arg (a) and Lys (b) of the B3C/"N-labeled, small
protein domain hpin1-WW at increasing CLRO1 concentrations. The superimposed titration
curves (c) and (d) reveal a strict order in preferred binding sites for the MT on the same protein.
e,f) Successive recovery of Lys (e) and Arg (f) protons upon back titration of a 1:1 hPinl-WW
MTs complex with unlabeled Lys. g) MT binding mode of the Lys sidechain. h) schematic

structure of the small protein domain hPin1-WW.
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Figure 9. CLRO1 inhibits a-syn assembly and disaggregates a-syn in vitro. a) (-Sheet
formation in a-syn in the absence or presence of different concentrations of CLRO1 or CLR03
was followed by measuring ThT fluorescence. b) Electron micrographs of a-syn in the absence
or presence of 10-fold molar excess of CLRO1 or CLRO3 at the end of the reactions shown in
panel A. Scale bars denote 100 nm. c) Disaggregation of a-syn fibrils by CLRO1 was initiated at
two time points: On day 8 (dissociation reaction D1) or on day 24 (D2), and the reactions were
monitored using ThT fluorescence. Electron micrographs were obtained periodically and show
the morphology of a-syn at the indicated time points. Scale bars denote 100 nm. The data are an
average of three independent experiments. Reprinted by permission from Springer Nature
Customer Service Centre GmbH: Springer Nature, Neurotherapeutics, A novel "molecular
tweezer" inhibitor of a-synuclein neurotoxicity in vitro and in vivo, Prabhudesai, S., Sinha, S.,
Attar, A., Kotagiri, A., Fitzmaurice, A. G., Lakshmanan, R.Ivanova, M. L., Loo, J. A., Klérner, F.
G., Schrader, T., Stahl, M., Bitan, G., and Bronstein, J. M., (2012).

Figure 10. CLRO1 treatment reduces a-syn seeds in MSA mouse brain. A) Examples of
unseeded (top) and seeded (bottom) biosensor cells. B) FRET analysis of seed content in the
brain extracts’ soluble fraction. The error bars indicate SD., **p < 0.01, ****p < (0.0001 one-way
ANOVA with post-hoc Tukey test. C) Linear regression analysis of the correlation between the
seeding activity and the Center/Periphery ratio. This Figure was published originally in BBA -
Molecular Basis of Disease, 1865, M. Herrera-Vaquero, D. Bouquio, M. Kallab, K. Biggs, G.
Nair, J. Ochoa, A. Heras-Garvina, C. Heid, 1. Hadrovic, W. Poewe, G. K. Wenning, F.-G.
Klarner, T. Schrader, G. Bitan, and N. Stefanova. The molecular tweezer CLRO1 reduces
aggregated, pathologic, and seeding-competent a-synuclein in experimental multiple system

atrophy, 165513, Copyright Elsevier (2019).
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Figure 11. Inclusion complex of CLRO01 and Zn*". P atoms are indicated in tan, O in red, C in
cyan, and H in white. The structure of the complex was calculated with the DFTB3-D3H5
method (Rezac, 2017) implemented in the DFTB+ program (Hourahine et al., 2020) in implicit
solvent (Onufriev and Case, 2019). The optimized structure resembles the experimentally
determined single-crystal structure of a Cs” atom with a MT containing one OH group and one
O-CH,-CO;" group at the central hydroquinone ring (Kldrner et al., 2000). m-cation interactions
between four of the five aromatic MT rings and the metal cation, as well as the ionic interactions
between Zn>" and both OP(OH)O5 side chains, lead to the binding of the metal cation inside the

MT cavity.

Figure 12. CLRO1 treatment reduces tau aggregation in the CA3 region of P301S-tau mice.
Brain sections from P301S-tau mice were stained with Gallyas silver-stain. A—C) Representative
images of the hippocampus (top) and zooming on the CA3 region (bottom) are presented for the
mice treated with 0 (A), 0.3 (B), or 1.0 (C) mg/Kg CLROI and show black/dark brown cells
containing aggregated tau. D) The data were quantified as the number of tau-aggregate-
containing cells per mm” in the CA3. The data are presented as mean + SD. P-values were
calculated using a one-way ANOVA with post hoc Tukey test. This Figure was published
originally in BMC — Alzheimer’s Research and Therapy, 2021, Jing Di, Ibrar Siddique, Zizheng
Li, Ghattas Malki, Simon Hornung, Suman Dutta, Ian Hurst, Ella Eshaaya, Austin Wang, Sally
Tu, Any boghos, Ida Ericsson, Frank-Gerrit Kldrner, Thomas Schrader and Gal. Bitan. The
molecular tweezer CLRO1 improves behavioral deficits and reduces tau pathology in P301S- tau
transgenic mice, Creative Commons Attribution 4.0 International License.

Figure 13. CLRO1 inhibits TDP-43 aggregation. a) Three uM SUMO-conjugated TDP-43 was

incubated in the absence or presence of 1, 5, or 10-equivalents of CLRO1. The aggregation
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reaction was initiated by cleavage of the SUMO tag and monitored using turbidity. b) Electron

micrographs taken at the end of the aggregation reactions. Scale bars denote 100 nm.

Figure 14. CLRO1 inhibits the toxicity of C9ORF72 dipeptide repeats. a) Twenty uM of
synthetic peptides (GR),o or (PR),o were incubated with differentiated PC12 cells for 48 h in the
absence or presence of 5- or 10-fold excess CLRO1 and cell viability was measured using the
MTT assay. P-values were calculated using a one-way ANOVA). b) iPSC-derived motor neurons
from a patient with COORF72 repeat expansion were incubated in the absence or presence of 10
uM CLRO1 and cell viability was measured using longitudinal tracking (daily robotic imaging).
Figure 15. CLRO1 and CLRO0S disrupt S. aureus biofilm in distinct manners. a) 50 mM
CLRO1, CLRO03, or CLRO5 were added to S. aureus cultures at t = 0. Biofilm images show viable
cells stained in green using the LIVE/DEAD BacLight Bacterial Viability Kit. The images were
recorded after 24-h incubation using confocal fluorescence microscopy (excitation/emission:
485/498 nm). Scale bars, 50 mm. b) TEM micrographs of PSMal aggregated in the absence or
presence of equimolar MT concentrations results in short scarce fibrils in the presence of CLRO1
quasi-oval multiple fibril bundles in the case of CLRO0S5. ¢) TEM micrographs testing potential
disaggregation of preformed PSMal fibrils by CLRO1 or CLRO5. The MTs were added at a 1:1
concentration ratio and incubated for 24 h at 37 °C. Scale bars denote 300 nm. Reprinted by
permission from Elsevier License:  Elsevier, Cell Chemical Biology, Inhibition of
Staphylococcus aureus biofilm-forming functional amyloid by molecular tweezers, Malishev, R.,
Salinas, N., Gibson, J., Eden, A., Mieres-Perez, J., Ruiz-Blanco, Y., Malka, O., Kolusheva, S.,
Klérner, F., Schrader, T., Sanchez-Garcia, E., Wang, C., Landau, M., Bitan, G., Jelinek, R.

(2021).
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Figure 16. CLRO1 binding to Lys and to PSMal. A) A model of the interaction between
CLRO1 and Lys. P atoms are in green, O atoms in red, C atoms in gray, and N atoms in blue
(MD simulation). A HPO4 group at the bridgehead of CLRO1 (partially protonated at pH 7.4)
forms an ion pair with the e-NH;3" of Lys. The ammonium end group of the included butylene
sidechain is engaged in m-cation interactions with the surrounding aromatic side walls of CLRO1
(dotted lines) and further stabilized by the hydrophobic effect. B) A model of a PSMal fibril
(surface) with CLRO1 (licorice representation) encapsulating a Lys residue. Lys patches are
indicated in red over the overall protein surface (blue). The inset shows in more detail the
encapsulation of Lys by CLROI and how the MT establishes additional interactions with a
neighbor Lys residue, which also interacts with the complexed Lys.

Figure 17. Putative schematic mechanism of fibril dissociation by MTs. Time-dependent EM
analysis allow the following conclusions: Binding of MTs to the fibrils of disease-associated
proteins, such as AP, does not disrupt the fibrils. However, in the presence of excess MT,
binding to the small fraction of soluble protein molecules does not allow them to re-bind to the

fibrils, slowly shifting the equilibrium toward dissociation.

Figure 18. MTs are internalized in SH-SYSY cells and concentrate in puncta. SH-SY5Y
cells were incubated with fluorescent MTs for 24 h and visualized by fluorescence microscopy.
A) Cells were transiently transfected with GFP-actin (green), incubated with 5 uM CLR16 (red),
and nuclei were stained with Hoechst (blue). B) Cells were incubated with 10 uM CLRI18
(green) and nuclei were stained with Hoechst (blue). This Figure was published originally in
communications Biology, Li, Z., Siddique, 1., Hadrovic, 1., Kirupakaran, A., Li, J., Zhang, Y.,
Klérner, F-G., Schrader, T., Bitan, G. Lysine-selective molecular tweezers are cell penetrant and

concentrate in lysosomes, 165513, Copyright Nature Portfolio (2021).
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Figure 19. Brain-to-blood ratio of CLRO1 following S.C. administration. OVX-SNCA mice
were administered increasing doses of CLRO1 spiked with 10% *H-CLRO1 (3.92 pCi/g body
weight in the highest dose). Blood and brain were harvested at 1, 8, or 24 h, digested in
Solvable™ (Perkin-Elmer) and the radioactivity counted by scintillation. Brain-to-blood ratio
(%) was calculated as cpm/g brain divided by cpm/mL blood x100. Two wild-type littermates
were included in the 8-h group and are marked by red dots.

Figure 20. CLRO1 binding to lipid headgroups. A) Model viral membrane (surface
representation: cholesterol in pink, DOPC in gray, SM in cyan) with CLRO1 molecules (licorice
representation) encapsulating SM and DOPC lipids. B) A SP lipid headgroup inside CLRO1’s

cavity.

Figure 21. Highlighted efficacy studies of CLRO1 in different animal models.

Scheme 1. Retrosynthetic analysis of the molecular MT skeleton — focusing on the key step

between 1 and 2 which represents a neutral Diels-Alder reaction.

Scheme 2. Synthesis of diene 1 (5,6-bismethylene-2,3-benzonorbornene), which later forms the

two MT side walls, from indene.

Scheme 3. Synthesis of bisdienophile 2 (9,10-diactoxy-1,4,5,8-octahydro-1,4,5,8-dimethano-

anthracene), which later forms the MT’s center piece, from p-benzoquinone.

Scheme 4. Synthesis of the free hydroquinone MT 3 starting from repetitive Diels-Alder

reactions between diene 1 and bisdienophile 2.

Scheme 5. Synthesis of water-soluble molecular MTs carrying in their central benzene unit two
phosphate (CLRO01), methanephosphonate (CLRO02), sulfate (CLR04), or O-methylene-

carboxylate groups (CLROS5). Note the different number of charges and pK values.
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Scheme 6. Synthesis of symmetrical molecular MTs bearing two mono-alkyl or mono-alkynyl
phosphate groups on the central benzene unit. CLRO1 as a free phosphoric acid is treated with an
excess of trichloroacetonitrile followed by a nucleophilic attack of the respective alcohol (TCA

method).

Scheme 7. Synthesis of diphosphate MTs substituted with only one alkyl or alkynyl ester group,

starting from the diacetoxy MT.

Scheme 8. Synthesis of fluorescent MTs CLR16 and CLR18 by click chemistry starting from
the new key intermediate monobutynyl MT. This protocol appears to be generally applicable to
almost any give terminal azide and allows the introduction of one additional functional unit onto

CLROL1.
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Table 1. Dissociation constants for MTs with Lys- or Arg-
containing amino acids and peptides determined by
fluorometric titration experiments (Dutt et al.,, 2013a;
Lopes et al., 2015)
Guest Ky (uM)
CLRO1 CLR02 | CLR04 | CLRO05
Ac-Lys-OMe 17 68" 28* 226"
9 19° 643°
H-Lys-OH 21° 874 227° 1170°
KAA 30° 905* 303° 33333¢
KLVFF 20° 38°
KKLVFF 42 717
KKLVFFAK 7
KKKK 10°
Ac-Arg-OMe 60" 178* 882"
20° 77¢ 281°
H-Arg-OH 699° 609°
H-Arg-OMe 160°
RGD 86"
cRGDfV 59°
cGRGDIL 26
IAPP,; 9
IAPP, 14 104
IAPP,, No binding
Phosphate buffer: 2200 mM, pH=7.6; °10 mM, pH=7.6; 10
mM, pH=7.2
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Table 2. Comparison of experimental and calculated (HF/SVP) maximal complexation-induced chemical
shifts, Ad .y, for the guest protons in host-guest complexes of MTs with Lys or Arg derivatives.
Host Guest Method Adpay” (Ppm) at position
Y o €
CLRO1 Ac-Lys-OMe Experimental 3.91
Calculated 4.62 5.51 3.62
CLRO1 KAA Experimental 2.28 3.22 5.92
Calculated 2.55 5.08 5.71
CLR02 Ac-Lys-OMe Experimental 1.57,1.45° >4
Calculated 1.72 3.42,3.21 3.46
CLR04 Ac-Lys-OMe Experimental 2.64 4.41 3.75
Calculated 1.10 3.19 4.39
CLRO05 Ac-Lys-OMe Experimental 0.40 0.54 0.94
Ac-Lys-OMe in Calculated 1.69 3.05 5.44
Ac-Lys-OMe out Calculated 0.41 0.72 0.03
CLRO1 Ac-Arg-OMe Experimental 2.54 3.75
Calculated 2.46 5.46
CLRO02 Ts-Arg-OMe Experimental 4.09, 3.29° 3.90
Calculated 251, 1.67° 4.30
CLR04 Ac-Arg-OMe Experimental 2.51 3.86
Calculated 0.63 3.86
CLRO05 Ac-Arg-OMe Experimental 0.62, 0.48° 0.96
Ac-Arg-OMe in Calculated 1.39, 1.04° 3.36
Ac-Arg-OMe out Calculated 0.38,0.36" 0.26
"Admax = 0o-0c; o and d¢ are the' H-NMR chemical shifts of the free and complexed guest molecule, respectively.
Pdiastereotopic H atoms.
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Table 3. Proteins against which CLRO1 has been tested and the main related diseases
Inhibition of Inhibition of
Protein/ Mutant Associated disease
aggregation toxicity
APB40, Ap42 \ \ Alzheimer’s disease
Tau \ \ Tauopathies
a-Synuclein \ \ Synucleinopathies
IAPP \ \ Type-2 diabetes
Calcitonin \ \ Medullary Carcinoma of the Thyroid
Insulin Y \ Injection-related amyloidosis
B>-Microglobulin Y \ Dialysis-related amyloidosis
Senile systemic amyloidosis, Familial amyloid
TTR v v
polyneuropathy, Familial amyloid cardiomyopathy
SOD1 V v ALS
IgG light chain \ NA* Light-chain amyloidosis
TDP43 v NA* ALS, FTD
C90RF72 RAN
translation products \ l ALS, others
containing Arg
SEVI \ \ HIV infection
P53 \ \ Cancer
Huntingtin \ \ Huntington’s disease
PMSal \ \ Bacterial biofilm
Ataxin 3 \ \ Spinocerebellar ataxia type 3
aB-Crystallin \ \ Desmin-related cardiomyopathy
*NA — not available.
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Table 4. CLRO1 binding sites on different amyloidogenic proteins

Protein Binding Sites Method Reference
AP40, AB42 | Lys16 primary, ECD-MS/MS and (Sinha et al., 2011)
Lys28 secondary, solution-state NMR
Arg5 tertiary
Huntingtin Lys9 ECD-MS/MS (Vopel et al., 2017)
exon 1
PSMal Lys9, Lys12, Lys21 Solution-state NMR (Malishev et al., 2021)
SOD1 Lys70 and/or Lys75 | ECD-MS/MS (Malik et al., 2019)
Tau Multiple Lys ECD-MS/MS and (Despres et al., 2019; Nshanian et al., 2019)
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residues, mainly in solution-state NMR
the MTBD, Lys331
primary, Lys321

secondary

a-Synuclein | Lys10 and/or Lys12 | ECD-MS/MS (Acharya et al., 2014)
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Table 5. CLRO1 binding sites

Protein Binding Site
AP H HQKLVF"”
Hitt! K°'LMKAFS"”
SOD1 L SRKHGG"”
G”GPKDEE"
Tau C*”'GSKDNI™’
D*°NIKSVP’™

IVYKPVD "

314 0

D LSKVTS

318 324

V7 TSKCGS

334

I"HHKPGG

a-Synuclein | G'LSKAKE"

S’KAKEGV"
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Table 6. CYP450 Inhibition

CYP450 Isoform | Standard ICs, (uM) CLRO1 ICs (uM)
1A2 0.51 (naphthoflavone) >20

2D6 0.03 (quinidine) 3.6

2C9 0.33 (sulphaphenazole) 2.2

2C19 3.6 (troglitazone) 1.5

3A4 0.03 (ketaconazole) 1.7
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